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PREFACE
It was a great pleasure to welcome all the participants in the 2017 2nd International
Conference on Mining, Materials and Metallurgical Engineering (ICMMME 2017) held in
Bangkok, Thailand, 17 - 19 March 2017. ICMMME is dedicated to new research
developments and advances in the fields of Mining, Materials and Metallurgical
Engineering.
The key goal of the conference was to bring the academic scientists, engineers, and
industry researchers together to exchange and share their expertise, experience and
research results, and discuss the challenges and future directions in their specialized
areas of research in these fields. A professor from USA and two professors from South
Korea delivered the invited keynote lectures about state of the art research in their
areas of expertise. The conference provided a golden opportunity for the students,
researchers and engineers to interact with the experts and specialists to discuss with
them on technical matters and future directions of research.
The proceeding of the conference consists of papers from the universities, research
institutes and industry. The papers were selected after a rigorous peer-review by
conference committee members and international reviewers. The papers should
provide the readers an overview of many recent advances in the fields related to
materials especially the composite materials and metallurgical engineering including
the modeling, analysis, computation and optimization as well as the experimental
methods.
I would like to thank all the authors who have contributed to this volume and also to
the members of the organizing committee, reviewers, speakers, chairpersons,
sponsors and the conference participants for their support to ICMMME 2017.

Prof. Ramesh K. Agarwal
Washington University in St. Louis, USA
22 March 2017
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Reducing friction and miscibility studies of FEP dispersion/
PDMS fluid blends
S Buapool*, N Thavarungkul and N Srisukhumbowornchai
Division of Materials Technology, School of Energy, Environment and Materials
King Mongkut’s University of Technology Thonburi, Bangkok, Thailand
* Email: sorasutee@gmail.com
Abstract. To develop new polymer blends having reduced friction force of fluorinated
ethylene propylene (FEP) dispersion and improved adhesion of polydimethylsiloxane (PDMS)
fluid, FEP dispersion was blended with PDMS fluids at different viscosities of 20 cSt and 100
cSt by using solution mixing method. The FEP/PDMS blends were coated on short hollow
tubes and examined by penetrating the tubes into the rubber stoppers. It was found that the
tubes coated with the blends showed reduced penetration and friction forces and improved
adhesion. The tubes coated with the 100 cSt-PDMS blend in the ratio of 5:1.5 demonstrated the
penetration and average friction forces as low as 3828 mN and 1524 mN, respectively. The
formation of physical blends was characterized and confirmed by FTIR and DSC analyses.

1. Introduction
Fluorinated ethylene propylene (FEP) dispersion are commonly used as non-stick coating in many
applications that require friction-reducing property, electrical insulation, biosafety, chemical resistance,
and wear resistance [1]. An appropriate choice of the second polymer with specific properties can be
blended for a variety of physical and chemical properties. Properties of the blend will depend largely
on the degree of compatibility, miscibility of the polymers at the molecular level, and the
characteristics of components and compositions [2]. Polydimethylsiloxane (PDMS) fluid is a
hydrophobic material used for self-cleaning and lubricant coating in many applications [3]. PDMS
fluid readily dissolves in solvent-born paints and, as a result, reduces the surface tension of the coating
materials. PDMS fluid is, however, non-curable and able to be removed from the substrate [4].
Commonly, PDMS fluid is blended with organic coating materials such as alkyd, epoxy, and phenolic
resins for reduced coefficient of friction of coating materials and improved adhesion and hardness,
drying properties and durability of some exterior maintenance coating [5].
To combine the advantages of FEP dispersion and PDMS fluid, the aim of this study was to
develop a polymer blend that could reduce friction force of FEP dispersion and improve adhesion of
PDMS fluid. Blending of FEP dispersion and two different viscosities of PDMS fluids using a solution
mixing technique was investigated. Miscibility of the FEP/PDMS blends was characterized and
analyzed using Fourier transform infrared spectroscopy and differential scanning calorimetry.
2. Experimental
2.1. Materials
As-received FEP dispersion was mainly colloidal FEP particles, polyamine imide (PAI), chromium
(III) oxide, and solvents of mainly methyl isobutyl ketone (MIBK), N-methyl-2-pyrrolidone (NMP),
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ethanol, and aromatic hydrocarbon. FEP dispersion was purchased from DuPont. Chemical structures
of FEP, PAI, and PDMS were shown in figure 1. Viscosities of PDMS fluids were 20 cSt and 100 cSt.
PDMS fluids were purchased from Dow Corning. Prior to the blending process, the as-received FEP
dispersion in the container was rolled at 30 rpm for 30 minutes using a roller mixer. Polymer
agglomerates and other contaminants were strained using 100-mesh wire sieves.

Figure 1. Chemical structure of polymers.
2.2. Coating preparation
Using a solution blending method, the as-receive PDMS fluid was added into the FEP dispersion. The
same ratios were applied to the blending of FEP dispersion to PDMS fluids at viscosities of 20 cSt and
100 cSt were 5:1.0 and 5:1.5. The container of mixtures were rolled at 30 rpm for 5 minutes using a
roller mixer at room temperature to ensure complete mixing. Pure FEP dispersion, pure PDMS fluid,
and the blend solutions were coated on substrates, which were short and small hollow tubes made of
316 stainless steel. The tubes were 4 mm long and had 450 m diameter. The distal end of the tubes
had a bevel of 15 degrees. The substrates were cleaned to remove surface contaminations.
An in-house, dip-spin coating equipment was specifically designed for simultaneously spinning the
substrate after withdrawing the substrate from a coating solution. The process parameters for this
investigations were as follows. The dipping and withdrawal velocities of the substrate were 25 mm/s.
The spinning speed of the substrate was 600 rpm. The immersion time in polymer solution was 10 s.
Compressed air pressure for polymer solution inner the tube removal was set 400 kPa. The coating
environment was at 25°C and 80% relative humidity. As PDMS fluid is non-curable, this study then
set curing temperature and time for pure FEP dispersion and FEP/PDMS blend solutions at 205±10 °C
and for 15 minutes, respectively, following FEP dispersion factsheet. As recommended in PDMS fluid
factsheet, the drying temperature was at ambient temperature.
2.3. Method of analysis
2.3.1. Lubricity property testing. The penetration and friction forces of coatings were measured and
controlled by using a texture analyzer (Shimadzu UH & AG-IS). Signals of both forces from the 50 N
load cell penetration of texture analyzer were recorded using Trapezium software. The tube
penetration depth was about 20 mm into the rubber stopper. The tube penetrations were made in a
constant speed of 25 mm/s. The tests were conducted on a total of eight types of coatings on the tube
samples including uncoated tube, pure FEP dispersion, pure 20 cSt-PDMS fluid, pure 100 cSt-PDMS
fluid, FEP/20 cSt-PDMS blends with the ratio of 5:1.0 and 5:1.5, and FEP/100 cSt-PDMS blends with
the ratio of 5:1.0 and 5:1.5.
2.3.2. Fourier transforms infrared spectroscopy (FTIR) analysis. In order to investigate the interaction
between two polymers, FTIR analysis was carried out. FTIR spectra of functional groups in the
polymers could be used to determine main chemical compositions of the samples. For solution
characterization, FTIR spectra of the pure PDMS fluids were taken using Perkin Elmer Spectrum One
FTIR Spectrometer. The light source was the middle range infrared in the range of 4000-600 cm-1. The
wavelength resolution was 4 cm-1. For coating surface characterization, FTIR spectra of pure FEP
dispersion and blends of FEP/PDMS with the ratio of 5:1.5 of the PDMS fluid having viscosities of 20
cSt and 100 cSt were taken using Perkin Elmer Spectrum Spotlight FTIR Imaging System. The
samples were examined using Micro-ATR technique. The light source was the same range as the
above and the wavelength resolution also the same.
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2.3.3. Differential scanning calorimetry (DSC) analysis. DSC analysis was carried out in a Mettler
Toledo DSC 1. In this study, the samples were the coating of pure FEP dispersion and FEP/PDMS
blends with the ratio of 5:1.5 of the PDMS fluid having viscosities of 20 cSt and 100 cSt. The samples
of 5.000 mg were scratched from the substrates, sealed in an aluminum pan, and heated from 25C to
340C at a heating rate of 10°C/min to investigate the degree of crystallinity at first heating scan. The
samples were cooled down from 340C to 25C at a cooling rate of 10C/min to investigate the cold
crystallization temperature ( ). The samples were then heated up the second time from 25C to
340C at a heating rate of 10C/min. The degree of crystallinity is the percentage of crystallinity
content in a semicrystalline substrance. The percentage crystallinity of FEP crystalline in the blends
were estimated according to the following equation
, where
and
are the enthalpy (J/g) of fusion of the blends and the enthalpy of 100% of FEP
crystalline with a value of 24.3 J/g [6], respectively.
3. Results and discussion
3.1. Lubricity property testing
For lubricity property, a distal point of the tube was brought to touch the surface of the rubber stopper.
The distal point stretched the rubber stopper, then cut into the surface, and began to penetrate into the
rubber stopper. Uninterruptedly, the shaft of the tube passed through the original cut into the rubber
stopper. The forces that the distal point cut the rubber stopper were termed the penetration force
(measured at the maximum force) while the forces required to continue penetrating the shaft of the
tube were termed friction force (measured at a stable force after penetration) [7]. The friction forces
were measured at penetration depth after 8 mm to a total distance of 20 mm. The results of the
penetration and friction forces of all types of coatings on the tube samples are shown in figure 2 and
summarized in table 1. The average, minimum, and maximum friction forces were included. From the
results, the blends reduced the penetration and the friction forces of pure FEP dispersion and could
reduce both forces further with higher viscosity and increasing proportion of PDMS fluids. The
FEP/100 cSt-PDMS fluid blends had the lowest penetration and friction forces. As expected, both
forces measured from the uncoated tube sample were the highest.

Figure 2. Forces of coating on the tube samples.
Coatings of the pure PDMS fluids on the tube samples were partially detached from the tube shafts
during penetrating the rubber stoppers. Possible cause of poor adhesion of coating on the tube shafts
was due to the fact that the PDMS fluid was non-curable and did not contain any functional groups
that would allow the fluid to attach solidly on the substrate [3]. As a consequence, PDMS could be
easily removed from the substrate [5]. Due to some partial detachment, both forces obtained from the
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pure PDMS fluids might not represent correct values of the PDMS coatings. On the other hand, the
coatings of pure FEP dispersion and the blends remained attached with the tube shafts during
penetrating the rubber stoppers. Good adhesion of coatings might be contributed to the dissolution of
PDMS fluid in the nonpolar FEP dispersion solvent [8]. PDMS fluid could then be blended well in
FEP dispersion. At curing temperature, the solvents in the FEP/PDMS blends evaporate, colloid FEP
particles deform, and PAI solution forms crosslink in the film [9]. It might be inferred that PDMS
remained dispersed between FEP particles and PAI film. As a result, FEP/PDMS blended coatings
possessed reduced penetration and friction forces and improved adhesion. Characterization using
FTIR and DSC for understanding the interaction of two polymers were pursued.
Table 1. Penetration force and friction force.
Sample Penetration force (mN)
1)
2)
3)
4)
5)
6)
7)
8)

Friction Force (mN)
Average
2196
2899
1829
1677
2002
1968
1599
1524

5472
5009
4606
4290
4652
4550
4234
3828

Min - Max
1785-3178
2786-3075
1639-2329
1479-2213
1849-2684
1801-2383
1492-1758
1377-1929

3.2. FTIR analysis
Figure 3 showed FTIR spectra indicating the peaks of pure PDMS fluid, pure FEP dispersion, and
FEP/PDMS blends. FTIR spectra of pure PDMS fluid showed at 710, 810, 1025, 1096, 1264, and
2964 cm-1. FTIR spectra of pure FEP dispersion showed at 646, 1164, 1222, 1384, 1517, 1725, 2964,
and 3339 cm-1. When PDMS was blended into FEP dispersion, FTIR spectra showed at 646,
710, 810, 1025, 1097, 1164, 1222, 1264, 1384, 1517, 1725, 2964, and 3339 cm-1. The FTIR spectra of
FEP/PDMS blends did not indicate the existence of other interaction between the component of
polymers. Peaks of FEP in FEP/PDMS blend spectra remained at the original positions and had no
sign of intensity change. Whereas those of PDMS in the blends showed decreases in transmittance,
however, no shift of any peak. The decreases in transmittance of PDMS were in accordance with the
ratio of FEP:PDMS, which was on the less side of 5:1.5. The results indicated the formation of
physical blends.

Figure 3. FTIR spectra of pure PDMS fluid, pure FEP dispersion, and FEP/PDMS (5:1.5) blends.
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3.3. DSC analysis
Enthalpy of fusion and %crystallinity of FEP crystal of all samples were shown in figure 4. The
crystallization temperatures of FEP and FEP/PDMS blends were about 237°C. The %crystallinities
were estimated by using the equation on the peaks obtained from the first scans. The %crystallinities
were decreased when the PDMS fluids were blended into the FEP dispersion. PDMS molecular chains
might entangle with FEP. From the PDMS factsheet, the polymer chains of 100 cSt-PDMS fluid were
longer than those of 20 cSt-PDMS fluid [4]. It was implied that the shorter chains of 20 cSt-PDMS
fluid could disturb FEP in molecular level and result in a lesser amount of crystallization. In addition,
the much smaller peaks observed on the second heating scans of the blends might be affected by
insufficient crystallization during cooling from the first scans. Equivalent to annealing the samples, the
curing at 205±10 °C for 15 minutes, as mentioned in section 2.2, that was 30 degrees lower than the
crystallization temperatures also allowed the FEP crystals to grow and could result in higher amount
of crystallinity. Higher %crystallinity could enhance hardness and adhesion of the coatings [10]. With
DSC results, it could be indicated that the PDMS fluid had no interaction with the pure FEP dispersion.

Figure 4. DSC results of pure FEP dispersion and FEP/PDMS (5:1.5) blends.
4. Conclusion
This study was to develop new FEP/PDMS blends. Several types of FEP/PDMS blends were coated
on short hollow tubes and examined by penetrating the tubes into the rubber stoppers. Their lubricity
properties, as a result, were compared with the tubes coated with pure FEP dispersion and pure PDMS
fluid. The blends reduced penetration and friction forces and demonstrated improved adhesion. The
samples coated with the blend at PDMS viscosity of 100 cSt in the ratio of 5:1.5 possessed the lowest
penetration and friction forces, which were less than those of pure FEP dispersion. Miscibility of
FEP/PDMS blend was observed with the formation of physical blends characterized and confirmed by
FTIR and DSC analyses. This study was limited to lubricity properties testing. Other properties testing
are of interested for coating application. Future work may include different the viscosity of PDMS and
different ratio of blends.
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Abstract. In this paper, we take the HDPE as the matrix material, OBC as the toughening
material, and EDPM-g-MAH as the compatibility agent, HDPE/OBC/EPDM-g-MAH blends
were prepared by high speed mixing, melt extrusion, injection molding and so on. The effects
of OBC and EPDM-g-MAH on mechanical properties, crystalline properties, fracture surface
structure and rheological properties of HDPE were analyzed by universal tensile tester, melt
mass flow rate test machine, DSC and SEM. Experimental results show that: with the addition
of EPDM-g-MAH, the notched impact strength of the blends increased first and then decreased;
HDPE/OBC blend containing 4% EPDM-g-MAH, OBC dispersion in the matrix is more
uniform, particle size is significantly refined, melt flow has some improvement, Compared
with HDPE/OBC blend materials, notched impact strength and elongation at break increased
by 41.07% and 107.28% respectively, the toughness of the blend was greatly improved.

1. Introduction
HDPE is a kind of non polar and high crystallinity of the thermoplastic resin, inexpensive, lightweight,
excellent moisture resistance and chemical stability and other advantages, is one of the most widely
used polymer materials. However, due to the high crystallinity of HDPE and its own structural
characteristics, it has many disadvantages, such as poor impact strength, etc. In order to widen the
application field of HDPE, it is necessary to modify HDPE.
OBC has a unique “soft” and “hard” alternating block structure model of ethylene-octene block
copolymer [1], compared with the other regulation of polyolefin copolymer, OBC has high
temperature, excellent elasticity and compression deformation properties [2], is a new and efficient
general plastic toughening agent.
In this paper, HDPE/OBC/EPDM-g-MAH was prepared with high speed mixing, melt extrusion and
injection molding. The effect of EDPM-g-MAH content on the mechanical properties, melt flow rate,
section structure, crystallization and melting behavior of HDPE/OBC blends was investigated.
2. Experimental part
2.1. Raw materials and reagents
HDPE, grade: DMDA 8920; OBC, grade: 9000; EDPM-g-MAH, grade: E-B12; Antioxidant1010.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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2.2. Instruments and equipment
Extruder, XMTD-3001, Nanjing Zhicheng rubber machinery company; Injection molding, JN55-E,
Chen Hung Machinery Factory Co., Ltd.; Electronic tension testing machine, CMT4204, Shenzhen
SUNS Metering Technology Co. Ltd; Impact testing machine, ZBC1400-2, Shenzhen SUNS Metering
Technology Co. Ltd; SEM, JSM-7500F, Japan JEOL company; DSC, DSC822e, Swiss Mettler-Toledo
company; Melt mass flow rate tester, ZRZ1452, Shenzhen SUNS Metering Technology Co. Ltd.
2.3. Preparation of HDPE/OBC blend
2.3.1. Sample formulation. 0#: 99.5%HDPE(Mass fraction, the same below)+0.5% antioxidant1010;
1#: 81.5%HDPE+18%OBC+0.5% antioxidant1010; 2#: 99%1#+1%EPDM-g-MAH; 3#:
98%1#+2%EPDM-g-MAH; 4#: 97%1#+3%EPDM-g-MAH; 5#: 96%1#+4%EPDM-g-MAH.
2.3.2. Sample preparation. The HDPE and OBC were placed in the drying box at 75 oC for drying 4h,
Then HDPE, OBC, EPDM-g-MAH, antioxidant 1010 according to a certain ratio at 65 oC evenly
mixed in a high-speed mixer; then the initial mixture is placed in a double screw extruder for melt
mixing, the extruder temperature was 132 oC, 137 oC, 142 oC, 150 oC, 155 oC and 152 oC, and then after
cooling water cooling, granulator by extrusion pellets; blend in injection molding machine injection
molding granulation after injection into standard samples, the temperature of 180 oC ~200 oC.
2.4. Performance testing
2.4.1. Mechanical property test. Tensile strength and elongation at break were tested by ISO 527-2:
2012; flexural strength were tested by ISO 178: 1993; notched impact strength were tested by ISO
179-2: 1997.
2.4.2. Melt mass flow rate measurement. Melt mass flow rate was measured by ISO 1133-1: 2011.
Test temperature is 190 oC, load: 2.16 kg.
2.4.3. SEM test. The samples were frozen in liquid nitrogen for ten minutes, then etching at 80 oC of
n-heptane for 5h, then using ethanol and distilled water cleaning section, by spraying treatment,
observe the morphology of the sample section in scanning electron microscope.
2.4.4. DSC test. In nitrogen atmosphere, the gas flow rate is 50 ml/min, take the 3~6 mg in DSC
thermal stage, rose from 170 oC to 30 oC at 10 oC /min, and then stay at 170 oC for 5min to eliminate
the thermal history, and then at a rate of 10 oC /min from 170 oC to 30 oC, then heating at rate of 10 oC
/min from 170 oC to 30 oC, record the crystallization and melting curve. X(%)= (Hc / H m0 ) ×100%,
Among H m0 is the Melting enthalpy at 100% degree of crystallinity, H m0 =287.3 J/g [3].
3. Results and discussion
3.1. Effects of OBC and EPDM-g-MAH on mechanical properties of HDPE
Effect of EPDM-g-MAH content on Mechanical property of HDPE/OBC blends are shown in Table 1
and figure 1. We can see from Table 1, adding 18%OBC (mass fraction, the same below), the notched
impact strength of blends was 21.50kJ/m2, while the elongation increased from 165.85% to 558.00%,
the toughening effect is obvious, this is because the special structure of OBC ethylene octene
copolymer, which makes the HDPE and OBC have good compatibility.
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Table 1. Effect of OBC and EPDM-g-MAH content on mechanical properties of HDPE
Sample
0#
1#
2#
3#
4#
5#

Tensile
strength/MPa
22.08
15.35
15.24
15.12
14.90
14.60

Elongation at
break/%
165.85
558.00
574.00
879.00
936.60
1157.60

Flexural
strength/MPa
12.15
7.82
7.80
7.75
7.71
7.54

Notched impact
strength/kJ.m-2
4.85
21.50
21.90
22.70
24.68
30.33

Figure 1. Mechanical property VS. EPDM-g-MAH content
From Figure 1 we can see that the notched impact strength of blends increased with the increase of
EPDM-g-MAH content, when adding 4% EPDM-g-MAH, the notched impact strength of blends
reached 30.33 kJ/m2, higher than 1# 41.07%, the elongation is 1156.60% , higher than 1# 107.28%,
the tensile strength and flexural strength were declined slightly. The reason, mainly the following two
aspects: first, the non-polar part of EPDM-g-MAH is ethylene, propylene and non conjugated dienes
copolymer, according to the similarity principle of compatibility, non polar part with HDPE and OBC
has good compatibility [4]; Second, EPDM-g-MAH is an excellent synergistic toughening agent, so
the impact strength and elongation of the blends increased, while the tensile strength and the

bending strength does not change much.
3.2. Effects of HDPE and EPDM-g-MAH content on the melt flow rate of HDPE
The melt mass flow rate of OBC is 0.5 g/10min (Provided by DOW), the melt mass flow rate of pure
HDPE is 19.7 g/10min, and the melt mass flow rate of 1# is 5.33g/10min, down by 72.94%, this is due
to the low flow rate of OBC, melt the addition of OBC increases the blends in friction resistance, lead
to the relative motion between polymer chains becomes difficult. From Figure 2 we can also see that
the increase of EPDM-g-MAH content, melt flow rate of blends increases, this is because
EPDM-g-MAH its good liquidity, driven by other components of the flow induced by [5].

Figure 2. Melt mass-flow rate of HDPE and its blends
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3.3. SEM analysis of HDPE and its blends
Figure 3 is the SEM of HDPE and its blends. 0# is smooth, the cross section is smooth and the crack is
not cross, which indicates that the toughness of pure HDPE is not good; 1# is HDPE/OBC blends after
etching, etching holes is OBC particles left, 1# showed that OBC particles can be homogeneously
dispersed in the matrix, indicating that HDPE and OBC dispersed phase compatibility between certain,
but the pore size of different sizes, indicating that HDPE and OBC are partially compatible; 5# is
refined and the pore distribution is more uniform, the addition of EPDM-g-MAH, the distribution of
dispersed phase OBC is more uniform, improved HDPE and OBC interface compatibility, improve the
toughness of the composites.

Figure 3. SEM of HDPE and its blends (×5000)
3.4. DSC analysis of HDPE/OBC/EPDM-g-MAH blends
Table 2 shows the pure HDPE (0#) crystallinity (X) 67.29%, HDPE/OBC (1#) crystallinity (X)
56.14%, this is due to the low crystallinity of block copolymer OBC; The crystallinity (X) of
HDPE/OBC/EPDM-g-MAH (5#) was 51.93%, Crystallinity is still declining, This is because the
addition of EPDM-g-MAH and EPDM segments in non conjugated dienes, the double bond under heat
and force, resulting in a slight crosslinking, the flexibility of the molecular chain fell.
Table 2. DSC date of HDPE and HDPE/OBC/EPDM-g-MAH
Samples
0#
1#
5#

T c f / oC
112.17
112.64
112.73

T c p / oC
117.88
117.63
117.33

Tco / oC X/%
119.52 67.29
119.30 56.14
119.12 51.93

Tmo / oC Tmp / oC Tmf / oC
126.33
123.99
124.40

131.15
129.91
130.96

135.49
134.45
134.25

ΔT
13.27
16.82
13.63

Melting temperature Tm  H/S , among them, ΔH is the melting enthalpy change, ΔS is the
melting entropy change [6]. From the above type: And the increase of ΔH or reduction of ΔS will
increase the Tm. From Table 2 and Figure 4 shows that pure HDPE (0#) sample melting temperature
is 131.15 oC, HDPE/OBC (mass fraction of OBC is 18%) the melting temperature of blends is 129.91
o
C, decreased 1.24 oC, this is because the addition of OBC, reduce the flexibility of the system, thereby
reducing the molecular chain in the crystallization process of ordered surface nucleation rate, then
reduce the crystallinity of blends. HDPE/OBC/EPDM-g-MAH (5#) sample melting temperature is
130.96 oC, rise 1.05 oC than the 1# sample, this is because the addition of EPDM-g-MAH, increase the
interaction between molecular blends, the melting temperature increases. Degree of cooling T is used
to characterize the nucleation ability of the polymer molecular chain. The smaller the value is, the
higher the nucleation ability of the polymer is, the faster the crystallization rate [7]. HDPE
/OBC/EPDM-g-MAH blends have the biggest T , the results show that the addition of
EPDM-g-MAH can improve the nucleation ability of HDPE/OBC blends, and the blends are easier to
crystallize.
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Figure 4. DSC crystallization curves of HDPE and
its blends

Figure 5. DSC melting curves of HDPE and its
blends

4. Conclusion
1) New thermoplastic elastomer OBC and matrix HDPE has good compatibility, when adding 18%
OBC, the notched impact strength of blends increased by 343.30%, the toughening effect is obvious.
2) When adding 4% EPDM-g-MAH, the notched impact strength of blends reached 30.33kJ/m2,
elongation was 1156.60%, compatibilization effect is obvious.
3) The addition of EPDM-g-MAH enhance the interface compatibility, making OBC more evenly
distributed in the HDPE matrix, the size is refined and the crystallinity decreased.
4) With the addition of OBC and EPDM-g-MAH, the tensile strength and flexural strength of the
blends decreased, the focus of future work is to find effective reinforcing material for HDPE/OBC.
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Abstract. Cellulosic fiber reinforced Polymer Matrix Composites (PMC’s) are more frequently
applied in construction industry and transportation, in which their flammability and water
absorption behaviors are important. Fire resistance of cellulosic fiber reinforced composites is
important parameter that often limits the application of composites in a given area. This work
presents experimental results of a fire retardant behavior and moisture absorption behavior of
different weight percentage (10, 20, 30, 40 and 50 wt. %) of sisal/coir fiber reinforced epoxy
resin hybrid composites. Traditional cold pressing method was used to fabricate hybrid
composites. Flammability behavior of the hybrid composite was studied by using vertical and
horizontal burning rates as per standard UL-94. Addition of the cellulosic fiber increases the
flammability since natural fiber supports fire. It proves as a bad flame retardant due to the
generation of a surface layer during pyrolysis of the cellulosic fiber which exhibits poor fire
retardant nature. This layer acts as supporter of fire, which spreads the heat from being
transferred to the un-pyrolised material. The speed of flame is much faster in vertical burning
position compared to horizontal burning position due to preheating of the specimen. Moisture
absorption of sisal/coir fiber reinforced epoxy resin hybrid composites are studied according to
ISO 62:1999 standard procedure. Absorption of moisture increases with increasing in the
reinforcement weight percentage of cellulosic fiber in fabricated hybrid composite.

1. Introduction
Greater attention has been given to the cellulosic fiber reinforced Polymer Matrix Composite (PMC)
materials in recent times due to persistent discussions on the climate changes and regulatory demands
underlining the need for clean environment and utilization of renewable resources. This is mainly
because the cellulosic fibers are de-composing in soil after use. Apart from decompose in nature, the
cellulosic fibers involves number of advantages over petroleum based fibers such as high strength to
weight ratio, abundantly available, low cost, easy process ability at relatively less energy requirement
in tooling and assembly costs, higher strength and stiffness have made cellulosic fiber reinforced biocomposites widely acceptable in structural applications (1). Another distinct advantage is their ability
to be engineered to obtain required properties in different directions by appropriate fiber placing in
different layers of the laminated structure. Cellulosic fibers like sisal, hemp, coir, bamboo, banana, etc.,
have gained substantial important as reinforcements in PMC’s. Among all cellulosic fibers sisal and
coir fibers are most widely used cellulosic fibers and very easily cultivated. Sisal fiber is a hard fiber
extracted from leaves of sisal plant. Coconuts are abundantly growing in coastal area of India. Coir
fiber is one of the major wastes found in the southern coastal regions of India. Sisal and coir fibers are
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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hydrophilic in nature and large amount of hydroxyl groups will give hydrophilic properties. This
property will lead to a very poor interfacial bonding between fiber and hydrophobic matrix and very
poor moisture absorption resistance. To enhance interfacial bonding between fiber and matrix fiber
surface treatment must be carried out. Libo Yan et al. (2) studied the effect of sodium hydroxide
treatment on microstructure and mechanical properties of natural fiber reinforced polymer composites.
Noorunnisa Khanamet et al. (3) studied the effect of different types of surface modification of sisal
fibers on the tensile and flexural properties of sisal fiber reinforced composites. Many authors have
studied the effect of coir and sisal fiber based composites for physical and mechanical properties (4-5).
These properties are based on the nature and morphology of the fiber, matrix properties and fibermatrix interaction.
Environmental awareness motivates the use of cellulosic fibers, but their composites shows worse
in flammability behavior compared to glass, carbon, etc., fiber reinforced composites. The application
of advanced PMC’s is constantly growing, especially in automotive, structural applications and
industrial sectors. Flammability is a censorious matter in numerous industrial applications especially
in the region of transformation where small spaces make fires a noticeable hazard. M.W.Chai (6) et al.
compared the fire retardant behavior of glass fiber and flax fiber reinforced epoxy resin composites.
Flax fiber reinforced composites burst into flames earlier, releases higher amount of heat and their
structure deforms notably during combustion. K.Ramanaiah (7) et al. studied fire retardant behavior of
polyester resin and sansevieria fiber reinforced polyester resin composite. In results, sansevieria fiber
reinforced composite catches fire earlier, release high amount of carbon dioxide and total smoke
during combustion compared to un-reinforced polyester resin. Although in practice the commercial
applications of natural fiber based plastics are constantly growing, there is still poor interpretation of
certain aspects of their behavior, such as their fire retardant behavior. With the above background, the
goal of present research work is to fabricate sisal/coir fiber reinforced epoxy resin bio-composite and
conduct the burning rates test and evaluate the response of the composite to fire and water absorption
behavior.
2. Experimental details
2.1. Used materials
Sisal and coir fibers were used in this study. These cellulosic fibers were collected from plants grown
in Karnataka (India). Epoxy resin araldite (AW106) and corresponding hardener (HV 953) were used
to fabricate hybrid composite sheets, which is a low temperature curing epoxy system. Epoxy resin
and hardener at a ratio of 10:1 was mixed to prepare matrix material.
2.2. Hybrid composite preparation
A simple cold pressing method was used to prepare the hybrid composite sheets in metallic (cast iron)
mold at high pressure. Were hydraulic pressing machine was used to fabricate hybrid composite sheet.
Both female and male dies are coated with a thin layer of Poly Vinyl Alcohol (PVA) to ensure that the
sheet will not adhere to the mold. Sisal and coir fibers were mixed and added in to matrix material in a
boul. 10, 20, 30, 40, and 50 wt.% of sisal/coir (1:1) fibers are used to fabricate the hybrid composite
sheet. A thoroughly-mixed mixture of sisal/coir fibers and matrix was discharged into the female die
cavity. The male die was laid down on the female die and pressed to 410.4 kg/cm2 from hydraulic
pressing machine for 3 hours. After drying, the hybrid composite sheet was cut to specimens to
conduct vertical and horizontal burning rates and moisture absorption test according to UL standard
(125*13.3*3 mm) and ASTM D-570 respectively.
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3. Results and discussion
3.1. Flammability behavior of hybrid composites
Fire retardant of sisal/coir fiber reinforced hybrid composite samples of size 125*13*3 mm was
characterized for flammability behavior according to UL-94 standard for getting vertical and
horizontal burning rates. For horizontal test, a 25mm Bunsen flame was applied to the leading edge of
the sample. 6.35mm length of samples is introduced to Bunsen flame for 30 sec without altering place
of Bunsen flame and sample. Then the sample is withdrawn from the flame. When the sample burns to
the 25.4 mm mark before 30 seconds then the flame is removed. If the sample constantly burns after
displacement of the flame, the time for the fire front to travel from the 25.4 mm to the 101.6 mm mark
from the free end is noted to calculate the rate of burning. In vertical rate of burning test, a 19.05 mm
Bunsen flame is applied to the bottom of the sample for 10 sec, replaced and then reapplied for a
supplementary 10 seconds. The time of flaming and glowing is recorded as soon as the sample is
replaced. The experimental setup for burning tests is as shown in figure 1.

(a) Vertical burning set-up

(b) Horizontal Burning set-up

Figure 1. Flammability burning setup of hybrid composites

Figure 2. Burning rate of hybrid composites with different wt.% of sisal and coir fiber loading
The figure 2 represents the graphical representation of burning rate of vertical and horizontal
burning for various wt. % of sisal/coir fiber reinforcement. The results indicate that addition of natural
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fiber increases the flammability. Hence natural fiber supports fire and is a bad flame retardant due to
the generation of a surface layer during pyrolysis of the natural fiber composites which discloses poor
fire retardancy. This layer behaves as supporter of fire, which spreads the heat to the un-pyrolised
substance. In vertical burning test, the speed of flame is much faster than in horizontal position due to
preheating of the specimen.
3.2. Water absorption of hybrid composites
Water absorption property of sisal/coir-epoxy resin hybrid composites was evaluated according to ISO
62:1999 standard procedure. Fabricated hybrid composite specimens were dried in oven at 500C and
cooled to room temperature. After weighing the dried specimen to an accuracy of 0.1mg, they were
immersed in distilled water in a plastic tub at room temperature. Once in 24 hours, the specimens were
taken out from plastic tub, all the water from the surface was removed with clean cloth and the
specimens were weighed. Same procedure was repeated for 28 days. The percentage of water
absorption of sisal and coir fiber reinforced hybrid composites increases with increasing the fiber
content (4). The percentage of water absorption was plotted against the time (days) as shown in Fig 3
which shows that the water absorption becomes stable after 25 days. Fig 4 shows the variation in the
amount of moisture absorption with increase in fiber content. This shows that the moisture absorption
increases with the increase in fiber content, thus composite sample shrinks, expands and de-bonding
between fibers and matrix. As the composite sample shrinks and expands, de-bonding between fibers
and matrix creating a voids which act as a reservoir for the water, so increasing its overall saturation
level. Indication of this model is suggested by drying out the samples and gauging the post-test weight.
With recognition that, moisture plays an important role influencing the mechanical behavior, the long
term durability of PMC’s. Water diffuses through the matrix and reaches the inter phase region and the
reinforcement. Dissolution of polymer matrix, de-bonding of fiber matrix inter phase and degradation
of fibers during aging in water, may all lead to the reduction in mechanical properties of the PMC’s.
Shrinkage and swelling of fibers may also happen, causing the decoupling at interphase, which leads
to the de-bonding of the fibers. It is seen that the samples are immersing in water leads to rapid debonding, delamination and loss of structural integrity. Thus, the strength of PMC’s is affected by
immersion in water. The figure also shows that the moisture content increases with the increase in the
soaking duration. Higher water absorption rates can be attributed to the hydrophilic property of
cellulosic fiber due to the hydroxyl group (-OH) on the cellulosic molecules. Hydrogen bond forms
between water molecules and hydroxyl group (8).

Figure 3. Wt.% of moisture absorption of
different sisal/coir content of hybrid
composites

Figure 4. Variation in the amount of
moisture absorption with increase in fiber
content.
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4. Conclusions
Experiments were conducted to establish the fire retardant behavior and moisture absorption behavior
of different wt. % of sisal and coir fiber reinforced hybrid bio-composites. The experimental results
lead to the following conclusions.
 Increasing the weight percentages of fibers in composites increases flammability and discloses
poor fire retardant.
 Among all fabricated hybrid composites, 50 wt. % fibers reinforced hybrid composites burst
into flames earlier, liberates more quantity of heat, and deforms in shape notably during
combustion.
 Moisture absorption (%) behavior reveals that the absorption of water content of hybrid
composites increases with increase in the wt.% of fiber content and also increases with the
increase in the soaking duration.0
 Sisal/coir fiber reinforced polymer matrix composites can used in many applications like
domestic (window panels, tables, etc.,), automobiles (car dash-boards), etc., but they are not
suitable where the fire response is serious consideration.
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Abstract. A systematic method of material analysis aiming for fuel efficiency improvement
with the utilization of natural fiber reinforced polymer matrix composites in the automobile
industry is proposed. A multi-factor based decision criteria with Analytical Hierarchy Process
(AHP) was used and executed through MATLAB to achieve improved fuel efficiency through
the weight reduction of vehicular components by effective comparison between two engine
hood designs. The reduction was simulated by utilizing natural fiber polymer composites with
thermoplastic polypropylene (PP) as the matrix polymer and benchmarked against a synthetic
based composite component. Results showed that PP with 35% of flax fiber loading achieved a
0.4% improvement in fuel efficiency, and it was the highest among the 27 candidate fibers.

1. Introduction
Currently, natural fuel resources are running low and this phenomenon receiving attention globally.
The escalating fuel consumption for transportation is one of the major reasons of natural fuel resource
depletion. However, this issue can be alleviated if weight reduction can be achieved on vehicles by
utilizing natural fiber polymer composites (NFPCs) as replacements to conventional materials such as
metals and synthetic fiber polymer composites for certain vehicle components [1, 2].
Synthetic-fiber polymer composites such as embedding glass or carbon fibers in a plastic matrix as
alternatives to the steel or aluminium components may avert the fuel consumption issue. They
possesses strengths, stiffness, and other mechanical properties, that are similar to a plain steel or
aluminium component, with the additional benefit of being a much lighter material. Thus, started the
easiest solution to increasing the efficiency, as reducing weight and maintaining the strength is very
much desired in this industry.
However, the problem now lies within replacing these synthetic fiber polymer composites with
those NFPCs to ascertain same or stronger properties than the synthetic counterparts and help the
automobile industry “go green” [3]. Therefore, this study aims to perform statistical analysis using
Analytic Hierarchy Process (AHP) to assess the benefits of utilizing various NFPCs to obtain multiple
options of candidate fibers to justify the grounds of replacing synthetic fibers in the automobile
industry to achieve better fuel efficiency.
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1.1. The rule of composites mixtures
Composites composed of two or more materials (i.e. matrix and reinforcement phase). The “rule of
mixtures” is a theory that involves predicting the final composites properties based on the weighted
average of the constituents’ properties. Example of this rule would apply to the density ( ) and among
other properties, and thus the following equation may be written:
(1)
Where, mc is the mass of the composite (kg), mm is the mass of the matrix phase (kg), mr is the mass of
the reinforcement phase (this case the fibers) (kg).
Given the relation that volume, mass and density have in common, i.e. density is the ratio of mass
over volume. Therefore, the following equation is formed.
(2)
Where, fm and fr are the volume fractions of matrix and reinforcing phase with respect to the composite
and final phase. For this research, it is assumed that the composite’s fibers are aligned in the
longitudinal direction [4]. Therefore, by using the equation (2) for density and similar models for the
other properties, the predicted properties are computed using MATLAB and the results were recorded
in the database. The input data is based from various sources [5, 6, 7, 8] and a sample of the data at 60%
natural fiber loading based on the rule of mixtures is shown in Table 1. It is also noted that the rule of
mixtures is an estimation method as it is a general rule for a weighted mean calculation of a composite
which is made up of continuous and unidirectional fibers [4, 9].
1.2. The analytic hierarchy process
AHP has been used successfully by many applications such as business field, government, military,
and industry [10]. It was adopted by Farag [11] and used as a decision-making process for selecting
the right composite for automobile industry. The key elements of AHP described by Bodin and Gass
[10] have been laid out to understand the theory and practical situations application. Few of the
theories relate directly to this study are the AHP Fundamental Pairwise comparison scale, ratio scales,
and ratings model. AHP fundamental aspects will accurately analyze the data in a multi-factor manner.
Noted that this process follows a similar pattern of the weighted objective method, in which the
decision maker (DM) assigns weights/scale ratings from 1 – 9 and estimates the unknown weights
based on research, insights, or even experience and assign them relative to the multi-criteria factors
[10].
The pairwise comparison question deals with assigning accurate weights to certain criterion, are
based on the DM’s approximation (1 – 9) by asking whether one entity (say for example, Entity A) (i.e.
criteria/alternative) is more important that the other (Entity B) in question. Bodin and Gass [10] have
mentioned that the pairwise comparison must be interpreted by taking the ratio of A’s assigned weight
to B’s and should be normalized, so that the denominator is always equal to 1. An example would
clarify the above mentioned by using the verbal scale and associating it with the fundamental 1- 9
numeric scales. Thus, by saying Entity A is “more important” than Entity B, the ratio may be written
as 5/1. What this means is if the DM assigned A’s weight to be 40 and B’s to 8, the relative ratio
thereby is 5/1 [10]. Thus, AHP’s resultant weights are ratio-scale numbers and consequently form a
ratio scale that is units free.
Therefore, the resultant weights are normalized ratio-scale numbers. This allows the DM to
compare alternatives. Subsequently, this method would allow for comparing alternative NRPCs,
seeing as there are a number of combinations to select from (24 volume fraction variants; 20%, 35%,
and 60% of NFPCs – with PP, with 3 combinations of PP with E-glass with respect to each volume
fraction as a benchmark). Since the resulting weights are units free, it would allow easy comparisons
based on numeric values alone. For example, if A acquires a resultant weight of 0.680 and B with a
weight of 0.340; a ratio of 4/2, it would ultimately conclude that A is preferred twice as much as B
[10]. PP has been selected as the candidate matrix due to the fact that it has been used as a polymer
matrix previously [11] and it achieve higher rankings and physical properties in the final outcome [12].
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For evaluation of the criteria, the eigenvector of the pairwise matrix must be calculated. This is to
ensure that the DM’s scores are related to each of the other weighted scores and gives clarity to the
values. Quantitative values, such as preferences, are evaluated using the eigenvector method, while
quantitative values, like data on mechanical properties, need to be normalized in the matrix.
Table 1. Sample of input data of NFPC at 60% fiber loading (value based on [5, 6, 7, 8])
Composite
combos
PP-Flax
PP-Hemp
PP-Jute
PP-Kenaf
PP-Sisal
PP-Coir
PP-Curaua
PP-Abaca
PPE-glass

Density
(kg/m3)
1,364.00
1,346.00
1,358.00
1,424.00
1,334.00
1,184.00
1,304.00
1,364.00

Tensile strength
(MPa)
916.00
556.00
496.00
574.00
436.00
121.00
676.00
503.80

Young’s
modulus (GPa)
24.04
42.64
16.54
32.44
13.84
36.64
18.64
20.80

Elongation at
break (%)
161.92
162.40
160.90
160.96
164.20
178.00
162.58
161.74

Mass
(kg)
5.45
5.38
5.43
5.69
5.33
4.73
5.21
5.45

1,994.00

2,116.00

44.44

162.22

7.97

2. Methodology
2.1. Initialization of the hierarchy
The overall method to setup the AHP is in accordance to the published work by Saaty [13]. The
decision hierarchy of AHP is shown in Figure 1.
Selected Best
Natural Fiber

Objective

1.0

Density

Tensile
Strength

Young’s
Modulus

Elongation at
Break

Mass

0.1522

0.3428

0.0877

0.0407

0.3766

Flax
Hemp
Jute
Kenaf
Sisal
Coir
Curaua
Abaca
E-Glass

Flax
Hemp
Jute
Kenaf
Sisal
Coir
Curaua
Abaca
E-Glass

Flax
Hemp
Jute
Kenaf
Sisal
Coir
Curaua
Abaca
E-Glass

Flax
Hemp
Jute
Kenaf
Sisal
Coir
Curaua
Abaca
E-Glass

Flax
Hemp
Jute
Kenaf
Sisal
Coir
Curaua
Abaca
E-Glass

Criteria

Alternatives

Figure 1. The decision hierarchy of AHP for the research. The values shown above correspond to the
weighted scores from the pairwise comparison calculations which will be illustrated in Figure 2.
2.2. AHP parameters

Figure 2. Pairwise comparison (top) shows the evaluated weighted scores with respective eigenvector
values. Preference weights against each criterion (bottom) with legend.
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The criteria were assessed according to the scaled weights set out by Bodin and Gass [10] and utilized
by Farag [11]. This research explores the fuel efficiency improvement through mass (weight)
reduction. The mass criterion would need to hold the highest weighting. The pairwise comparison
matrix, as seen in Figure 2, shows the evaluated version of the ratio-scale numbers. Also depicted are
the scores attributed to each criterion against each other, and the eigenvector evaluation.
2.3. MATLAB computation
Raw data were fed into MATLAB codes to generate the AHP results. The computation was repeated
for each fiber’s weight percentile group and then again for a variant design of the car hood, to observe
if any improvements were found. MATLAB coding was performed to ease the computation for large
matrices of data, i.e. to obtain the eigenvectors from multiples (27x27) matrices of fiber data,
necessary for the AHP.
2.4. Solid modelling proposed engine hoods
Two engine hood designs were considered in this study. Solid modelling of the proposed engine hood
designs were completed using SolidWorks. The mass property of the two hood models was captured
and it was used for subsequent interpretation for fuel efficiency.
The two hood dimensions are as follows: Hood 1: L = 1404.25 mm, w = 1702.27 mm, and t =
1.6677 mm, and Hood 2: L = 1410.65 mm, w = 1268.10 mm, and t = 1.2673 mm.
3. Results and discussions
3.1. Simulation output
3.1.1. Hood 1 results and Hood 2 results. Hood 1 showed promising results, and the top 5 ranks are
displayed in Table 2. Majority of the values resulted from the NFPC with 60% fiber loading, while
Flax at 35% ranked 5th out of the 27 candidate fibers. Hood 2 results, showed that the mass reduction
achieved were greater than Hood 1, and produced similar ranking to that of the Hood 1 results with the
exception of the Curaua fiber at 60% outperforming kenaf fiber at the same percentage for 3rd place,
as shown in Table 2.
Table 2. Top 5 ranked candidates for Hood 1 and Hood 2
Rank
1
2
3
4
5

Score
0.546006
0.54465
0.541365
0.541301
0.539208

Hood 1
Fiber
Mass (kg)
H1 Flax 60%
5.45
H1 Hemp 60%
5.38
H1 Kenaf 60%
5.69
H1 Curaua 60%
5.21
H1 Flax 35%
5.11

Score
0.398046
0.391702
0.390966
0.389881
0.387631

Hood 2
Fiber
Mass (kg)
H2 Flax 60%
3.09
H2 Hemp 60%
3.05
H2 Curaua 60%
2.96
H2 Kenaf 60%
3.23
H2 Flax 35%
2.90

3.2. Fuel efficiency improvement
By comparing both top 5 NFPC candidates of Hood 1 and 2 and benchmarking it with the synthetic PP
+ E-glass (35% and 60%), the mass reduction was calculated, and consequently the fuel efficiency
through the reduction was derived. The results showed that fuel efficiency can be achieved by utilizing
the NFPC with kenaf fiber (60% loading), Curaua fiber (60% loading) and flax fiber (35% loading) in
Hood 1, while Table 3 also shows that by using NFPC with flax fiber (60% loading) and hemp fiber
(60% loading) with design Hood 2, poor fuel efficiency was resulted. NFPC with 60% flax fiber is
common for both designs. However, the highest improvement of fuel efficiency was achieved in the
case of PP with 35% flax loading at 0.4%.
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Table 3. Fuel efficiency improvements due to mass reductions for two Hood designs.
Fiber
PP-Flax 60%
PP-Hemp
60%
PP-Kenaf
60%
PP-Curaua
60%
PP-Flax 35%
PP-E-glass
60%
PP-E-glass
35%

Hood 1
Mass
5.45

Hood 2
Mass
3.09

Mass reduction
H1
31.62%

Mass reduction
H2
31.64%

Fuel efficiency
improvement
0.06%

5.38

3.05

32.50%

32.52%

0.08%

5.69

3.23

28.61%

28.54%

0.24%

5.21

2.96

34.63%

34.51%

0.34%

5.11

2.9

22.34%

22.25%

0.40%

7.97

4.52

-

-

-

6.58

3.73

-

-

-

4. Conclusions
It can be concluded that fuel efficiency were achieved through mass reduction by utilizing NFPC, and
statistically analyze the mechanical properties by adopting the AHP method of decision making. The
results achieved by this simulation are consistent with the current findings, and show that the optimum
candidate material is PP - flax at 35% fiber loading. The cost analysis shows many other fibers that
come close to being optimal, which opens the path into more extensive research into other possible
fibers in the chart with more criteria, focused on environmental factors and then can be compared to
these findings.
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Abstract. Polylactic acid (PLA) and organically modified layered silicates (organoclay) with
concentrations of 2-10 wt% were prepared by melt intercalation technique. The effects of
organoclay on the mechanical and thermal properties of PLA were studied. Tensile properties
were evaluated using an Instron Universal Tester. Modulated differential scanning calorimetry
(MDSC) and Thermogravimetric analyses (TGA) were performed to study the thermal
behaviour of the prepared composites. The nanocomposites exhibited superior improvement of
practical materials properties such as Young’s modulus and thermal stability, as compared to
the neat PLA. The Young’s modulus drastically increased, whereas tensile strength and
elongation at break decreased. The maximum degradation temperature of the hybrid increased
linearly with an increasing amount of organoclay. However, MDSC has determined that the
glass transition, cold crystallisation, and melting point temperatures were not significantly
influenced by the presence of organoclay.

1. Introduction
Polylactic acid (PLA) has received increased interest in the last decade because of emergence of more
environmentally aware consumers and increased price of crude oil. PLA is mainly used in applications
such as plastic bags for household waste, disposable cups, and plates, as its degradability is a
marketing advantage. PLA has higher modulus and strength [1], but lower toughness and thermal
stability [2], as well as higher price, which limits its current commercial usage. Additives are
commonly used to improve performance of plastics. This study focuses on the use of fillers to improve
PLA properties.
A promising approach to improving properties is to prepare nanocomposites by adding
montmorillonite (MMT) clay in the polymer matrix. Advantages include: (1) MMT can improve
physical as well as mechanical properties; (2) the filler loadings are relatively low so the melt
processing conditions do not need to be changed and (3) the final product cost may be reduced [1].
However, improvement in the nanocomposite’s properties depends on several factors, including MMT
concentration as well as degree of its dispersion [3]. Dispersion is controlled by the processing
conditions as well as compatibility of MMT and polymer.
Several studies of PLA/organoclay nanocomposites prepared by melt intercalation technique have
been reported [4-6]. However, these reports did not include how the melt processing conditions were
chosen. In our recent paper [7], we described how the optimum processing conditions for processing
PLA/MMT nanocomposites by melt intercalation can be identified using experimental design. In this
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paper, properties of PLA/MMT nanocomposites prepared at the optimum processing conditions were
reported, and the effects of filler level on mechanical and thermal properties were examined. The level
of filler was varied to determine if there is an optimum level.
2. Experiment
2.1. Materials
NatureWorks® PLA polymer 7000D was used in this study. The MMT nanoclay Cloisite® 30B from
Southern Clay Products was used as filler. This is a natural montmorillonite modified with a
quaternary ammonium salt. PLA pellets and clays were dried to remove volatiles in a vacuum oven at
90°C for 24 hours prior to processing.
2.2. Preparation of the nanocomposites
PLA pellets and various amounts of MMT were melt blended in a counter rotating Haake Rheomix
600. The processing conditions were set at the following temperature, rotor speed, and mixing time:
175 C and 100 rpm for 7 min. Samples were made with seven different clay loadings (from 2 to
10 wt%). The pure PLA sample was also processed in a mixer. Specimens for property testing were
obtained by compression molding. These were produced from warm melt from the mixer placed in a
suitable mould in a hot-plate hydraulic press. The press platens were set at 190 °C and samples were
pressed for 3 minutes and allowed to cool to ambient temperature under pressure (10 kN). All samples
were then stored in a desiccator prior to testing.
2.3. Characterisation
An Instron model 4465 Universal Testing Frame and a load cell of 10 kN was used to measure tensile
properties. The test was conducted at a constant rate crosshead speed of 5 mm/min at room
temperature per ASTM D638 standard.
Thermal analysis was performed using a modulated differential scanning calorimeter (MDSC,
TA2920) with an RCS unit, from TA Instruments. Sample and reference chamber with an empty pan
were heated from -20 to 220 C at heating rate of 2 °C/min with a heating/cooling cycle of the
modulation period of 40 s and the amplitude of ±0.5 °C. After heating up to 220 C, the PLA samples
were isothermally held for 5 min to eliminate the previous heat history and subsequently cooled down
to -20 C at a cooling rate of 2 C/min. A second heating scan at 2 C/min was also performed. The
data analysis reported here is from the second heating cycle. The degree of crystallinity was calculated
by considering a melting enthalpy of 93.6 J/g for 100 % crystalline PLA. All the data were recorded
using TA Instrument Control software installed with the equipment.
The thermal stability was investigated using a Thermogravimetric Analyzer (Perkin Elmer
STA6000). Samples of 10-20 mg were heated with a heating rate of 10 C/min from room temperature
to 600 C both in oxidizing (air) and inert (nitrogen) atmosphere. The resulting thermograms were
processed using Pyris Version 11. Each sample was run in duplicates.
3. Results and discussion
3.1. Mechanical characterisation
The tensile results of neat PLA and PLA nanocomposites are presented in Figure 1 and summarised in
Table 1. Values reported here are the averages of four specimens for each sample. The modulus of the
nanocomposites increased monotonically with increasing clay content, by as much as 54 % for the
10 wt% sample, which is a very significant improvement.
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Figure 1. Tensile properties of PLA nanocomposites as a function of clay loading
Table 1. Tensile properties of PLA nanocomposites at various clay loadings
Samples
PLA-30B-0
PLA-30B-2.00
PLA-30B-3.25
PLA-30B-4.50
PLA-30B-5.75
PLA-30B-7.00
PLA-30B-8.25
PLA-30B-10.00

Young’s Modulus
(MPa)
1110
1240 (+12 %)
1250 (+13 %)
1360 (+23 %)
1430 (+29 %)
1560 (+41 %)
1710 (+54 %)
1710 (+54 %)

Tensile Strength
Elongation at break (%)
(MPa)
57
7.0
59 (4 %)
9.6
56 (-1 %)
7.0
55 (-3 %)
6.3
47 (-17 %)
4.5
38 (-35 %)
3.5
32 (-42 %)
2.5
29 (-47 %)
2.3

There are only a few published results on tensile (tension) properties of PLA/organoclay
nanocomposites [8]. Most studies on the mechanical properties of PLA/organoclay nanocomposites
were reported using dynamic mechanical analysis [9, 10]. Nevertheless, two studies did report
improved tensile properties of the PLA nanocomposites. Thellen et al. [8] reported the increase in the
modulus of blown film PLA nanocomposites with 5 wt% MMT was 30 to 40 %. Li et al. [11] also
reported that adding 5 wt% MMT, Cloisite® 20A, or Cloisite® 30B, to PLA increased the modulus by
15% and 21 %, respectively. The nanoclay acts as a mechanical reinforcement of the polymer at a
nanoscale molecular level and thus gives a higher modulus value [12].
The tensile strength and elongation of the nanocomposite increased slightly at low levels of clay
content (between 2 and 4 wt%), and decreased almost linearly with increases in the clay content.
Alexandre and Dubois [13] reported increased Young's modulus, but lowered tensile strength and
elongation at break. Increased tensile strength was reported only for systems where strong
polymer/organoclay interaction occurred [14, 15]. In this study this indicates the clay is dispersed
uniformly at low concentrations (between 2 and 4 wt%) with a high surface attraction between the clay
and the polymer matrix. Above this concentration, the attractive force between the clay and the
polymer matrix was disturbed by the tactoid form of the clay. This corresponds to passing through the
percolation threshold region, estimated at 4.2 wt% clay loading [16]. According to Chang et al., [17],
strength and elongation decrease if agglomerates are present.
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3.2. Thermal characterisation
Table 2 shows that the Tg of PLA decreased by 1-2 C with the addition of the organoclay, which is
not significant compared with the measured SD (0.7 C). The Tg depends primarily on chain flexibility,
molecular weight, branching/crosslinking, intermolecular attraction, and steric effects [18, 19]. The
drop in Tg could be due to a number of reasons such as clay aggregates, interphase regions, and
adhesion problems at the clay-matrix interface at elevated temperatures [20].
Table 2. Thermal properties of PLA nanocomposites at various clay loadings
Tg
(C)
PLA-30B-0
61.9
PLA-30B-2.00
61.2
PLA-30B-3.25
61.0
PLA-30B-4.50
60.6
PLA-30B-5.75
60.8
PLA-30B-7.00
60.2
PLA-30B-8.25
60.0
PLA-30B-10.00 59.9
Samples

Tcc
Tm
χc
Hc
Hm
(%)
(C) (J/g)
(C) (J/g)
120.6 25.2 26.9 151.0 21.5
121.0 27.1 29.5 151.2 23.6
114.6 28.3 31.3 155.1 23.3
114.2 28.4 31.8 154.9 23.1
116.5 28.2 32.0 155.0 23.2
116.7 28.5 32.7 155.1 23.1
115.2 28.3 33.0 155.0 23.1
113.6 26.8 31.8 155.0 22.7

Tg, glass transition temperature; Tcc, cold crystallisation temperature; Hc, enthalpy of crystallisation; χc, degree
of crystallinity; Tm, melting temperature; Hm, enthalpy of fusion. Tcc and Tm are taken at the peak maximum of
the crystallisation and melting peaks.

Paul et al. [21] reported increasing filler content did not significantly influence the Tg or Tm of
PLA Cloisite® 30B nanocomposites. Because of the creation of aggregates, the increase of the
nanofiller content did not lead to an extra increase of the total nanofiller surface area, and hence there
was no effect on Tg and Tm. MMT nanoparticles have a great tendency to create aggregates because of
their larger surface area [22].
PLA sample had a melting point at about 151 C and a heat of fusion of 21.5 J/g. The incorporation
of MMT clays led to an increase by 4 C at 3.25 wt% of clay loading. Thereafter the Tm did not
change significantly. Most studies [4, 21] reported that the incorporation of MMT clays did not
significantly change the melting point of the materials.
Table 2 also shows that the cold crystallisation temperature, Tcc, of the PLA nanocomposites was
significantly reduced by the addition of organoclay. The Tcc of PLA-30B-10.00 nanocomposites was
7 °C lower than neat PLA. Similar observations were reported by Lee et al. [12] and Day et al. [23].
Both stated that clay nanoparticles can act as effective nucleating sites for crystallisation in PLA. This
was attributed to the nucleating effect of the nanosized clay. The large surface area facilitates the PLA
crystallisation process, thus, Tcc decreases with the addition of nanoclays [12].
From Table 2, it can also be seen that the χc of PLA nanocomposites increased significantly (by
±2.2 SD) in the presence of organoclay up to around 8.25 wt%. Above 8.25 wt%, χc decreased. This
indicates that the clay had a nucleation effect at lower clay loadings [24]. The nucleation efficiency
will be the highest below the percolation threshold. Thereafter the rate of increase of nucleation due to
the presence of fillers reduces, finally becoming very low at very high clay loadings [25]. This
behaviour is attributed to the creation of larger agglomerates above the percolation threshold, and
hence a reduction in the number of available nucleation sites. It can be said that a small amount of
nucleating agent helps form polymer crystals while a larger amount hinders the ordered arrangement
of molecular chains resulting in low crystallinity [26].
Of these thermal properties, crystallisation is the most important from both scientific and
commercial viewpoints, because many mechanical properties of PLA are significantly influenced by
its crystallinity [27]. The higher modulus at higher clay loadings is consistent with the higher
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crystallinity. The higher modulus of the nanocomposites is generally attributed to the reinforcement
effect of the filler, but may also indicate that the crystallinity is higher [28].
3.3. Thermogravimetric analysis
In general, the addition of a filler can improve the thermal stability of the filled polymer composite
systems. As inorganic species have good thermal stabilities, it is generally believed that the
introduction of inorganic components into organic materials can improve their thermal stabilities.
Many studies have reported that polymer/MMT composites have higher thermal stability than that of
the neat polymer matrix [22, 29].
Table 3 summarises the maximum degradation temperatures. The degradation temperature was
higher in all nanocomposites than in PLA. The shift was more pronounced for the nanocomposites
with higher filler content. This suggests that the introduction of nanofillers increases the thermal
stability of PLA [29]. The increase in thermal stability could be caused by an ablative reassembling of
the silicate layers, which may occur on the surface of the nanocomposites, creating a protective barrier.
The increase in the thermal stability has also been attributed to the high thermal stability of clay and to
the interaction between the clay particles and the polymer matrix [30]. This is a common behaviour
observed for nanocomposites and is partly responsible for their flame-retardant properties that are
usually improved as well as their thermal stability [13].
Table 3. Thermal degradation behaviour of PLA nanocomposites at various clay loadings
System
PLA-30B-0
PLA-30B-2
PLA-30B-3.25
PLA-30B-4.50
PLA-30B-5.75
PLA-30B-7.00
PLA-30B-8.25
PLA-30B-10.00

Onset degradation
temperature
(C)
341
342
340
341
343
343
342
342

Maximum
degradation
temperature (C)

Residue (wt %)
at 600 C

357
359
362
363
365
369
368
370

1.0
3.4
3.5
5.2
5.7
7.2
8.7
9.1

The thermal properties of PLA are significantly influenced by the addition of the organoclay
Cloisite® 30B. The results suggest the nanocomposites have a degree of dispersion, but the dispersion
decreases as the filler level increases. PLA nanocomposites containing a few percent of Cloisite® 30B
are more thermally stable than neat PLA. The role of the organoclay in the nanocomposite acts as a
heat barrier, which enhances the overall thermal stability of the system. The superior performance in
this study of nanocomposites samples compared with PLA suggests that the optimised processing
condition meets this requirement.
4. Conclusions
PLA/organoclay nanocomposites were prepared at optimum processing conditions with varying levels
of organically modified MMT (from 2 to 10 wt%). Mechanical properties showed a large increase of
Young’s modulus compared with the unfilled control PLA (up to 54 %). However, the tensile strength
was reduced, by up to 50 %. As for thermal analysis, increasing clay loading decreased the glass
transition slightly and increased crystallinity: this suggests that modified MMT is a nucleating agent
for PLA. Thermal analysis showed that at higher clay loading thermal stability improved significantly.
Investigations of the nanocomposite morphology (transmission electron microscopy and small-angle
X-ray scattering) will be reported in a forthcoming article.
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Abstract. Using the experience in the development of composite materials with desired
properties is given the algorithm of construction materials synthesis on the basis of their
representation in the form of a complex system. The possibility of creation of a composite and
implementation of the technical task originally are defined at a stage of cognitive modeling. On
the basis of development of the cognitive map hierarchical structures of criteria of quality are
defined; according to them for each allocated large-scale level the corresponding block
diagrams of system are specified. On the basis of the solution of problems of one-criteria
optimization with use of the found optimum values formalization of a multi-criteria task and its
decision is carried out (the optimum organization and properties of system are defined). The
emphasis is on methodological aspects of mathematical modeling (construction of a
generalized and partial models to optimize the properties and structure of materials, including
those based on the concept of systemic homeostasis).

1. Introduction
Due to the complexity and diversity of the functioning processes in real systems can not get them
absolutely adequate mathematical models. The developed mathematical model describing the process
of formal operation of the system, is able to cover only the basic characteristic patterns. You can not
specify the formal rules to select the characteristics of the studied states and parameters of real systems.
The researcher has to be guided only by their own intuition, relying on the statement of the problem
and applied understanding of the processes of functioning of the system. Analysis of each complex
system - this is a unique problem that requires not only diverse cultures, but also the inventiveness and
talent. System studies are a symbiosis of theoretical model simulations with observations, empirical
studies, full-scale (laboratory) experiments. One of the main problems is to determine the general laws
governing the functioning of the system based on individual private observations. This also applies to
the problems of building materials [1-4].
System operation conditions are determined by the input variables x1 , x2 , , xn (factors); some of
them amenable to regulation or partial management. The behavior, the result, the effectiveness of
functioning of the system are characterized by output variables y1 , y2 ,, ym (responses, resulting
variables). Random latent variables 1 ,  2 ,,  m (not amenable to direct measurement) reflects the
impact on the value of unrecorded at the input factors (random measurement error of the analyzed
indicators, residues). So at winter concreting electro-conductive concrete which durability depends on
its structure is applied. The factors are: the percentage of Portland cement - x1 , sand - x2 , graphite - x3 ,
water - x4 ; strength conductive concrete - y . The main objective is to construct a function
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adopted in some sense makes the best restore the value of the y   y1 , y2 ,  , ym  т



x  x1 , x2 , , x p



т

by

, т - transposition symbol.

2. Formulation of the problem
The main objectives of the statistical analysis in building materials are:
- establish a statistically significant association between the variables y and x (components x and
y can be: quantitative (for example, the percentage of component in material), ordinal (ordering of
objects analyzed according to the degree of manifestation being studied properties; for example,
education worker, discharge working, etc.), classification (divide objects into homogeneous classes,
not amenable to streamline; for example, methods for the treatment of concrete products, the
availability of competing additives or fillers et al., employee profession, industry, the motive of family
migration, etc.);
- outlook (recovery) y to x (determined the values of the function f x  , but not its structure);
- identification of causal relationships between x and y , partial control y by regulation x .
The solution of these tasks to determine the physical meaning of the statistical relationships (for
example, depending on the properties of the materials studied on factors). Standard techniques and
methods to determine the structure of the model (the general form of the function f x  ) does not exist.
In the staging phase of statistical analysis each elementary object of research is associated with a set of
analyzed parameters x1 ,x2 ,,x p , y1 , y2 ,ym  ; determined the final purpose of the study, the type of
study dependencies, the shape and the degree of accuracy of statistical conclusions. Information step is
to collect the results of measurement of statistical information
x1i  ,x2i  ,,x pi  , y1i  , y2i  ,, ymi  , i  1,n .





The structure of connections and their tightness (class F of feasible solutions; view, the desired
connection between the structure x and y the (family of functions f ) between the study variables)
are determined based on the correlation analysis. Calculates an estimate of the parameters in the test
equation the statistical relationship. If the class F is defined as a parametric family of functions
f x, Θ  , the problem boils down to the selection of (statistical estimation)  values of the conditions
for an extremum of a functional (for example, the method of least squares). Of course, it provides an
analysis of the accuracy of the constraint equations.
In a dynamic system, there is an interaction between its heterogeneous parts, and formed observed
(output) signals. All other signals are considered as perturbations (input signals, measured and is not
measured noise). The totality of the alleged links between the observed signals and is a model (in the
broad sense). The model can take different forms and degrees of mathematical detail (or at all without
using the language of mathematics). Ambiguous choice of identification method (the incompleteness
of knowledge about the object, limitations in the observations of the object in time, the inaccuracy of
the measurement signals at the input and output of the object, and so on.).
The adequacy of the system model and the object of study can not prove: model can be accepted or
rejected on the grounds that obtained the assessments and conclusions contradict the observed facts.
System model will always be different from the original; we can talk about the asymptotic
approximation to it under certain conditions for each practical task. Asymptotic convergence is
ensured by the fact that the object of the simulation is a concrete system with inherent only to her
autonomous operation of law (peculiar and unique to this system). The adequacy of the system model
is achieved by narrowing the scope of its use (limited practical applicability of the model). Model
experiments provide an intuitive knowledge of nature, which can be used to adjust the model taking into
account the properties of the object being studied. The simulation allows a deeper insight into the
essence of the original object, and modeling studies led to the discovery of new properties and the
laws of the functioning of the system under study. Today is no unified theory of constructing system
models, to fully implement the concept of systemic homeostasis. System modeling studies are always
iterative. In assessing the effectiveness and reliability of the model be used quantitative criteria;
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qualitative criteria allow us to estimate a model in terms of its clarity, usability, testability,
applications in other areas of concern (an intermediate position between the quantitative and qualitative
criteria is the criteria with point scale). Model experiments precede full-scale and direction information
collection point in the process of observation (the leading role modeling). At the same time, the results
of modeling studies need to be the actual source of data and require experimental verification. A
systematic approach can reduce or even eliminate the uncertainty inherent in the problem at hand;
reconstruct it in the models that meet the objectives of the study; identify objects, properties and
relationships of the studied system, taking into account the mutual influence of the external
environment. It allows you to understand the connections between individual facts and on a higher
level to carry out the study. The theoretical value of the systems approach is that it allows you to
define general patterns that are isomorphic for different classes; the most important of them is
isomorphic backbone factor.
3. Synthesis of materials for special purposes as the complex systems
The approach the authors used effectively in the development of materials for special purposes as the
complex systems. The role and place of the identification in the synthesis follow from Fig. 1.
TECHNICAL TASK
(the required organization and properties)

COGNITIVE MODELING
(properties, control parameters)

SCALE LEVELS
Criteria of quality

Structural diagrams
of subsystems

ONE-CRITERION OPTIMIZATION OF SUBSYSTEMS
(optimal parameters of subsystems)

MULTI-CRITERIA OPTIMIZATION
(optimum parameters of system)
ORGANIZATION AND PROPERTIES OF THE SYSTEM

Figure 1. Synthesis of complex system
The synthesis began with a cognitive modeling. Identification is interdisciplinary. Therefore, in the
composition of the expert group to develop terms of reference included experts of various fields
(materials scientists, physicists, chemists, mathematicians, managers, experts in the field of system
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analysis, etc.). Each of the representatives played a dominant role in determining the individual pieces
of the system; inter-element connections are established by the whole group. The cognitive model has
allowed to produce material decomposition (synthesis of an integrated system reduces to solving the
problems of synthesis of subsystems). Class of mathematical models of radiation-protective
composites was selected; later they were used to optimize the structure and properties (fragments were
seen as a subsystem; identify ways of measuring their properties). In drawing up the cognitive map is
important not to miss the connection, which is determined by the considered property; «... quite
insignificant reason escapes us by its smallness, it is a significant action that we can not foresee, and
then we say that this phenomenon is a result of the case» (A.Poincare; a violation of the principle of
transitivity). Linked to this is the difficulty of determining the number of partial criteria that are
determined by the required performance of the material.
If the material is multi-layered structure, the construction of a mathematical model is almost
impossible. Therefore, postulated the existence of a mathematical model to replace the identified
object. Material properties were seen as particular criteria; structure of the material defined as the
totality of their.
According to the results of cognitive modeling (using simulated principle) a complex system
(composite) was represented as a finite set of models that reflect the essence of a particular facet of the
system. Each of the properties of the material investigated by one or more simplified (narrowly
focused) models. Building the set of simplified models revealed new properties (often without
building a model generalizing). In other words, the composite material is determined by the interaction
of simplified models [5, 6].
Structural identification is carried out (selection-end models) the solution of the general problem
of identification in the selected class of models, as well as the decision of private problems of
identification (parametric). Accordance with the basic requirements for the model: ease of
interpretation of the physical meaning of the coefficients included in the model. Thus, the regression
models are illustrative and are not used for the prediction and purposeful change factor values.
Each of the operating characteristics of the material was considered as an asymptotic value of the
solution of the differential equation (kinetic process of the formation of physical and mechanical
characteristics). Such representation is not the sole (test class may be replaced if necessary).
Unfortunately, as a rule, there is a problem of correctness. We need the correct formulation of the
problem with the involvement of additional information on the desired solution (or should use the
classic control algorithms for ill-posed problem). The main kinetic processes (set of strength, changes
in the modulus of elasticity, contraction and shrinkage, the increase of internal stress, heat resistance,
chemical resistance, water absorption and water resistance) were modeled in a class of ordinary
fourth-order differential equations with constant coefficients and real roots of the characteristic
polynomial [5-7]. Concentrations and granulometric characteristics were determined by the material
ingredients depending on the requirements (critical concentration, dependence of the critical volume
concentration of the mean aggregate size distribution, the averaged effective strength of the material).
Proceeding from the above, we propose the following synthesis scheme:
- modeling of individual properties;
- selection of main parameters of models;
- determining of model parameters from composition, technological characteristics;
- determining a plurality of partial criteria;
- ranking the properties of materials;
- minimizing of dimension of the criterions space;
- multi-criteria optimization of the quality of the material and the corresponding prescription and
process parameters.
Multi-criteria optimization was to optimize the vector of the objective function
qx   q1 x , q2 x ,, qm x  , if the criteria adopted are equally significant. In some cases, multicriteria problem of minimization of the vector qx  (using weighted sums of the strategy) was reduced
n

to a scalar problem (accepted q x     i  qi x 2 ). Definition of integrative properties of systems at
i 1
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a qualitative level was made on the basis of independent studies of separate subsystems (with a certain
degree of autonomy). Combining separate subsystems into a single system carried with allowance for
interconnections. Each element in the hierarchical structure of the quality system was defined
autonomously (without all the interconnections). Interconnections eliminated by introducing
customizable reference models with a simultaneous decentralization of modules for inputs. Selection
of parameters was done using the experimental samples.
4. Conclusions
Given the experience in the development of a number of composites developed a scheme of synthesis
of building materials with predetermined properties and structure. It is proposed methodological
principles of creation of materials (as complex systems) using a system approach.
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Abstract. The paper pursued the hypothesis that alkaline treatment removed hemicellulose and
pectin from the flax fibres, the fibre thermal stability will be improved. The use of plant fibres
as reinforcement in thermoplastic composites comes with the detrimental effect of thermal
degradation on the tensile performance of fibres and composites, particularly during long
consolidation times at high temperature. SEM was used to observe the treated fibre surface.
The micrographs show that the treatment with a higher concentration of NaOH solution results
in a more obviously rough fibre surface. Moreover, FTIR and TGA were used to examine the
chemical decomposition and thermal stability, respectively. The spectra of treated materials
indicate that both hemicellulose and pectin were dissolved from the fibre surface following
treatment. Finally, TGA results revealed that the loss of mass belonging to hemicellulose and
pectin in treated fibres results in a shift of the main degradation temperature to higher
temperature.

1. Introduction
There has been a high sustainability agenda toward industrial products made from biodegradable or
renewable materials. Consequently, it has been shown that there is a growing interest in the
application of plant fibre thermoplastic composites [1-3]. Furthermore, research and development
(R&D) in this area has resulted in the improvement of the performance of plant fibre composites in
industries such as the automotive sector. Natural fibre composites offer several advantages such as
eco-friendliness, safety from hazards and light weighting [4, 5].
Nevertheless, the low thermal stability of plant fibres is a limiting factor affecting the composite
performance. Plant fibres are combustible materials. The natural properties and the various
constituents of plant fibres can generate poor composite performance due to thermal degradation [6-8].
Thermal degradation of the plant fibres at high processing temperatures, typical of thermoplastic
systems, is an important issue. The thermal degradation of plant fibre depends on a number of factors
namely, chemical composition of materials, temperature and heating rate. The tenacity decreases and
the degree of depolymerisation increases with an increase in temperature and/or dwell time at high
temperature due to chain scission [7]. For example, the flax fibre retains its strength at 170oC for 120
minutes and at 200oC for 30 minutes, while it shows a 50% drop at 210oC for 120 minutes [7, 9].
Furthermore, the thermal decomposition temperature of fibres limits the choice of polymer as a matrix
material due to the melted temperature of the polymer could be less than the thermal decomposition
temperature of fibres. Low processing temperatures leads to low impregnation with high viscosity
thermoplastic resins. In addition, volatile products from their chemical constituents may be generated
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during heating and settle in the laminates. These lead to low impregnation and to the formation of
voids during moulding processes [10].
The chemical composition of plant fibres comprises different compounds with various
concentrations. For instance, flax fibre consists of 64.1 – 71.9 (%wt) of cellulose, 16.7 – 20.6 (%wt) of
hemicellulose, 2.0 – 20.6 (%wt) of lignin, 8 – 12 (%wt) of moisture content, 1.8 - 2.3 (%wt) of pectin and
1.5- 1.7 (%wt) of wax [6, 11-13]. Hemicellulose and pectin seem to dominate the degraded fibre
property due to these material’s low thermal stability and low tensile strength. Hemicellulose in the
fibres degraded with higher dwelling time at high temperature. Therefore, a decrease of hemicellulose
and pectin content of the fibres should enhance their mechanical properties [14].
An attempt is to be made to improve the thermal stability of the fibres and consequently improve
composite performance by using alkaline treatment methods. Alkaline treatment is a chemical
treatment commonly used to prepare good quality fibres [15]. The removal of hemicellulose and
pectin after the mercerisation process also improves the fibre strength and stiffness [10, 16, 17].
Moreover, this treatment increases the fibre rough surface, resulting in improved interfacial adhesion
and mechanical performance of the composites.
2. Materials and experimental method
2.1. Materials
The flax fibres were soaked in NaOH solution of 1, 2, 3, 4, and 5% by weight of concentrations for 20
minutes at room temperature. Subsequently, these fibres were then followed by washing in running
water several times to clean the fibre surface. The fibres were then dried in a hot air oven at 80 oC for 8
hours.
2.2. Fourier transform infrared spectrometry
The Fourier Transform Infrared spectrometry (FTIR) technique was used to establish the chemical
composition of treated and untreated flax fibres. In each measurement, five repeats of the treatments
were tested at room temperature. The spectrum of the fibres was measured using a Bruker FTIR
Tensor 27 spectrometer in attenuated total reflectance (ATR) mode, between 600 and 4000 cm-1
frequency range. Alcohol was used for cleaning the spectrometry after every test.
2.3. Thermogravimetric analysis
Thermal stability of treated and untreated flax fibres was studied by thermogravimetric analysis with
three repeats for each material. All materials were stored in a plastic zip lock bag before testing. The
fibres were cut to weights between 5 and 7 mg and were tested in a platinum pan. Thermogravimetric
(TG) and differential thermogravimetric (DTG) curves were obtained. The analysis was conducted
using a thermogravimetric analyzer/DSC TA SDT Q600, under nitrogen atmosphere. Nitrogen is
commonly used as an inert gas which does not react with plant fibres. A nitrogen flow rate of 150
ml/min was used with a pre-heating process for 15 minutes and temperature range from room
temperature to 600oC at heating rates of 10oC/min.
3. Results and discussion
3.1. Effect of alkaline treatment on the fibre surface
Fig.1(a) shows scanning electron microscopy (SEM) images of untreated flax fibre surface. It can be
seen that the fibres are not uniform in shape and the diameter varies along the fibre. Figs. 1(b)-(f)
show fibre treated by the concentrations of NaOH solution of 1, 2, 3, 4 and 5% by weight, respectively.
These micrographs indicate that the treatment with a higher concentration of NaOH solution results in
a more obviously rough fibre surface. The SEM micrographs reveal that alkaline treatment changes
the fibre surface characteristics due to the treated fibres having lost some of their constituents, with a
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relatively high roughness, particularly apparent in the treated fibres with 4 and 5% wt NaOH solution,
as shown in Figs. 1(e) and 1(f), respectively.
Furthermore, it is postulated that the rough surface of treated fibres could enhance mechanical
keying at the interface region of the fibres and the matrix material in the composite. The advantages of
improved fibre-matrix interfacial adhesion and improved consolidation resulting in the improved
tensile properties of the composite could be achieved.
3.2. Effect of alkaline treatment on the chemical compositions of fibres
The chemical composition changes of the fibre surface after treatment were measured by FTIR.
Infrared spectra of treated fibres of various treatment conditions are shown in Fig. 2. The spectra
present the absorption bands of chemical group characteristics namely, cellulose, hemicellulose, pectin,
lignin and water components. The absorption bands of treated and untreated fibres show both similar
and different peaks. The presence of similar peaks observed confirms the existence of both
hemicellulose and pectin before and after treatment. More important, very small peaks at 1243 and
1731 cm-1, which exist in the untreated fibre (see the arrows in Fig. 2), weaken in the treated fibre.
These peaks indicate that both hemicellulose and pectin were dissolved, leaving cellulose and lignin
components after treatment.
3.3. Effect of alkaline treatment on the thermal stability of fibres
The effect of alkaline treatment on the differential thermogravimetric (DTG) peak position is shown in
Fig. 3. An initial low peak, in the range of 40oC to 150oC is attributed to a mass loss of water from the
moist fibres. After this peak, the DTG curve of untreated fibre shows a small shoulder peak between
230oC and 260oC, which is attributed to thermal degradation of the hemicellulose and pectin.
Moreover, the curve also shows the main peak at 330oC, which is attributed to cellulose degradation. It
can be seen from Fig. 3 that the alkaline treatment changes the DTG main peak position, shifting it to
higher temperature, compared with untreated fibres. This shifting depends significantly on the
concentration of NaOH solution. The main degradation temperature increases from 330 oC for
untreated fibre to 355oC for 5% NaOH mercerized fibres.

(a)

(d)

(b)

(e)

(c)

(f)

Figure 1. (a) SEM micrograph of untreated flax fibres (b) flax fibres treated with 1%wt NaOH (c) flax
fibres treated with 2%wt NaOH (d) flax fibres treated with 3%wt NaOH (e) flax fibres treated with
4%wt NaOH (f) flax fibres treated with 5%wt NaOH.
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Figure 2. FTIR spectra of treated and
untreated flax fibres.

Figure 3. The differential thermogravimetric
(DTG) curves of treated and untreated flax
fibres.
The shoulder peak of the DTG curve, at about 230oC to 260oC, disappears after treatment with a
higher concentration of NaOH solution, supporting the hemicellulose and pectin loss. Hemicellulose
and pectin have low thermal stability, are removed from the fibre surface by the alkali. The long chain
polymers, i.e., cellulose and lignin, are retained. Thus, the hypothesis is that treated fibres have
prolonged thermal stability at higher temperature due to removal of the layers susceptible at lower
temperatures.
3.4. The void content and the fractured failure surface of composites
Fig 4 shows the void content of 3%wt NaOH treated flax fibre composites with the fibre volume
fraction (Vf) of 30% manufactured at 200oC for 30, 60 and 90 minutes of consolidation time in an
isothermal vacuum forming process [error bars are 95% confidence limit]. The consolidation time
affects the void content in a similar way to that of the untreated composite [14]. The void content of
0.96% is achieved with 90 minutes of consolidation time.
The tensile fractured surfaces of 3%wt NaOH treated fibre composites, manufactured at 200oC for
30 and 90 minutes, are shown in Fig. 5. Voidage presence in Fig. 5(a) reveals the poor consolidation
of the composites due to insufficient consolidation time. The fibres were easily pulled out from their
bundle and the matrix, leaving gaps and holes on their fractured surfaces. By contrast, the fractured
surface of the composite, manufactured with 90 minutes consolidation time, shown in the micrographs
of Fig. 5(b). It can be seen that the improved bonding is due to the enhanced surface roughness of the
fibres as a result of treatment. The contribution of high fibre surface roughness resulted in good
mechanical interlocking mechanism of the fibres and the matrix.
4. Summary
The treatment with a higher concentration of NaOH solution results in a more obviously rough fibre
surface.
The treatments reduce the hemicellulose and pectin from the fibre surface following treatment.
The loss of mass belonging to hemicellulose and pectin in treated fibres results in a shift of the
main degradation temperature to higher temperature.
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Consolidation time (mins)

Figure 4. Void content of
treated fibre composites (Vf %
of 30%) [error bars are 95%
confidence limit].

(a)

(b)

Figure 5. SEM images of tensile fractured surfaces of 3%wt
NaOH treated flax/PP composite, manufactured at 200oC (a) a
consolidation time of 30 minutes (b) a consolidation time of 90
minutes.
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Abstract. Pollution of water bodies due to the presence of toxic metals and organic compounds,
bring out a series of environmental problems of public, government and social character. In
addition, water pollution, has become the target and source of concern in many industrial
sectors. Therefore, it is essential to develop technologies for treatment and purification of water.
Chitosan is a natural product derived from chitin, extracted mainly from the shells of
crustaceans. It is a low cost, renewable and biodegradable biopolymer of great socioeconomic
and environmental importance. The classic treatment of wastewater containing metals involves
physical chemistry processes of precipitation, ion exchange and electrochemistry.
Electrochemical technology has been presented as the most promising methods for treating
wastewater polluted with metals, colloids, dyes or oil in water emulsions; besides being used in
removing organic compounds. Alternative methods like adsorption with biosorbents have been
investigated. The great advantage of this latter over other techniques is the low generation of
residues, easy recovery of metals and the possibility of reuse of the adsorbent. This article
aimed to carry out an exploratory study, of bibliographical nature, on the use of chitosan in
electrochemical methods for water treatment.

1. Introduction
Chitosan is a copolymer obtained by deacetylation of chitin, only differing in functional groups. It is a
natural product of low cost, renewable, biodegradable and of great economic and environmental
importance. Chitin, the main biopolymer used to extract chitosan, it is found in the exoskeletons of
arthropods like crustaceans - crab, shrimp; and lobster; insects – ants, bees and butterflies; molluscs, as
well as in the cell walls of fungus. Due to your wide range of use and application, technological
feasibility has been increasingly studied [1-5].
There are those define chitosan as a linear chain polymer, cationic with protonation of the amino
group (NH3+) [6, 7]. It can be obtained by deacetylation of chitin, differentiating from this in terms of
proportion of amino groups and the solubility. This characteristic of chitosan to provide free amino
groups increases their ability to react with multiple molecules, making the biopolymer with increased
availability of pendant groups, it can be employed as powder, beads or films [8].
There are a variety of studies on the properties, features and applications of chitosan, which is
currently used in various fields such as medicine, agriculture, biotechnology, cosmetics industry
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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products, food and as adsorbents in removing dyes and metal species [9-15]. Due to the simplicity of
obtaining a polymer in different physical forms, in various countries, the chitosan is produced on a
large scale, with high industrial application [16].
Pollution of water bodies due to the presence of toxic metals and organic compounds, bring out a
series of environmental problems of public, government and social character. In addition, water
pollution, has become the target and source of concern in many industrial sectors Due to population
growth and the unsustainable use of water resources, water scarcity has become a major challenge in
the world. Therefore, it is essential to develop efficient technologies for treatment and purification of
water [17].
Electrochemical technology can be a powerful tool in addressing these challenges, because it has
the following advantages: relative availability of electricity, reduced energy reaction conditions (cold
processes), reproducible systems and easily controllable allowing the automatization and ease of
assembly of relatively compact plants. The electrolytic process takes place when a potential is applied
from an external current source causing a non-spontaneous chemical reaction in an aqueous medium.
This process has been presented as the most promising methods for treating wastewater polluted with
colloids, dyes or oil in water emulsions; besides being used in removing BTEX (benzene, toluene,
ethylbenzene and xylene) [18].
A literature review on the subject and some of its various applications has been performed, since
this is a source of renewable raw material, economically viable. It was possible to verify that there are
very few studies using chitosan specifically in electrochemical methods for the treatment of effluent,
confirming the importance of conducting studies in this area. This study is focused on the use of
chitosan in electrochemical methods as a strategy for the treatment of effluent (water).
2. Theoretical foundations
Chitosan was industrially produced around 1971 in Japan and the US, leading countries of the world
chitosan market. By 1993, Brazil also started marketing chitin and chitosan on a large scale. The
chitosan is a biodegradable copolymer consisting of D-glucosamine units containing a free amino
group [19]. The deacetylation of chitin leads to the production of copolymers with varying
composition and molecular weight, depending on the conditions and extent of reaction.
Thus, the reproducibility of characteristics and properties is not always the case, even if similar
reaction conditions are employed in the deacetylation of chitin, aiming at preparing chitosan. It is
soluble in dilute acid, forming a cationic polymer by protonation of amino group (NH 3+), which gives
special properties different with respect to vegetable fibers, as cellulose [2].
Chitosan is a linear cationic polysaccharide, naturally occurring or can be obtained by deacetylation
of chitin. While there is no definitive nomenclature for establishing a difference between chitin and
chitosan, the term chitosan is generally copolymers of 2-amino-2-deoxy-D-glucose [8]. The
deacetylation of chitin leads to chitosan obtained, its most important derivative whose primary
structure is identical to that of chitin, but in chitosan predominate 2-amino-2-deoxy-D-glucopyranose
units. The complete deacetylation of chitin is rarely performed, because many consecutive reactions
are needed, which also favor the progressive depolymerization [8]. Thus, the term chitosan includes all
polymers containing at least 50-60% of units of 2-amino-2-deoxy-D-glucopyranose. There are no
well-defined limits in terms of content units of 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2deoxy-D-glucopyranose for chitin and chitosan distinction, but due to their different compositions,
polymers exhibit very different properties.
From a practical point of view, it is the solubility which allows simple and quick distinction, since
chitosan is soluble in several dilute acidic aqueous solutions (the acid and hydrochloric acid solutions
are the most commonly used), but chitin is not soluble in these media and it is dissolved in only a few
solvent systems. According Campana-Filho (2007), deacetylation of chitin may be effected by
chemical or enzymatic processes, but the latter are not employed on an industrial scale due to the high
costs of deacetylases extraction, as well as low productivity [19]. The chemical processes of
deacetylation of chitin can be achieved by the homogeneous route, which is made alkali-chitin, or
heterogeneous, being the most extensively used and studied.
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Generally, chitin is suspended in concentrated aqueous solutions of NaOH or KOH (40-60%) for
varying times (0.5 to 24 h) and at relatively high temperatures (50-130°C). The characteristics of the
obtained chitosan are determined by the concentration of the alkaline solution and ratio chitin/alkaline
solution, the particle size of chitin, temperature, time and atmosphere of the reaction. The most severe
conditions are generally employed to favor the efficiency of deacetylation, but it results in marked
depolymerization via alkaline hydrolysis.
Electrochemical methods have great potential in the treatment of industrial effluents because they
are fast, low cost and can be used as a powerful tool in the identification, quantification and
degradation of organic and inorganic substances present in these media.
A procedure widely used in electrochemical studies is the modification of the surface of the
electrodes. The development and application of modified electrodes, has received great interest in
science and technology, with application in various fields of research. The modification of the surface
of an electrode can be performed through physical or chemical processes.
An example of physical surface modification is the construction of a partially blocked surface using
an insulating resin that will render some areas of the electrode surface inactive while other areas will
remain available for electrochemical reactions to occur. This type of procedure allows studies on the
influence of parameters such as the diameter of the active sites, the active surface area and the density
of active sites, on mass transport. Thus, allowing important information to be obtained from the kinetic
point of view, which are applicable to the study of processes such as electrodissolution of metals, the
mechanism of action of corrosion inhibitors and adsorption.
The chemical modification of the surface of an electrode is a means of controlling its properties
because it allows the characteristics of interest of the modifier to be transferred to it. This procedure
allows different conditions of selectivity and reactivity to be achieved in electrochemical systems. The
manufacture of chemically modified electrodes depends on the ability to immobilize chemical species
on the surface of the electrode.
In general, we can relate the following methods to accomplish this immobilization: Adsorption of
the reagent on the surface of the electrode; Covalent bond formation between the electrode and the
electroactive reagent; Coating the electrode with polymers.
Adsorption is an older and simpler technique for anchoring redox centers on the electrode surface.
Although the first studies were carried out with platinum, most of the adsorption works were
performed with pyrolytic graphite and vitreous carbon, directed to electrocatalytic applications,
especially molecular oxygen reduction. This method is very simple. However, it is subject to
interference from impurities that can adsorb more strongly than adsorbate. In addition, it does not
allow you to create structures that are thicker than monolayers.
The first surface modification works employing covalent bonding were based on the use of silane
reactants, which could react with hydroxyl groups found on metal oxide electrodes, to give species
covalently bound via siloxane bonds. Tin oxide electrodes were initially used, which in analogy to the
glass have hydroxyl groups reactive on the surface, with which the silanes could bind. However, it has
been found that many metal electrodes, when oxidized in acidic media, are coated with a thin layer of
oxide, which is reactive to silane reactants, thus allowing even the platinum to be modified with
covalently bound silanes.
Although silane reactants offer the simplest means for covalent anchoring, other approaches are
advantageous, including cyanuric chloride linkages and direct addition reactions to the graphite
surface. The great interest in organic synthesis was responsible for the appearance of a line of
modification of carbon surfaces with the use of pyrolytic graphite electrodes, vitreous carbon and
carbon paste electrodes. The carbon paste electrodes present a particularity as to the modification
process, since in this case the material of interest is incorporated into the pulp through a simple mixing
process, which does not characterize a covalent attachment procedure. The advantage of this electrode
is the ease of surface renewal.
Polymer-modified electrodes have a greatly enhanced signal when compared to those obtained with
monolayer-modified electrodes. In this way, the realization of the measures is easier, besides having a
greater stability. The preparation of the electrodes can be performed in different ways: (i) employing a
preformed polymer containing the redox center; (ii) by binding a redox center to a previously prepared
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polymer; (iii) by in-situ generation, by electropolymerization, of active redox monomers. This type of
study has been carried out employing mainly voltammetric electrochemical techniques. More recently
we have used impedance techniques for the kinetic study of modified electrodes [20-21].
The development and application of modified electrodes, has received great interest in science and
technology, with application in various fields of research. The modified electrode is constructed by
adding chemically active substances immobilized on the electrode substrate, in order to pre-establish
and control the physical chemistry nature of the electrode/solution interface. The electrode
modification usually gives the properties (reactivity, selectivity, etc.) of the modifier, thereby enabling
the development of devices with adequate response for various purposes and applications [22, 23].
3. State of the art
Different methodologies and strategies for applications of chitosan have been proposed in the
literature. The majority of studies showed the chitosan applications in the coating of edible films [2427]; effluent treatment due to the interaction of this with metal ions [28-30] and fat reduction [2].
Worry and concern with environmental issues have increased over the decades. Scientists around the
world are developing research studies to assess and reduce pollution impacts on the biosphere, and to
develop clean technologies that generate less waste. Among the many pollutants, metals have received
special attention because some are very toxic to a wide variety of organisms, even at extremely low
concentrations [29].
The classic treatment of wastewater containing metals involves physical chemistry processes of
precipitation, ion exchange and electrochemistry. However, these traditional techniques are unsuitable
for decontamination of large volumes of wastewater containing metals in low concentrations due to
low operational efficiency and high costs of this process. Therefore, alternative methods have been
investigated as, for example, electrodialysis, reverse osmosis, ultrafiltration and adsorption with
biosorbents. The great advantage of this latter over other techniques is the low generation of residues,
easy recovery of metals and the possibility of reuse of the adsorbent [29].
Among the natural materials, chitosan, the plus abundant and low cost is a good adsorbent for
heavy metals, since it has the ability to form complexes with transition metal ions in aqueous solution
and cause the neutralization of acidic solutions. Chitosan can be physically modified, one of the most
interesting advantages being its great versatility in being prepared in different forms, such as powders,
flakes, microspheres, nanoparticles, membranes, sponges, hives, fibers and hollow fibers [9, 17].
The versatility of chitosan is attributed to free amino groups, which are exposed after the
deacetylation of chitin [31, 32]. The preparation of chitosan microspheres is a strategy for increasing
their adsorption capacity, once the microspheres have a surface area greater than the chitosan flake.
Moreover, microspheres have faster absorption kinetics and greater ease of handling and operation [2].
Several recent studies show that chitosan can be used as microspheres for different purposes. Laus
et al. (2006) proposed a method using chitosan microspheres crosslinked with tripolyphosphates used
for removal of acidity, Fe3+ and Mn2+ water contaminated with coal mining [30]. Among the
environmental impacts related to the mining of coal, the most aggravating is the pollution of water
sources in the regions close to the mines, where the mineral is exploited.
Water pollution, observed in mining, is due to the generation of acid effluents from mines and coal
wastes. This characteristic of acidic mining waste is given mainly by the presence of pyrite (FeS2), a
very common sulfide mineral in the Brazilian coals. Pyrite is rapidly oxidized and dissociated when
exposed to air and water, releasing Fe2+. In this study, chitosan crosslinked with tripolyphosphate
were used in the form of microspheres used in remediation of contaminated water by coal mining,
being shown
The dissolution of sodium tripolyphosphate (Na5P3O10) in a chitosan solution induces an ionic
crosslinking among the ions tripolyphosphate (TPF) and the protonated amino group of chitosan.
Crosslinking of chitosan prevents the polymer is dissolved in an acidic medium and introduces
phosphate groups, which have basic sites that might interact with H3O+ and metal ions in aqueous
solution can increase its remediation capacity of aquatic environments contaminated by coal mining.
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According to Ma (2016), due to population growth and the unsustainable use of water resources,
water scarcity has become a major challenge in the world. Therefore, it is necessary to construct new
technological alternatives for treatment and purification of water [33].
Carbon materials such as activated carbon and carbon nanotubes have been used electrochemically
modified for the treatment of water and industrial effluents. The adsorption process is recognized as an
effective method for the removal of environmental contaminants from aqueous solutions. Researchers
have studied the use of carbon nanotubes to remove electrochemically pollutants. The adsorption
capacity of carbon nanotubes can be significantly improved by electrochemical methods (34-37].
The electrosorption process, which is an adsorption induced by the potential of undesirable ions
and contaminants on the surface of charged electrodes, has attracted much attention due to its
compatibility with the environment and its low energy consumption [38]. The development of
analytical and electroanalytical techniques to determine low concentrations of metals in natural water
and wastewaters have been of extreme interest. Janegitz et al. (2007) developed a carbon paste
electrode modified with chitosan, for the determination of Cu2+ in wastewater by voltammetry [31,
32].
The use of chitosan as a modifying agent for metal ions sensors has been little explored, despite the
high affinity of this material by metal cations. In this experiment, they used a system with three
electrodes, wherein the working electrode is a chemically modified electrode with chitosan, the
reference electrode, an Ag/AgCl electrode and the auxiliary a platinum electrode.
In the treatment of industrial effluents the modified electrodes are increasingly being used to detect
trace metals. However, electrodes modified with chitosan nanotubes are still little explored. MartínezHuitle et al. (2010) developed a research modifying vitreous carbon electrode with chitosan [39].
According to the proposed study, it was used to determine trace metals (Cu, Pb, Cd, Co, As and Pt) in
aqueous solutions. The modified surface of the electrode exhibited an affinity with metal ions in
solution, forming complexes.
4. Conclusion
Among the natural materials, chitosan, the plus abundant and low cost, is a good adsorbent for heavy
metals, since it has the ability to form complexes with transition metal ions in aqueous solution and
cause the neutralization of acidic solutions. The application of electrochemical techniques to
determine and remediate low concentrations of metals in natural water and wastewaters it is an
advantageous and cost-effective alternative. The use of chitosan as a modifying agent for metal ions
sensors has been little explored, despite the high affinity of this material by metal cation, therefore it
appears as a promising alternative for the treatment of wastewater.
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Abstract. Green synthesis of silver nanoparticles (SNP) opens a new path to kill and prevent
various infectious diseases and also tumor. In this study, we have synthesized silver
nanoparticles using multiple fruit peel waste (pomegranate, orange, banana and apple (POBA)).
The primarily nanoparticles formation has been confirmed by the color change. The
synthesized SNP were analyzed by various physicochemical techniques such as UV- Visible
spectroscopy, x-ray diffraction (XRD), fourier transform infra red (FT-IR) spectroscopy and
transmission electron microscope (TEM). The formation of SNP was confirmed by its
absorbance peak observed at 430 nm in UV-Visible spectrum. Further, the obtained SNP were
identified by XRD and TEM, respectively to know the crystalline nature and size and shape of
the particles. The activities of SNP were checked with human pathogens (Salmonella, E.coli
and Pseudomonas), plant pathogen (Fusarium) and marine pathogen (Aeromonas hydrophila)
and also studied the scavenging effect and anticancer properties against MCF-7 cell lines. This
studies proves that the SNP prepared from fruit waste peel extract approach appears extremely
fast, cost efficient, eco-friendly and alternative for conventional methods of SNP synthesis to
promote the usage of these nanoparticles in medicinal application.

1. Introduction
Nanotechnology is an important field of modern research dealing with design, synthesis, and
manipulation of particles structure ranging from approximately 1-100 nm. Metal nanoparticles have a
high specific surface area to volume ratio. Because of the unique properties of nanoparticles, including
optical properties, electronic properties, medicinal properties and magnetic properties [1-5]. These
metal nanoparticles pulls in an expanding interest as a result of novel elements and alluring application
in the therapeutic field [6]. Several processes physical and chemical [7] were developed including
chemical reduction using a variety of organic and inorganic reducing agents, electrochemical
techniques, physicochemical reduction, and radiolysis are widely used for the synthesis of silver
nanoparticles and considering the real life application of nanoparticles in the area of medicine [8],
catalysis [9], detection [10], etc. Recently, nanoparticle synthesis is most interesting scientific areas
for attention to produce nanoparticles using environmentally friendly methods (green chemistry) [11]
for the search of benign methods for the development nanoparticles and searching antibacterial,
antioxidant, and antitumor activity of natural products.
Most of the reported research concentrate on single fruit peel waste extract for the preparation of
SNP and they have also used thermal decomposition method [12]. But in this study, we have proven
that SNP prepared from multiple fruit waste peel extract approach appears extremely fast, cost
efficient, eco-friendly and alternative for conventional methods. Fruits peel wastes of POBA are
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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assembling more consideration for choosing a full range of pharmacological activities. It is
experienced for its general tonic, anticancer, hostile toleprotic, against hyperglycemias, hostile to
unfavorably susceptible against diabetic properties [13]. It enhances the phagocytic and
bactericidal limit of polymorphs, ensures against gastric mucosal harm and searches free radicals.
Since this plant has in like manner been depicted to have against fibrotic, hostile to oxidant,
mitigating, resistant module as nontoxic [14]. Among numerous metal nanoparticles, SNP plays
crucial role as a drug as it is profoundly had antimicrobial [15, 16] anti-inflammatory [17] and hostile
to tumor activity. In this study, we have synthesized silver nanoparticles using multiple fruit peel
waste of POBA. The SNP formation were confirmed and analyzed by various physicochemical
techniques such as UV-Visible spectroscopy, x-ray diffraction (XRD), fourier transform infra-red
(FT- IR) spectroscopy and transmission electron microscope (TEM). The activities of SNP were
checked with human pathogens (Salmonella, E.coli and Pseudomonas), plant pathogen (Fusarium)
and marine pathogen (Aeromonas hydrophila) and also studied the scavenging effect and
anticancer properties against MCF-7 cell lines.
2. Materials and method
2.1. Preparation of fruit peel extract
The multiple fruit peel waste of POBA used in this experiment was collected from a local market in
Chennai Koyambedu. Each fruit peel waste of 2g were cut into smaller pieces and dried under direct
sunlight for 48 hrs. Then the dried materials were grid into powder form and collected in a sample
bottle. About 0.1g of the POBA powder dissolved in 100 ml distilled water and stirred for 30 min to
obtain the POBA peel solution. This aqueous peel solution is used for the preparation of SNP.
2.2. Preparation of SNP
According to our previous investigation [18], we have synthesized SNP using about 3ml of POBA was
added to 47 ml of 0.1mM solution of silver nitrate and mix the solution well, rapidly the color of the
solution has turned which implies that the reduction was completed within a short period (2 min) at
room temperature with the appearance of yellowish brown color which confirms the formation of SNP
(Scheme 1). The obtained SNPs were analysed by using UV-Visible spectroscopy, XRD, FT-IR and
TEM.
2.3. Antimicrobial activity

Figure 1. Schematic representation of SNP from fruit peel waste.
The antimicrobial activity has tested by using the agar well diffusion method. The isolated human
pathogens (Salmonella, Pseudomonas, E. coli), plant pathogen (Fusarium soaps), marine
pathogen (Aeromonas hydrophila). A pure culture has sub cultured in respective broth and the
strain is spread on the plates. Four circular wells were made and loaded with the SNP as well as
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control. Then the plates are incubated to observe zone of inhibition.
2.4. Antioxidant activity based on DPPH assay
The scavenging activity towards 1, 1-diphenyl-2-picrylhydrazyl (DPPH) radical was studied with
slight modification an aliquot (1000 - 100µL) of SNP or control and of (1000 - 1600µL) H2O was
mixed with 1ml of10µm in absolute methanol. The mixture was shaken vigorously and left to stand for
30 min in the dark before measuring the absorbance at 517 nm against a control and the free radical
scavenging activity was calculated using following equation.
% scavenging = OD control – OD test / OD control x 100
2.5. Cell viability test (cell line study)
The assay is based on the reduction of soluble yellow tetrazolium salt to insoluble purple formazan
crystals by metabolically active cells. Only live cells are able to take up the tetrazolium salt. The
enzyme (mitochondrial dehydrogenase) present in the mitochondria of the liver cells is able to convert
internalized tetrazolium salt to formazan crystals, which are purple in color. Then the cells are lysed
and dissolved in DMSO solution. The color development is then determined in an ELISA reader at
570 nm. The cell lines were plated separately in 96 well plates at a concentration of 1 × 104 cells/well.
After 24 h, cells were washed twice with 100 µl of serum-free medium and starved for an hour at
37 °C. After starvation, cells were treated with different concentrations of test compound (5-20µg/ml)
for 24 h. At the end of the treatment period the medium was aspirated and serum free medium
containing MTT (0.5 mg/ml) was added and incubated for 4 h at 37ºC in a CO2 incubator. The 50%
inhibitory concentration value (IC50) of the treated drug was identified in normal (Untreated) cell line.
The MTT containing medium was then discarded and the cells were washed with PBS (200 µl). The
crystals were then dissolved by adding 100 µl of DMSO and this was mixed properly by putting up
and down. Spectrophotometrical observance of the purple, blue formazan dye was measured in a
microplate reader at 570 nm (Beograd 680). Cytotoxicity was determined using Graph pad prism5
software.
3. Results and discussion

Absorbance

Transmittance (%)

3.1. UV and FTIR
Figure 2 shows the UV–vis spectra of SNP formation using POBA at room temperature. The surface
plasmon resonance (SPR) band appeared at 430 nm which clearly indicates the formation of SNP and
revealed that the size of 25 nm [19]. Figure 3 illustrates the FTIR spectrum of SNP formed using
POBA. The bands located at 3433.41 cm-1 were related to O-H extending and 2067.76 cm-1 was
allocated to aromatic stretch, individually 1633.76 cm-1 has considered as basic and amine bunches
extending.

Wavenumber (cm-1)

Wave Length (nm)
Figure 2. Visible Spectra of SNP at 430nm.

Figure 3. FT-IR of SNP from POBA.
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3.2. XRD Pattern and TEM of SNP from POBA
Figure 4 illustrate the XRD pattern of biosynthesized AgNPs, shows the diffraction peaks at 2θ =
38.13°, 44.21°, 64.47°and 77.37°corresponding to the (111), (200), (220) and (311) can be assigned
to face-centered cubic (fcc) lattice of metallic silver. Similar results were reported by previous
investigator [20, 21]. Figure 5 shows the size and shape of SNP by using TEM analysis, the results
have observed nanoparticles size in 25 nm which indicates well dispersion and spherical in shape.

Figure 4. XRD pattern of the SNP.

Figure 5. TEM Image of the SNP.

3.3. General Mechanism of SNP
Fruit extract is primarily composed of alkaloids and polyphenols. The active constituent that appears
to be responsible for its multiple health benefits is Ellagic acid and it is naturally occurring phenolic
compound found in several fruits and nuts and also it effectively protects cells from damaging free
radicals. Phenolics possess hydroxyl and carboxyl groups, able to bind to heavy metals. They may
inactivate metal ions by chelating. When metal salts come in contact with the ellagic acid present in
the peel extract the ester oxygen atom and the ortho- phenolic hydroxyl of the ellagic acid form p track
conjugation effect. The esterification of the carboxyl and hydroxyl groups of ellagic acid make the
ortho-phenolic hydroxyl loose the hydrogen much easily, forming a steadier semi-quinone structure.
Thus, ellagic acid has an easy electron loosing capacity which results in the formation of H+ radical,
which reduces the size of silver to nanosize Punicalagins, tannin, along with Ellagic acid is a major
antioxidant component of POBA and have free radical scavenging capacity. They are water soluble
and have high bioavailability [11].
3.4. Antimicrobial activity
The fruits peel waste interceded SNP has demonstrated better antibacterial movement against human
pathogen. This outcome may get cell demise brought on by the SNP in the particular pathogens [22].
Figure 6(a) obviously shows that the SNP has solid antimicrobial movement towards human
pathogens contrasted with plant and marine pathogens. Refer Figure 6(b) Fusarium and Figure 6(c)
Aeromonas Hydrophila respectively. Minimal zone of restraint has thought about separately in Table 1.

Organisms
Salmonella
E.coli
Pseudmonas
Fusarium

Table 1. Zone of Inhibition
5µl
10µl
15µl
8
8.2
9
6.5
6.8
7
6.4
6.8
6.9
6.3
6.5
6.7
5.2
5.7
6
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9
7.2
7
7.3
6.2
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(b)

(a)

(c)

Figure 6. Antimicrobial activity.
3.5. Antioxidant activity
DPPH scavenging activity was studied using POBA mediated SNP by varying the
concentrations 100, 200, 300, 400, 500 µg/ml was found in 25%, 37%, 40%, 60% and 80% at the
different concentrations (Figure 7). The 1, 1-diphenyl-2-picryl hydrazyl (DPPH) radical was
widely used as the model system to investigate the scavenging activities of several natural
compounds. DPPH radical is scavenged by antioxidants through the donation of proton
forming the reduced DPPH which can be quantified by its decrease of absorbance at wavelength
517 nm. Radical scavenging activity increased with increasing percentage of the free radical
inhibition. The assay is based on the measurement of the scavenging ability of antioxidants
towards the stable radical DPPH which reacts with a suitable reducing agent.

Figure 7. DDPH scavenging activity.
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3.6. Cell line study
The cytotoxicity of cell line study has done with human breast cancer cells MCF-7. The effect of silver
nanoparticle was studied at different concentrations (10 μg, 25 μg, 50 μg, 100 μg, 250 μg, 500 μg)
against MCF7 cell lines by MTT assay which was shown in Figure 8. The IC50 value was calculated
for silver nanoparticles and it was found to be 500 μg/ml. Figure 8 has illustrated that the bright
field microscopic images of morphological characterization of MCF7 cell lines for normal cell (a)
and treated cells with different concentrations of SNP (b) 10 μg, (c) 25 μg, (d) 50 μg, (e) 100 μg, (f) 250
μg, (g) 500 μg. Absorbance values that are lower than the control cells indicate a reduction in the rate
of cell proliferation. An increase in proliferation may be offset by cell death; evidence of cell
death may be inferred from morphological changes. This study shows that the cytotoxicity has
increased by dose dependant while the high concentration of the silver nanoparticle has better result
comparing with minimal concentration. This is the first study to report the cytotoxicity of AgNPs
synthesized using multiple fruit peel waste extract against MCF7 cell lines.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 8. Cytotoxicity effect of SNP from POBA on MCF-7 Cell Lines.
4. Conclusion
The present study has shown the “green” synthesis route combination of silver nanoparticles from
fruit peel waste materials has received increasing attention due to the development of eco-friendly
technologies in material science. The characterization with UV- Visible spectroscopy, XRD, FT-IR
and TEM is the evidence for the formation of nanoparticles. This study shows the successful
synthesis of SNP with excellent morphological properties by a very facile, cost effective and green
method. We have concluded that the SNP synthesized using fruit waste possess high antimicrobial
activity against human, plant and marine pathogens and also the study show great attention of
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anticancer activity against human breast cancer cell (MCF-7) lines which further suggest the
potential use of this kind nanoparticles in various pharmacology field.
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Abstract. Annona squamosa is a fruit bearing plant possesses potent bioactive compounds in
all its part. In this present investigation iron oxide nanoparticle was synthesized from
hydroethanol extract of Annona squamosa leaves at 600 c temperature. Production of iron
oxide nanoparticles in extraction is detected by UV–V spectrophotometer, Scanning electron
microscopy was employed to analyse the structure of nanoparticles. Fourier transform infrared
spectroscopy (FT-IR) analysis were performed, in order to determine the functional groups on
Annona squamosa leaves extract. The synthesized Fe3O4 NPs shows potential cytotoxicity
against liver carcinoma cell line (HepG2), and there is no toxicity on the normal liver cell line.
Our reports confirmed that the Annona squamosa leaf is a very good eco-friendly and nontoxic
bioreductant for the synthesis of Iron oxide nanoparticle and opens up further opportunities for
fabrication of drugs towards cancer therapy.

1. Introduction
From our ancient history, our ancestors used various plant as a drugs for many diseases, many of our
traditional plants has healing properties. Cancer treatments do not have potent medicine as the
currently available drugs are causing side effects in some instances.The main obstacle in treating
cancer is delivering of drug to a specific carcinoma cell. Thus besides from plants, effort has also been
made to discover natural products from iron oxide nanoparticles to provide clinic drugs directly for the
synthetic. More specifically for drug delivery purposes, the use of nanoparticles is attracting,
increasing attention due to their unique capabilities and their negligible side effects not only in cancer
therapy but also in the treatment of other ailments. Among all types of nanoparticles, biocompatible
superparamagnetic iron oxide nanoparticles (SPIONs) with proper surface architecture and conjugated
targeting ligands/proteins have attracted a great deal of attention for drug delivery applications [1].
Annona squamosa plant, a angiosperm fruit bearing plant which exhibit medicinal property in all their
parts such as leaves of Annona squamosa have strong antibacterial activity [2], Hypoglycemic [3] and
Anticancer activity [4]. In the present study, we report the use of Annona squamosa leaf in the
biosynthesis of iron oxide nanoparticle and its cytotoxic effect on liver (HepG2) cancer cell lines.
2. Materials and methods
2.1. Chemicals
The chemicals were purchased from Sigma, USA. All other chemicals used are of analytical grade.
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2.2. Collection of sample and authentication
Fresh leaves of Annona squamosa plant was collected locally during the month of November to
January and authenticated by the Taxonomist Prof. P. Jayaraman, Director, Plant Anatomy Research
Centre, Chennai, India. (PARC/2009/456).
2.3. Preparation of leaf extract
Extract were prepared by cold maceration method using 30:70 hydro ethanol and air dried Annona
squamosa leaf powder. The concentrated crude extracts were lyophilized into paste (5 and 15 g
respectively) and were taken for further investigation.
2.4. Synthesis of iron oxide nanoparticles
Iron oxide nanoparticles were synthesized by a modified co‐precipitation method [5]. Ferric chloride
(FeCl3, 0.074 g) and ferrous chloride (FeCl2, 0.190 g) at a ratio of 2:1 were dissolved in 20 ml
deionized water, which was then stirred with 1:1, 1:2, 1:3, 1:4 and 1:5 ratios of plant extract and
heated to 60oC. The nanoparticles were then removed from solution by magnetic separation.
2.5. Determination of synthesized iron oxide nano particles
2.5.1 UV-Visible spectroscopy: The Surface Plasmon Resonances (SPR) of synthesized iron oxide
nanoparticles have been studied by UV-Visible double-beam bio-spectrophotometer ELICO-BL-198
using the software SPECTRAL TREATS VERSION 2.37.4 REL-1.
2.5.2. SEM analysis (scanning electron microscopy): SEM was used to verify uniformity of
nanoparticle shape and size as previously described. The fabricated nanoparticles were dropped onto
black carbon tape with a double-side. After that, they were vacuum-coated with a platinum mixture
for 45 s and morphologically analyzed with a FE-SEM (CamScan Apollo 300 Field-Emission SEM,
UK) at 20 kV.
2.5.3. Fourier transform infrared spectrophotometer (FTIR): Fourier Transform Infrared
Spectrophotometer (FTIR) is perhaps the most powerful tool for identifying the types of chemical
bonds (functional groups) present in compounds. The Liquid extract of plant specimen was loaded in
FTIR spectroscope (Shimadzu, IR Affinity 1, Japan), with a scan range from 400 to 4000cm-1 with
resolution of 4 cm-1.
2.6. Antiproliferation assay
2.6.1 Cell lines and culture: Human hepatocellular carcinoma cell lines, HepG2 cells (American Type
Culture Collection [ATCC] CRL 8024) were obtained from National center for cell science, Pune,
India was maintained in monolayer culture at 37°C and 5% CO2 in DMEM supplemented with 10%
FBS, 100 U/ml of penicillin, 50 μg/ml of streptomycin.
2.6.2. Cytotoxicity assay: The cells were plated in 96 well flat bottom tissue culture plates at a density
of approximately 1.2 X 104 cells/well and allowed to attach overnight at 37oC. The medium was then
discarded and cells were incubated with different concentrations of the iron oxide nanoparticles
sythesized from leaf extract of Annona squamosa (25, 50 and100µg) for 24 hours. After the incubation,
medium was discarded and 100µl fresh medium was added with 10µl of MTT (5mg/ml)[14]. After 4
hours, the medium was discarded and 100µl of DMSO was added to dissolve the formazan crystals.
Then, the absorbance was read at 570nm in a microtitre plate reader. Cyclophosphamide was used as a
positive control. Cell survival was calculated using standard formula.
3. Result and discussion
In the present study, we report on rapid biosynthesis of Iron oxide nanoparticle using A. squamosa leaf
extract. The plant mediated iron oxide nanoparticles was prepared at room temperature.
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3.1. Synthesis of iron oxide nanoparticles
The addition of Ferric chloride solution to the Annona squamosa leaves extract the reduction reaction
takes place of Fe3+ to Fe3O4. A possible reaction beyond the formation of iron oxide nanoparticles is
Ferric chloride (FeCl3 .6H2O) and Annona squamosa leaf extract are involved in the reaction of
aqueous phase medium. Figure 1 represents the formation of iron oxide complex by dark brown
colour appearance. Initially, the C=O of aldehyde group in Annona squamosa leaf extract chelated
with Fe3+ ions to form ferric protein chains HO- .... Fe3+...... bonds and as result in the formation of
suspended ferric hydroxide Fe(OH)3. Subsequently on slow evaporation, ferric hydroxide in a core is
dehydrated (-H2O) to form a black colored magnetite (Fe3O4) nanoparticle as a crystals. The protein
chain in Annona squamosa leaf extract covered on Fe3O4 surface through chelation of COO- ......Fe3+ .

Figure 1. Photograph of visible color change of Annona squamosa leaf extract.

ABSORBANCE nm

3.2. UV-Visible spectroscopy
After the addition the Annona squamosa leaf extract into the aqueous solution of FeCl3, the solution
was filled in glass cuvette of path length 10mm and UV-Vis spectral analysis has been done in the
range of 300 to 700 nm. DI water was used as blank. Figure 2 represents the absorbance obtained by
UV-spectroscopy on various concentration gradient of sample.
4
3
2
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Figure 2. Absorbance obtained by UV-spectroscopy on various concentration of sample.
3.3. SEM analysis (scanning electron microscopy)
The surface morphology of the iron oxide and silica particles has been studied by scanning electron
microscopy method. As shown in Figure 3a-3c represents the SEM images of Fe2O3 nanoparticles
grafted with Annona squamosa with small spot by SEM analysis. Figure 3a-3c suggests the
aggregation of the particles and small grains are present at the surface. A scanning electron
microscopy was employed to analyse the structure of nanoparticles that were formed. Figure.3a
shows the low magnification 25k x 27,000 SEM image of Fe3O4 powder; it can be seen that the
particles are agglomerated. The size distribution and morphology is irregular. The particles are plate
like structure with coarsened grains, whereas the magnification at 25k x17,000 in Figure3b, the Fe 3O4
nanoparticles showed uniformly distributed small spherical shaped particles. The magnification at
25kx 10,000 (Figure3c) under the same conditions, which showed that large number of homogeneous
nano capsule like morphology of iron oxide nanoparticles.
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Figure 3. The SEM images of Fe2O3 nanoparticles grafted with Annona squamosa.
3.4. Fourier transform infrared spectrophotometer (FTIR)
FTIR analysis was performed, in order to determine the functional groups on Annona squamosa
leaves extract and predict their role in the synthesis of iron oxide nanoparticles. Figure 4 shows the
FT-IR spectrum of Annona squamosa leaf extract. The strong absorption peak at 3340 cm-1 is
assigned to O-H stretching of alcohol and phenolic compounds or stretching of the –NH band of
amino group. The presence of peak at 2980 cm-1 are assigned to aliphatic C-H stretching in methyl
and methylene groups. The peak at 1640 cm-1 is due to stretching vibration of CO groups in the
ketones, aldehydes and carboxylic acids. The peak belonging to 1387 cm-1 is due to COO stretching
vibration. The peak at 1640 cm-1 is attributed to the presence of carboxylate ions (COO-), which is
responsible for the formation of iron oxide nanoparticles. The peaks at 1083 and 1043 cm-1 indicate
the presence of CO groups. This peak was absent in plant extract which indicate the formation of iron
oxide nanoparticles. The absorbance band at 872 cm-1 might be assigned to the existence of some
amount of oxidised iron oxide on the surface. FT-IR analysis confirmed that the bio reduction of
ferric chloride into iron oxide nanoparticles is due to the reduction by capping material of Annona
squamosa leaf extract.

Figure 4. Representation of wave number cm-1 obtained by FT-IR analysis.
3.5. Anti proliferative assay- MTT against Hep G2 cells
The synthesized iron oxide nanoparticle obtained was subjected to MTT assay against Hep G2 cell
line. Observation of morphological changes in cells indicated that Fe3O4 NPs inhibited proliferation
of the various cancer cell lines in a dose-dependent and time-dependent manner. No toxicity was seen
in the normal liver cell line. Figure 5 represent the percentage of cell viability of HepG2 Cell line
after treated with synthesized Fe3O4 NPs and figure 6 represent the percentage of cytotoxicity
exhibited by synthesized Fe3O4 NPs on HepG2 Cell line.
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Figure 5. Percentage of cell viability by synthesized Fe3O4 NPs on HepG2 Cell line.
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Figure 6. Percentage of cell cytotoxicity by synthesized Fe3O4 NPs on Hep G2 Cells.
The cyotoxicity of the iron oxide nanoparticle was studied against the Hep G2 cell line by MTT
assay. The cytotoxicity effect of synthesized iron oxide nanoparticle from the ratio 1:1 to 1:5 was
studied at different concentrations 25 µg, 50 µg, and 100 µg against Hep G2 cell line. Nanoparticles
synthesized from this ratio also had significantly higher yield. The cytotoxic activity of the
nanoparticles synthesized from various ratios had almost the cytotoxicity which indicates that the
activity arises from compounds of extract rather than ferrous sulphate.
4. Conclusion
This study shows that the Annona squamosa iron oxide nanoparticle exhibits cytotoxic activity at
very less dose. The synthesized iron oxide nanoparticles showed promising anticancer activity against
human liver cancer cell line. From the study, it can be concluded that the iron oxide nanoparticles
synthesized using Annona squamosa possess high anticancer activity against cell lines which further
suggest the potential therapeutic use of these nanoparticles.
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Abstract. Modified starch has been widely used in many studies in the field of drug delivery
for gastrointestinal drug release. In this study, the starch was modified with poly(N-vinylpyrrolidone) by interpenetrating polymer network (IPN) method. Characterizations were done
to observe its characteristics in floating drug delivery applications. Three modified starchbased hydrogels were synthesized, i.e. crosslinked starch, semi-IPN, and full-IPN hydrogels.
Non-modified starch hydrogel was also synthesized for benchmark purpose. All materials were
characterized and analysed by Swelling Test, Buoyancy Test, Differential Scanning
Calorimetry (DSC), Thermal Gravimetric Analysis (TGA), and Fourier Transform Infrared
Spectroscopy (FTIR). Swelling test showed that the crosslinked-starch hydrogel has the lowest
swelling percentage compared to other hydrogels, whereas non-modified hydrogels tend to
have similar swelling percentage to Semi-IPN. Morphology and visual analysis results showed
that non-modified hydrogels were physically the most fragile, followed by a crosslinked-starch,
semi-IPN-starch, and full-IPN-starch hydrogel. Therefore, full-IPN-starch hydrogel had the
highest elasticity. From IR spectrum result, it can be seen that a wavenumbers shift was
observed for the modified starch compared with the IR spectrum of pure starch powder. TGA
and DSC characterizations showed the degradation temperature for non-modified hydrogel was
at 250oC. The degradation temperature for both crosslinked and semi-IPN starch were at 275oC.
For full-IPN, however, the degradation temperature was at 225 oC. On the other hand, the
degradation level could be observed from DSC and TGA results as well. Full-IPN appeared to
be the slowest, while non-modified hydrogel seem to be the fastest to degrade. CaCO 3 was
used as the pore forming agent (PFA) in this research for buoyancy characterization. Buoyancy
test showed that the full-IPN had the fastest floating lag and longest floating time followed by
semi-IPN-starch, crosslinked-starch, and non-modified starch. From all characterizations done
in this research, it can be suggested that the full-IPN provided the most suitable characteristics
as an encapsulation material candidate in a floating drug delivery system.

1. Introduction
Biomaterial for encapsulation in drug delivery system is increasingly developed this days, i.e.
carbohydrate based material, biopolymer, and modified carbohydrate based hydrogel and many more.
Biopolymer hydrogel is developed as an encapsulant in the drug delivery system to delay the
metabolism process, therefore, the interaction with water in the body can be slowed. It means that the
drug will be slowly released and can be absorbed optimally in the body [1].
Hydrogel expands as it absorbs water or solvent, and retains their mechanical stability. Even
though the levels of water or solvent absorbed in the hydrogel reached 99%, it will keep its shape and
characteristics as a solid material. Therefore, hydrogel can maintain its structure with low or high
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water or solvent content in it. Chemically crosslinked methods is a versatile route to create a hydrogel
with a better degree of mechanical stability [2]. Interpenetrating polymer network hydrogel (semi and
full) provides additional strength and new properties for drug delivery system [3]. These hydrogels are
widely used for drug delivery on a specific target (site-specific) [4], such as colon [5], and intestine [6].
Floating drug delivery system, in principle, is used to deliver drugs that are absorbed in the stomach.
This carrier will absorb the water content in the stomach, therefore, it will inflate and float in the
stomach. During this absorption, the drug in hydrogel will be released gradually in to the body. This
method is used, so that the drug will be absorbed optimally and effectively over a time interval of
metabolism in the stomach before entering the intestinal system [7]. With this system, the function of
the drug could be optimized even in low doses as it increases the absorption effectiveness in the body
[8].
2. Experimental
2.1. Preparation of starch hydrogels
For this experiment, several floating hydrogels were synthesized i.e. non-modified, crosslinked, semiIPN, and full-IPN starch hydrogels. Non-modified starch hydrogel was synthesized by adding 2 grams
of starch powder into 70 ml hot distillate water (80 – 90oC), then cooled down to room temperature.
To synthesize the crosslinked-starch hydrogel, 2% of acetaldehyde 0.1 M was added to hydrogel
solution and stirred for 3 hours. Crosslinked-starch hydrogel was added 90:10 % w/w of poly(N-vinylpyrrolidone) and stirred in 1 hour to synthesized Semi-IPN hydrogel. Full-IPN had the most complex
synthesis steps. The first step is similar as the process for crosslinked starch hydrogel, and then put in
polymerization reactor with nitrogen gas condition at 70oC. The process was then continued by adding
90:10% w/w of N-vinyl- pyrrolidone in crosslinked starch hydrogel, ammonium persulfate, and N,N’N,N'-methylene-bis-acrylamide under reflux. This solution was stirred for 1 hour. To synthesize the
floating hydrogel, 1.00% calcium carbonate was added to each hydrogel solutions as pore forming
agent. The solutions was stirred to ensure no air bubbles formed in solutions. All hydrogel solutions
were dried in an oven at 60oC for 18 hours. [9]
2.2. Swelling ratio measurements
Swelling ratio measurements were done for floating and non-floating hydrogels. Dried hydrogels were
immersed in pH 1.2 buffer solution at room temperature. For non-floating hydrogels, measurement
were done in 30, 60, and 180 minutes [10]. On the other hand, floating hydrogels were measured only
in 60 minutes. Filter paper is used to remove excess water on the surface of hydrogels. The swelling
ratio percentage was the determined using equation 1.
100 %

(1)

Where W0 is the initial weight of samples and Wt is the weight of swollen hydrogel at predetermined
time (t).
2.3. In vitro buoyancy observations
The floating properties was analysed with 50 ml of pH 1.2 buffer solution at 37oC. The time required
for hydrogels to rise to the surface and float (floating lag time), and the time required for hydrogel
started to sink back (floating time) was measured by visual observation [11].
2.4. Physical characterizations
Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) were done for
physical characterizations of the hydrogels on PerkinElmer STA 6000. The test was done under
temperature ranging from 50 – 500oC. Fourier Transform Infrared Spectroscopy (FTIR) was used
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within the range 400 – 4000 cm-1 on IRPrestige-21 Shimadzu. Morphology of all hydrogel was
observed by Stereo-inverter microscope from Olympus SZX16.
3. Results and discussion
Morphology of hydrogel as shown in Figure 1 indicated that floating hydrogels had more pores in their
surface than non-floating hydrogels. It’s also indicated non-modified starch hydrogel had the roughest
surface, followed by a crosslinked starch, semi-IPN starch, and full-IPN starch hydrogel. The rough
surface of hydrogels can cause fragility to the material [12]. Therefore, full-IPN-starch hydrogel had
the highest elasticity.

Figure 1. Microscope stereo-inverter scanning of non-floating hydrogels (left) and floating hydrogel
(right): (a) Non-modified starch hydrogel (b) Crosslinked starch hydrogel (c) Semi-IPN starch
hydrogel (d) Full-IPN starch hydrogel.
The result of swelling study of hydrogels showed that, in general, swelling value increased
proportionally with the duration of immersion for non-floating hydrogels (Figure 2a). The highest
swelling ratio was achieved at 30, 60, and 180 minutes immersion for full-IPN, non-modified, and
semi-IPN starch hydrogen respectively. Floating hydrogels, however, it was observed that floating
method affect the swelling ratio as shown in Figure 2b. The swelling percentage of floating hydrogels
were significantly lower than non-floating hydrogel. It might be because of pores formation in the
floating hydrogel which reduce the ability of the hydrogel to absorb water.

Figure 2. Results on swelling properties observation of hydrogels: (a). Non floating hydrogel in
various time (b). Comparison between non floating hydrogel to floating hydrogel with 1.00% CaCO3.
The buoyancy tests showed that pores formation gave the buoyancy characteristics for the
hydrogels. Non-floating starch hydrogels were not floating due to the absence of the pore. Full-IPN
starch hydrogel had the fastest floating lag time followed by semi-IPN starch, crosslinked starch and
non-modified starch hydrogel. The floating properties were related to gas content of polymer network
[13], showed in table 1.
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Table 1. Floating lag and floating time for non-floating hydrogel (CaCO3 0%) and floating hydrogel
(CaCO3 1.00%)
Hydrogel – PFA
NK-CaCO3 0%
NK-CaCO3 1,00%
Crosslinked-CaCO3 0%
Crosslinked-CaCO3 1,00%
Semi-IPN-CaCO3 0%
Semi-IPN-CaCO3 1,00%
Full-IPN-CaCO3 0%
Full-IPN-CaCO3 1,00%

Floating Lag Time
No Floating activity
42 minutes 56 seconds
No Floating activity
32 minutes 39 seconds
No Floating activity
21 minutes 53 seconds
No Floating activity
18 minutes 21 seconds

Floating Time
No Floating activity
> 3 hours (180 minutes)
No Floating activity
> 3 hours (180 minutes)
No Floating activity
> 3 hours (180 minutes)
No Floating activity
> 3 hours (180 minutes)

FT-IR spectrum of non-floating hydrogels (Figure 3a) shown that there were interaction between
starch and crosslinking agent, and also PVP. This was indicated by band shifting if compared to starch
powder spectrum. Starch spectrum showed O-H band at 3550 – 3000 cm-1, C-H band at 2750 – 3000
cm-1 and C-O band at 1250 – 1000 cm-1. Floating hydrogel spectrum (Figure 3b) has shifting band
compare to non-floating hydrogel. O-H band from non-floating hydrogel spectrum at 3629 cm-1 to
3566 cm-1. The peak at around 2900 cm-1 of C-H band for floating hydrogels were stretching
compared to non-floating hydrogels. The absorption band of non-floating hydrogel at around 1700
cm-1 has shifted to at around 1600 cm-1. This indicated that the C-OH, might be caused by formation of
bonds with carbonyl groups [14,15].

Figure 3. FT-IR Spectrum of Hydrogels: (a) Non Floating Hydrogels compared to Starch powder (b)
Floating Hydrogels.
The thermal spectrum of DSC and TGA (figure. 4) showed the thermal properties of non-floating
starch hydrogels. The degradation temperature for non-modified, crosslinked, semi-IPN, and full-IPN
hydrogel were roughly at 250oC, 275oC, 275oC, and 225oC respectively. Furthermore, the degradation
level could be observed from DSC and TGA results as well. Full-IPN appeared to be the slowest,
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while non-modified hydrogel seem to be the fastest to degrade. The decomposition temperature for
non-modified starch hydrogel was at 300oC [16]. Crosslinked starch hydrogel had similar
decomposition properties to non-modified starch hydrogel, but it has higher heat flow and lower
decomposition temperature at 290oC, followed by semi-IPN and full-IPN starch hydrogel.

Figure 4. Thermal Curves (DSC and TGA) for Non Floating Hydrogels.
4. Conclusion
Non floating hydrogels showed better structure than floating hydrogels. However, for drug delivery
purposes, floating hydrogels characteristics were more preferable. From all characterizations done in
this research, it could be suggested that the full-IPN provided the most suitable characteristics as an
encapsulation material candidate in a floating drug delivery system. Therefore, full-IPN floating
hydrogel could be the most suitable material for drug release applications.
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Abstract. This paper introduces a parametric study of nanofiber fabrication. PolyCaprolactone(PCL) and Chloroform are basic material for nanofiber fabrication with
electrospinning method. The device for electrospinning was composed of a syringe pump,
syringe, high voltage generator and 32gauge plastic nozzle. PCL concentration, applied voltage,
solution flow rate and the tip to collector distance (TCD) were parameters in electrospinning
method. As a result of electrospinning experiment, it was found that as TCD and applied
voltage increased, the diameter of fibres was decreased. In feed rate experiment, the size of
fibres decreased when feed rate decreased. The optimized PCL concentration was found at
6w/v% for the minimum of fibres.

1. Introduction
Nanofibers can provide a highly porous mesh for the biomaterials. Their high surface area per unit
volume is advantageous for the various applications. A porous structure made with nanofibers is
useful platform where the pore size and form can be easily changed unlike regular medical solid
structure. Also nanofibers can be referred to form a firm structure if it is required. For the porous mesh
applications, the most adaptable and highly productive process can be electrospinning. Meshes of
porous nanofibers produced by electrospinning have been identified for use in numerous applications
[1].
In 1902, electrospinning was first patented in the U.S.[2]. However, this process was not generally
used until the 1990s and it became popular with recent nanoscience and nanotechnology development.
Researchers started the ES nanofiber again with new research concepts of nanofiber production using
electrospinning after the 1990s [3].
Electrospinning method is one of the ways to manufacture nanofibers with polymer because it is
low manufacturing cost and simple process. This method is in the attention as a useful method for
fabricating functional thin porous product like fibers [4]. Electrospinning method can be different in
experiment set up such as collector types or kinds of solutions. Several kinds of collectors exist like
using mandrel, simple plate and parallel poles (Figure 1). Net arrangement of nanofibers is different
according to the kinds of collectors [5-7]. Polycaprolactone(PCL) was used for the material of
produced fibers by electrospinning. It is a bioresorbable polymer with possible applications for bone
and cartilage repair. PCL has certain advantages relative to other polymers like PLA(poly lactic acid)
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and it is more stable in its neighboring biomedical environments. It is also significantly low cost and is
freely available in large quantities [8].
In this paper, the detail procedure of manufacturing process for the nanofibers is introduced. The
nanofibers are produced with a solution of PCL and Chloroform. The PCL was used as bioresorbable
polymers because it’s hydrophobic, linear and synthetic that indicates high mechanical strength [9].
Nanofiber production using electrospinning method can be influenced by concentration of PCL,
polymer solution feed rate, TCD(tip to collector distance) and applied voltage [10]. This paper
provides the environment of experiment and introduces a parametric study of nanofiber fabrication
applied with electrospinning for the biocompatible polymers.. If you don’t wish to use the Word
template provided, please use the following page setup measurements.

(a)

(b)

(c)

Figure 1. Schematics of collector types in electrospinning: (a) Mandrel type collector, (b)
Simple plate type collector, (c) Parallel type collector.
2. Experiment
Please follow these instructions as carefully as possible so all articles within a conference have the
same style to the title page. This paragraph follows a section title so it should not be indented.
2.1. Materials and methods
Commercial PCL pellets (Mw=80,000) and Chloroform (Sigma-Aldrich Inc.) were used in the
experiments. Figure 2 is a molecular structure of PCL. In this paper, the device of experiment was
chosen simple plate type collector in Figure 1 because it can have minimum parameter of
electrospinning experiment like Figure 3. Figure 3 shows the concept design and parameters of
electrospinning. The Chloroform was used as solution of PCL (Polycaprolactone). The collector was
designed as flat aluminum plate with a diameter of 30mm. Fibers were electrospun from polymer
solution containing 2, 4, 6 and 8% w/v PCL. The PCL solutions were transferred from 10ml syringes
(HSW) and connected to a 32 gauge plastic nozzle. The needle tip was connected to a high voltage
generator (NNC-HV30, NanoNC) operating at 5, 10 and 15kV. Polymer solution of PCL was fed into
the needle at a rate of 1, 2, 4 and 6ml/hr by a syringe pump (KDS100, kdScientific). TCD (Tip and
Collector Distance) was set at 90, 110 and 130mm.
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Figure 2. Molecular structure of
PCL(polycaprolactone)[11].

Figure 4. Plastic nozzle
of 32 gauge.

Figure 3. Experimental setup for
electrospinning.

Figure 5. Overall configuration of electrospinning apparatus: (a)
Syringe pump, (b) Diode laser(532nm, Green), (c) Camera, (d) High
voltage generator, (e) PC, (f) Plastic nozzle, (g) Collector.

2.2. Device of experiment
A syringe pump and a high voltage generator were used for electrospinning with polymer solution of
PCL. Capacity of high voltage generator is maximum of 30kV. The installed syringe pump has
minimum flow rate of 0.00635cm/hr and maximum of 76.18cm/hr. Syringe has a capacity of
10microliter to 60milliliter. The 532nm wavelength of diode laser was used for the visual monitoring
of nanofibers electrospinning. A vision camera (zoom 7000, NAVITAR) was used for the real time
monitoring via a computer. In electrospinning process, the material leaves from the nozzle to the
collector. The size of nozzle was 32 gauge for the manufacturing of nanofibers as shown in Figure 4.
The inner diameter of nozzle was 0.10mm and rack & pinion stage (Edmund Optics Inc.) was used for
the movement of nozzle. It can move up to maximum traveling distance of 100mm. Figure 5 explains
the setup of electrospinning apparatus.
3. Result
The platform of scaffold with PCL was prepared by electrospinning method. The parameters of ES
were PCL concentration, applied voltage, feed rate and TCD, and the details of parametric studies are
following.
3.1. PCL concentration
For the experiments, the concentration of PCL was changed from 2w/v% to 8w/v% to fine the
optimum solution ratio of electrospun fibers. The samples of electrospun fibers were produced with
variable concentration of PCL in solution. The flow rate of 2.0ml/h, TCD of 90mm and applied
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voltage 15kV were fixed for the experiments. Electrospun fibers were observed like bead in
concentration of 2w/v%. When concentration of PCL increased, the size of sample fibers was changed.
It formed from bead shape to net shape fibers and the diameter of fibers decreased. In 8w/v% or higher
concentration, the size of fibers increased like Figure 6 and Figure 7. Average values of fibers per PCL
concentration is summarized with standard deviation values in Table 1. The minimum size of fibers
was observed with 6w/v% concentration of PCL.

(a)

(c)

(b)

(d)

Figure 6. SEM of electrospun PCL composite scaffold with different PCL concentration: (a)
2w/v%, (b) 4w/v%, (c) 6w/v%, (d) 8w/v%.

Figure 7. Fibre size distribution per PCL concentration.
Table 1. Average and standard deviation in experiment per PCL concentration.
Concentration of PCL [w/v%]

2

4

6

8

Average of fibres [㎛]

8.461

2.293

0.634.

1.846

Standard deviation [㎛]

0.447

2.446

0.309

1.206

3.2. Applied voltage
In experiment of variable voltage, the fixed parameters were concentration of 6w/v% PCL, flow rate
8.0ml/h and TCD 90mm. When the applied voltage decreases, the fibres were getting thicker and the
fibres were getting thinner in higher voltage. The maximum applied voltage was limited at 15kV for
the safety of syringe pump which limits the applied voltage at 15kV. SEM images with variable
applied voltage are summarized in Figure 8. Figure 9 is summary of fibre size variation per applied
voltages by average, minimum and maximum fibres. The quantities of distribution with standard
deviation is summarized in Table 2. The minimum size of fibers was observed with 15kV of applied
voltage in this experiment with uniform size of fibers.
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(b)

(a)

(c)

Figure 8. SEM of electrospun PCL composite scaffold with different applied voltage: (a) 5kV,
(b) 10kV, (c) 15kV.

Figure 9. Fibre size distribution per applied voltage.
Table 2. Average and standard deviation in experiment per applied voltage.
Applied voltage [kV]
5
10
15
3.932 3.527 1.653.
Average of fibres [㎛]
4.999 3.843 1.923
Standard deviation [㎛]

(a)

(c)

(b)

(d)

Figure 10. SEM of electrospun PCL composite scaffold with different flow rate: (a) 1ml/hr, (b)
2ml/hr, (c) 4ml/hr, (d) 6ml/hr.
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Figure 11. Fibre size distribution per flow rate.
Table 3. Average and standard deviation in experiment per flow rate.
Flow rate [ml/hr]
1
2
4
6
1.107 2.196 1.544. 1.343
Average of fibres [㎛]
1.346 2.928 1.206 1.260
Standard deviation [㎛]
3.3. Flow rate
In this experiment, the flow rate was set as a variable. The concentration of PCL was 6w/v% with
applied voltage of 15kV and TCD 90mm in experiment of flow rate. Based on the result of experiment
data by the variation of flow rate, the smallest fibre size was observed when flow rate applied 1ml/hr
in Figure 10 and Figure 11. The quantities of distribution with standard deviation is summarized in
Table 3. The thickest fibre size was observed with 1ml/hr as shown in Figure 11 and Table 3.
3.4. TCD
In this experiment, TCD was set as a variable. The concentration of PCL was 6wt% with flow rate
1ml/h and applied voltage of 15kV. The range of TCD was from 90mm to 130mm. The effect of TCD
for fibres size are summarized in Figure 12 and Figure 13. The quantities of distribution with standard
deviation is summarized in Table 4. The thickest fibres were observed at 130mm of TCD in this
experiment.

(a)

(b)

(c)

Figure 12. SEM of electrospun PCL composite scaffold with different TCD: (a) 90mm, (b)
110mm, (c) 130mm.
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Figure 13. Fibre size distribution per TCD
Table 4. Average and standard deviation in experiment per TCD.
TCD [mm]

90

110

130

Average of fibres [㎛]

1.716

1.660

1.439.

Standard deviation [㎛]

2.565

1.381

1.986

4. Conclusion
In this study, the general effects of nanofiber size by parameters of electrospinning was introduced.
Based on the result analysis, it was found that as TCD and applied voltage increased, the diameter of
fibres tended to decrease. In flow rate experiment, the size of fibres decreased when flow rate
decreased. The optimized PCL concentration was found at 6w/v% for the minimum of fibres.
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Abstract. In the present study chicken feathers were hydrolyzed in alkaline environment. The
pH value of feather hydrolyzed solution was adjusted according to the principle of isoelectric
precipitation. Three kinds of precipitates of keratin polypeptide were collected at pH of 3.5, 5.5
and 7.5 respectively. The keratin solution were freeze dried and denoted as FKP1, FKP2, FKP3
respectively. All keratin particles possessed smooth, uniform and round surface by scanning
electron microscope (SEM). FKP1, FKP2 and FKP3 had higher glass transition temperature
examined by thermogravimetry (TG). Fourier transform infrared spectroscopy (FTIR) revealed
that the extracted keratin retained the most of protein backbone, with the breakage of disulfide
cross-links and hydrogen bonds.

1. Introduction
Keratin is present in all mammals having highly conserved amino acid sequence [1]. Keratin is
reported for the impact on cell architecture and cell proliferation. Keratin is insoluble, fibrous and
structural protein in feathers, which can be applied in many industrial applications. Keratin are three
dimensional polymer interlinked by intermolecular bonding of disulfide amino acid and inter and intra
molecular bonding of nonpolar and polar amino acids which are the reason for their stability and
distinctive physical properties [2].
In food industry, near about 4X106 ton per year are waste of chicken feathers found worldwide [3],
some of them are pretreated and used as animal feed [4] and rest disposed in the landfills which cause
serious environmental problem. There are mainly three methods of extraction of keratin [5] from the
biomass: enzymatic hydrolysis has advantage like less species alteration which is very slow and
cannot be used commercially. In the process of acidic hydrolysis the process provides very harsh
conditions and can destroy some amino acids. Because of the high hydrolysis mainly alkaline
hydrolysis is used for the keratin extraction from chicken feathers. During hydrolysis, chemicals break
both types of peptide and disulfide bonds in proteins and as a result the structure of keratin hydrolysate
is changed [1]. Reduction hydrolysis can cleave disulfide bonds of protein fibers without any major
peptide bond cleavage, thus the microstructure of keratin remain intact [6]. Keratin is one of the most
abundant proteins [7, 8, 9, 10]
The main aim of the study is to investigate the transforming of feather waste into bio functional
peptide. In the present study three kinds of precipitates of keratin polypeptide were collected at pH of
3.5, 5.5 and 7.5 respectively. The keratin solution was freeze dried and marked as FKP1, FKP2, FKP3
respectively. Chicken feathers were hydrolyzed in sodium sulfide solution and after that by adjusting
the pH value of hydrolyzed solution three kind of polypeptide were collected and characterized. The
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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results showed the feasibility of extraction of keratin with different compositions of the polypeptide
with applications.
2. Methods and experiments
2.1. Materials
Chicken feathers were collected from chicken processing plant at Jaya Gading, Kuantan, Malaysia. All
chemicals were of analytical grade and were purchased from Sigma Aldrich (Selangore, Malaysia).
Milli-Q water was used to make solutions and washing. All chemicals were used without any further
processing after receipt.
2.2. Hydrolysis and characterization of polypeptide particles
2.2.1. Alkaline hydrolysis of feathers. 25g of feather was immersed into 0.5M of sodium sufide (1L)
solution and then digested under 50°C using mechanical stirrer until feather fibers were dissolved
thoroughly. The prepared hydrolysis solution was filtered twice for further process.
2.2.2. Isoelectric-point precipitation process of keratin polypeptides. Isoelectric point (pI) is defined
as the pH value at which a particular molecule or surface carries zero net electric charge. It is a process
in which proteins or amino acids are precipitated at pH value close to their isoelectric points [11,12].
In this study, the pH value of the prepared feather hydrolysis solution was adjusted to pH 7.5 with 2N
HCl, a thick layer of precipitates was settled on the bottom after 24 h. The precipitates were collected
and marked as Feather keratin polypeptide (FKP3). The rest feather hydrolysis solution was incubated
at pH 5.5 and the precipitates after 24h also collected and marked as Feather keratin polypeptide
(FKP2). Lastly the remaining solution is precipitated at pH 3.5 and the precipitates were collected
after 24h and denoted as Feather keratin polypeptide (FKP1). In order to wash the salts away and any
other impurities FKP1, FKP2, FKP3 were dispersed in water and centrifuged 3 times for 10 mins at
10000rpm. Finally the Feather keratin polypeptides (FKP’s) were freeze dried to obtain keratin
polypeptide powders.
2.2.3. Surface Morphology. The surface morphology of FKP1, FKP2 and FKP3 was analyzed by
scanning electron microscope. It is performed by using Hitachi TM3030Plus. In the preparation step,
the samples were adhered directly onto an aluminium stub with a thin self adherent carbon film.
2.2.4. TGA analysis. Thermo gravimetric measurements of precipitates were performed on Research
Instruments TGA Q 500 under nitrogen atmosphere, in a temperature range between 10°C and 900°C
at ramping time of 10°C/min. The samples were vacuum dried at 40°C. Samples with mass 3mg were
put in aluminium crucible and thus, the data was analyzed.
2.2.5. FT-IR analysis. Chemical characterization of precipitates of different pH was done by using
Fourier transform infrared (FT-IR) spectroscopy. It will help to detect the changes in chemical
composition of peptides [13]. Nicolet iS5 from Thermo scientific FT-IR was used for chemical
characterization hers in between the 4000cm-1 and 500cm-1 wave number range.
3. Results and discussion
3.1. Alkaline hydrolysis of feather and isoelectric precipitation of keratin polypeptide
In the alkaline process of the hydrolysis the disulfide bond (S-S) and partial peptide bonds were broke.
Bradford test were used to test the protein content. The hydrolysis was done under the following
operating conditions: 0.5M/L sodium sulfide, 50°C and 6 hr. when time was increased to 24 hr and 48
hr, there was not much significant increase in hydrolysis degree of feather keratin. Thus, it can be
concluded that prolonged hydrolysis time couldn't increase the degree of hydrolysis at the same
temperature and alkali conditions. The purpose of the study was to confirm the possibility of making
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biofunctional polypeptides from feather keratin using isoelectric precipitation process. The different
isoelectric precipitates were collected at different pH range. It has been verify that three types of
polypeptides with distinctive compositions were collected successfully. Furthermore, both chemical
and physical properties of the polypeptides will be scrutinized through a series of characterization after
freeze dry.
3.2. Surface morphology of keratin polypeptide powders
The morphology of the surface layer was studied by SEM analysis. In Figure 1 the regenerated keratin
presents small microsphere, this is in accordance with the study on wool and feather keratin in journals
[14, 15]. Fig 1 displayed the SEM images of FKP1, FKP2 and FKP3 respectively. The dried keratin is
consisted of spherical, tightly packed micro-particles and random arranged porous microstructures.

Figure 1. SEM images of (A)Feather keratin polypeptide at pH 3.5 (FKP1) (B) Feather keratin
polypeptide at pH 5.5 (FKP2) (C) Feather keratin polypeptide at pH 7.5 (FKP3)
3.3. TGA Measurement
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Figure 2. The TG curve of the feather fibers, FKP1, FKP2 and FKP3
The TG curve of the feather keratin polypeptides FKP1, FKP2 and FKP3 as well as feather fibers
obtained. Figure 2 displayed the TG curve of feather fiber, FKP1, FKP2 and FKP3. All the samples
were quickly decomposed from 250°C to 350°C and produced a significant amount of residue. The
total weight loss was about 90%, 82%, 81.4%, 85.7% for feather fiber, FKP1, FKP2 and FKP3
respectively. The thermal decomposition started slowly 150°C with evolution of water and
decomposition increased above 220°C showing notable weight loss. The study showed that the feather
fiber is more stable as compare of polypeptides.
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3.4. FTIR measurement
FKP1
FEATHER FIBERS
FKP3
FKP2

Transmission (%)

100

80

60

40

20
4500

4000

3500

3000

2500

2000

Wavelength (cm-1)

1500

1000

500

Figure 3. FTIR spectra of the feather fibers, FKP1, FKP2 and FKP3
FTIR measurement was used understand the chemical structure and the results are shown in Figure
3. The obtained results confirm that there are no significant changes in chemical structure of fibers
after alkaline treatment. When comparing the absorbance spectra of all samples, their characteristic
peaks are similar and are in comparison with other study [16]. On the other hand, the isoelectric
precipitation have small effect on the chemical structure of protein, all the treatment showed
transmission bands to the peptide bonds (-CONH) and are known as Amide A, Amide I, Amide II,
Amide III [17,18]. The broad transmission band region from 3500 cm-1 to 3200 cm-1 can be attributed
to stretching vibration of -O-H and -N-H (Amide A) [19]. The Amide A band which falls at 3282 cm-1,
is connected with stretching vibration of N-H bonds. Bands which fall in 3000-2800 cm-1 are related to
C-H stretching bonds. The strong transmission band is attributed to C=O stretching (Amide I) which
occurs in the range of 1700 cm-1 to1600 cm-1 [13] . The transmission band (Amide II) in the range of
1580 cm-1 to 1480 cm-1 is for N-H bending and C-H stretching [20]. The weak band between 1300 cm1
to 1220 cm-1 is associated with Amide III band which is derived from C-N stretching and N-H
bending [21, 22].
4. Conclusion
The proposed procedure for the treatment of feather by using alkali process is cheap and economically
viable. Therefore, it could serve as a basis in the development of complex ecologically safe and
efficient biotechnology for improved feather wastes utilization applicable in different applications.
The aim of the study is the extraction of keratin from chicken feather waste by using reducing agent.
Three types of keratin polypeptide precipitations were collected at selected pH value (3.5, 5.5 and 7.5)
respectively. The physical and chemical properties of freeze dried FKP1, FKP2 and FKP3 powders
were studied through different experiments. SEM image showed spherical and porous microstructures.
FTIR spectra showed that the bisulfate bonds were broken and indicted no significant changes in the
chemical composition and macromolecular conformation of the hydrolyzed fibers. Though, the feather
remainders consisted mostly of β-sheets confirmation. TGA revealed that the polypeptides kept a little
lower stable as compare to feather fibers.
In whole, keratin can be extracted by applied method and used in different applications such as
coatings, films, packaging, cosmetics and biodegradable composites.
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Abstract. Magnetite nanoparticles (MNPs) attracted the attention of many researchers due to
their unique properties. In this research, nanoscale magnetite particles have been successfully
synthesized through an environmentally friendly method using aqueous extract of
Graptophyllum pictum leaf (GPLE). In MNPs formation, GPLE acted as a base source and
capping agent. Alkaloids in GPLE were hydrolyzed in water and hydroxilated Fe2+ to form
Fe3O4 nanoparticles powder through calcination. After the addition of leaf extract, MNPs
formation was observed by color change from pale yellow to dark brown. The synthesized
nanoparticles were characterized using UV-Vis spectrophotometer, X-Ray diffraction (XRD),
and Fourier transform infra red (FTIR) spectroscopy. The results confirmed that MNPs
formation indicated the surface plasmon resonance at a maximum wavelength, λ max 291 nm.
The average crystallite size is 23.17 nm. The formed MNPs through green synthesis method
promise in various medical applications such as drug carrier and targeted therapy.

1. Introduction
Recently, researches on magnetite nanoparticles (MNPs) have been widely developed. MNPs were
reported to have some advantages in biocompatibility, biodegradability [1], and easily encapsulated
[2]. MNPs are used in various application such as catalyst [3,4], biosensor [5], magnetic resonance
imaging (MRI) [6,7] and targeted drug delivery [8,9].
Several conventional methods including co-precipitation and thermal decomposition are widely
employed for MNPs synthesis. Co-precipitation method is used due to its simplicity [10] whereas
thermal decomposition is a good method in controlling nanoparticles size and morphology [11]. Those
methods use chemicals as reagent which are not environmentally friendly. In contrast with the
conventional method, green synthesis is more friendly to environment because it utilizes plants extract
as the chemicals substitute.
There are several successful studies in synthesizing of MNPs using plant extract, for instance,
MNPs synthesis using banana peel ash and Colocasia esculanta leaves [12], soya bean sprout [13],
and Datura Inoxia leaves [14] extract. Unfortunately, some of them still used chemicals such as
sodium hydroxide and ammonium hydroxide as a base source. From research, there is limited report of
MNPs synthesis using Indonesian medicinal plants.
Graptophyllum pictum is a traditional medicine plants from Papua, Indonesia [15] containing
alkaloids [16]. Its secondary metabolite contents act as an alternative base source and capping agent in
MNPs synthesis as hazardous chemicals substitute. In previous study, Graptophyllum pictum leaf
extract (GPLE) was reported contains alkaloids and flavonoids [16]. Alkaloids as a weak base are
needed in MNPs preparation, and flavonoids have hydroxil group to prevent MNPs agglomeration
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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[11]. Both of functional materials are contained in GPLE as base source and capping agents. Therefore,
this research is important in MNPs synthesis, which is not reported in previous study yet.
2. Experimental
2.1. Materials
Iron (II) sulphate heptahydrate (FeSO4.7H2O) was purchased from Merck as precursor of MNPs
synthesis. Graptophyllum pictum leaves (GPL), were obtained from Cimanggu, Bogor, Indonesia. All
the aqueous solutions were prepared by MilliQ water (18.2 Ωcm-1).
2.2. Preparation of GPLE
GPL were cleaned and dried in room temperature for five days. 100 g of leaf powder were soaked in
500 distilled water for 10 days under stirring. The extract was filtered as GPLE using whatman No. 41.
The presence of flavonoids, alkaloids, saponin, tannin and terpenoids were tested by general
phytochemical method [16].
2.3. MNPs synthesis using GPLE
Synthesis of GPLE-capped MNPs was conducted by mixing 6 mM Fe2+ solution with GPLE under
stirring at 45oC for three hours until the solution change to dark brown. The mixture was aged for two
hours at room temperature, dried in oven at 100oC for one hour and at 70oC for three hours to form
MNPs-GPLE powders.
2.4. Characterization
The functional groups presence in active compounds of GPLE and MNPs-GPLE were investigated
using FTIR Spectrophotometer (IRPrestige-21 Shimadzu) at range of 400 - 4000 cm-1. The UV-Vis
absorption spectrum of MNPs-GPLE was examined using UV-Vis spectrophotometer (Shimadzu 2600)
at range 200 - 800 nm. The MNPs band gap was determined using UV-Vis DRS (Shimadzu 2450).
The XRD pattern of MNPs-GPLE was observed at 20 mA and 45 kV with Cu Kα radiation (λ = 1.54
Å) at 2θ range of 10 - 80o.
3. Result and discussion
The UV-Vis absorption spectra of Fe2+ solution, GPLE and MNPs-GPLE colloids are shown in Figure
1.
1
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MNPs-GPLE Colloids
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Figure 1. UV-Vis absorption spectra of Fe2+ solution, GPLE, and MNPs-GPLE colloids.
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The presence of surface plasmon resonance in UV-Vis absorption spectrum at a maximum
wavelength, λmax 291 nm indicates the MNPs formation. This λmax is suitable with the previous result
of MNPs synthesis using Datura inoxia leaf extract [14] and conventional chemical method [17]. Fig.
2 shows linear correlation between F(R) against Eg to determine MNPs-GPLE band gap. Based on
graphic equation y = 8.954x - 13.953, the band gap is 1.56 eV.

F (R)

6

Experiment
Calculation

5

4
1.9

2

2.1
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2.3

Figure 2. Linear correlation between F(R) against Eg to determine MNPs-GPLE band gap.
FTIR characterization was conducted to study the interaction between functional groups of GPLE
and MNPs. Figure 3 showed the wavenumber shifts of GPLE before and after reaction with Fe2+. The
band at 3412.0 cm-1 of -OH stretch [14] in GPLE shifted to 3051.5 cm-1 and occured the decreasing
of % transmittance due to MNPs-GPLE formation. The band at 1419.7 cm-1 of -NH stretch [14] in
GPLE shifted to 1393.6. The band at 1609.7 cm-1 of -CO- stretch shifted to 1604.8 cm-1 due to
interaction Fe in MNPs with GPLE [18]. These results are supported from phytochemical test of
flavonoids and alkaloids. The presence of Fe-O was confirmed at 620.0 cm-1 [14,17] which was not
formed before.

Figure 3. FTIR spectra of GPLE and MNPs-GPLE.
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Figure 4 shows XRD pattern of synthesized MNPs-GPLE at 2θ = 17.99o; 30.11o; 35.35o; 43.48o;
53.55o; 55.78o; and 62.18o. These values are adjusted with American Mineralogist Crystal Structure
Database (AMCSD) entry number 96-900-5841 (magnetite), 96-901-2693 (maghemite) and 96-1011170 (wuestite) obtained crystal planes (111), (202), (311), (400), (422), (333), and (404) of magnetite
with face-centered cubic (FCC) phase. The crystallite size of MNPs was calculated as 23.17 nm
through Debye-Scherrer equation.

MNPsGPLE

AMCSD file no: 96-9005841

AMCSD file no: 96-9012693

AMCSD file no: 96-1011170

20

30

40

50

60

70

80

2 Theta (degrees)
Figure 4. XRD Patterns of MNPS-GPLE, Magnetite, Maghemite, and Wuestite.
The crystalline MNPs were synthesized for the first time using GPLE involved the interactions of OH and -NH groups in GPLE with MNPs. This result is potential as functional nanoparticles based on
environmentally friendly method.

4. Conclusions

Magnetite nanoparticles, Fe3O4 (MNPs) were successfully synthesized using Graptophyllum pictum
leaf extract (GPLE) by a simple and green method. GPLE contains alkaloids as a base source
meanwhile flavonoids act as capping agent to prevent the MNPs agglomeration. The XRD analysis
confirmed the MNPs crystal size of 23.17 nm. UV-Vis spectroscopy investigated MNPs formation at a
maximum wavelength, λmax 291 nm. FTIR spectroscopy showed the presence of biomolecules
functional group of GPLE through interaction between -OH and -NH with MNPs. The green
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synthesized MNPs contribute in medical fields such as drug carrier and targeted therapy. This green
synthesis method is environmentally friendly, cheap and potential to produce other metal oxides.
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Abstract. Dispersion of few-layer graphene nanoplatelets (GNPs) in liquid media is a crucial
step for various applications. Here, we highlight a simple, nondestructive method for preparing
stable aqueous colloidal solutions with GNP powder quickly dispersed in 5 wt.% sodium–
hypochlorite- (NaClO) and sodium-bromide- (NaBr) salted solvent by bath sonication. This
method makes it possible to easily prepare a highly concentrated colloidal solution (1 mgml-1)
of GNPs that can easily be re-dispersed in water (treated GNPs). The aqueous suspension we
prepared remained stable for longer than a few weeks. We made similar tests with various
solvents and dispersibility appeared to decrease with decreasing polarity. High-concentration
suspensions using our facile dispersion method could be of particular interest to the large
community using graphene for a diversity of applications.

1. Introduction
The properties of dispersions are highly dependent upon the nature of the material and the dispersing
media interface. All graphitic carbon nanostructures without chemical modification are highly
hydrophobic. This hydrophobicity prevents them from forming stable dispersions in aqueous media.
Efforts aiming to resolve this limitation are increasing because of the growing interest in applications
that require water-based dispersion to promote ecologically friendly processes. Two major methods
have been developed to disperse few-layer graphene powder in aqueous media: 1) chemical
modification by introducing water-solubilizing functional groups and 2) surfactant wrapping of the
graphene sheets to create hydrophilic surfaces. Chemical modification, which includes oxidation or
covalent functionalization by introducing sp3-hybridized sites into the graphitic structure, leads to
major alterations in the electronic properties of the structure.[1] Surfactants facilitate the quick
dispersion of graphene nanoplatelets (GNPs) in water[2] without destroying the graphitic structure;
however, an excessively thick layer of surfactant accumulates on the surface of the structure. Thus, the
use of surfactants or other methods is not preferred when the purity of GNPs is critical.
2. Materials & methods
Few-layer graphene nanoplatelets (GNPs, N002-PDR), purchased from Angstronmaterials Materials
Inc., were used as received. Average lateral dimensions of GNPs were 10 um and had 95 % carbon
content. 5 wt.% Aaqueous sodium hypochlorite at 5 wt.% (NaClO) and sodium bromide (NaBr)
powders were purchased from RICCA Chemical Company. Methanol, NMP, THF and polymer
monomer (1,6-Hexanediol ethoxylate diacrylate) were purchased from Sigma-Aldrich Company.
Water was purified by distillation in a Milli-Q (Advantage A10 model) system. UV-vis measurements
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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of colloidal solutions were recorded from 800 nm – 190 nm at 1-nm intervals using a Cary100 UVVisible spectrophotometer.
3. Results and discussion
Here, we demonstrate a new method to prepare stable GNP colloidal solutions in aqueous media that
does not destroy the sp2-hybridization of graphene and does not involve the formation of a thick layer
of surfactant on the surface of the structure. As illustrated in Fig. 1, the method involves bath
sonication of the GNP powder in a sodium-hypochlorite- (NaClO) and sodium–bromide- (NaBr)
salted aqueous solution (NaClO:NaBr 1:1 molar ratio) for 60 min (Step 1). The dispersed GNP
product is subsequently washed with water via centrifugation and dialysis for 15 d (Step 2). Once the
washed GNPs (treated) are freeze-dried (Step 3), they can easily be re-dispersed in various solvents by
mild bath sonication to form a stable GNP colloidal solution (Step 4).

Figure 1. Pristine GNPs are dispersed in aqueous NaClO/NaBr solvent (step 1), purified by dialysis
(step 2), freeze-dried (step 3), and re-dispersed in various solvents (step 4).
Figure 2a shows our re-dispersion of treated GNPs in pure water (step 4), which remained as a
stable, homogenous colloidal solution (1 mgml-1) for several weeks. In comparison, Figure 2b shows
a pristine GNP (untreated) aqueous colloidal solution of the same concentration, which was not
homogenous and features multiple GNP aggregates on the surface of the bottle and agglomerated
GNPs. These photos were taken several weeks after preparation of the solutions. Dispersion of GNPs
in water is incompatible due to strong van del walls forces between particles. Although treatment of
GNPs left some residual salts, reducing the purity of the solution to some degree, the adsorption of
anions (Br-, ClO-) by GNPs likely generated electrostatic repulsion between graphitic sheets that
eventually stabilized the final aqueous colloidal solution.[5]
During the pre-treatment step (step 1), pristine GNPs have yet to be dispersed correctly in the
salted solvent and thus can be efficiently treated. We suspected that the effective dispersion of pristine
GNPs in the salted solution could be explained by a close match in surface energies between the GNPs
and the NaClO/NaBr-salted solvent. Knowing that graphite has a surface energy of ~70-80 mJm-2, we
measured the surface energy of our NaClO/NaBr-salted solution at 67.85 mJm-2, verifying our
prediction. Similarly, N-Methyl-2-pyrrolidone (NMP) was found to be an effective solvent for easily
dispersing GNP due to the close match in their surface energies,[3,4] (NMP has a surface energy of
69.50 mJm-2).[4]
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Figure 2. (a) 1-mgml-1 treated GNP/water colloidal solution, (b) 1-mgml-1 pristine GNP/water
colloidal solution. Photos were taken one month after preparation of the solutions.
The treated GNP colloidal solution was freeze-dried to obtain GNP powder and then ~0.8 mg was
re-dispersed in ~4.5 ml of water, methanol, NMP, Tetrahydrofuran (THF), or polymer monomer (oil)
(0.18 mgml-1 concentration of GNP powder) solvents to test their dispersibility (Figure 3a). Solvents
had the following polarities: water (1.000) > methanol (0.762) > NMP (0.360) > (THF) (0.207) >
polymer monomer (0.001). We found that the treated, freeze-dried GNP powder was extremely
compatible with water, spontaneously dispersing within about 193 s. After two rounds of 5 s and one
round of 120 s sonications, the powder had totally dispersed in the water with no phase separation
overnight. Dispersibility appeared to decrease with decreasing polarity, as evidenced by the large
aggregates visible with the naked eye in bottles containing THF and polymer monomer solvents
(bottles 4 and 5, respectively). The Beer-Lambert law was used to calculate the molar absorption
coefficients, , of each colloidal solution to evaluate their dispersibility:

A = a CD

(1)
-1

where A is the absorbance, C is the concentration of the solute (g·L ), and D is a 1-cm pathlength.
The absorption coefficient  (L·g-1·m-1) can be calculated based on the achieved experimental
parameters A, C, and D. Figure 3b shows the absorbance of each colloidal solution as calculated by
ultraviolet–visible (UV-vis) spectroscopy at 660 nm for 40 h (Figure 3c). Treated GNP dispersed best
in NMP and water, and worst in THF and oil. Figure 3d shows the absorption coefficients of treated
GNP powders in each solvent. The absorption coefficient of NMP was highest at 1649 L·g-1·m-1,
followed by water and methanol between 1200 – 1100 L·g-1·m-1; the oil and THF had the lowest value
at ~ 400 L·g-1·m-1. Thus dispersibility of GNP follows NMP > water > methanol > monomer > THF.
Over the 40 h stabilization time, the relationship between the absorbance and the calculated
concentration of NMP (mg⋅ ml-1) was linear (Figure 3e).
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Figure 3. (a) Photos of dispersing treated, freeze-dried GNP in different liquid media. The numbering
from 1-5 indicates that the liquid inside the glass bottles is pure water, NMP, methanol, monomer and
THF, respectively. (b) UV-vis spectra of as-prepared GNP colloidal solutions as measured instantly. (c)
Absorbance changes in UV-vis spectra at 660 nm for treated GNP in NMP, water, methanol, oil and
THF suspensions. (d) Calculated absorption coefficients () for each solvent. (e) Linear relationship
between absorbance and concentration of treated GNP in NMP stabilized for 40 h.
4. Summary
Here, we presented a simple, scalable method of producing a water-soluble few-layer graphene
powder by first dispersing the GNPs in a NaClO/NaBr-salted solution. This approach is likely to be of
interest to the large body of research/industrial communities.
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Abstract. Surface plasmon resonance (SPR) on the near field intensity of a two-dimensional
(2-D) periodic arrays of bowtie-shape metal nanoparticle (MNP) pairs using the 3-D finite
element method (FEM) for biosensor applications are investigated. The peak resonance
wavelength can be shifted to red as the filling core media in bowtie-shape MNP pairs have
been changed. The tunable and highly sensitive SPR modes are observed due to the
hybridization SPR effects. Simulation results show that the peak resonance wavelength (λres)
can be spread in the full wavelength range of 300-1600 nm when the tip edges and different
filling media in structure are taken into account. The highly sensitive optical performances give
us a qualitative idea of the geometrical and material properties of the periodic array of bowtieshape MNP pairs on SPRs that can be as a promising candidate for plasmonic biosensor
applications.

1. Introduction
The surface plasmon resonances (SPRs) arising from noble metal nanoparticles (MNPs) (e.g., gold or
silver) are highly attractive due to their diverse application in nanophotonic field [1-7]. These MNPs
mainly can be applied to sense the biological nanoparticles [1]. Tunable peak resonance wavelength
(λres) can be manipulated by dimensions, aspects and the surrounding media of MNPs [2]. Recently,
several numerical and experimental works on single or a pair of MNPs has been investigated and the
tunable plasmonic effects can be found in the scattering and absorption spectra [3-5]. Dramatic SPR
modes are excited at the extremity of the finite chain of MNPs [6]. These results correspond to the
surface enhanced Raman scattering by molecules adsorbed on MNPs, which can be applied in
plasmonic biosensors [7].
The periodic array of bowtie-shape MNP pairs can be served as plasmonic orientation sensors due
to its strong gap enhancement capabilities. Several studies regarding on single or dimer rod-shape
MNPs have already demonstrated the rich variety of optical properties [3-5], but rarely deal with the
periodic array of bowtie-shape MNP pairs. The optical properties of the periodic array of bowtie-shape
MNP pairs with different filling media and structural aspects are still not very clearly understood. This
periodic array of bowtie-shape MNP pairs could open up the more challenge to explore the plasmonic
effect of the dipolar and cavity plasmon on the near field intensity spectra. This includes a closer study
of the influences of the distribution of electric field (E-field) intensities and charge density
distributions on the periodic array of bowtie-shape MNP pairs. In this paper, a design strategy to
obtain tunable mode field enhancement in the nanoscale focal spots of a 2-D periodic array of bowtieshape MNP pairs is investigated. The unit cell of the proposed structure is composed of a pair of
identical bowtie-shape silver (Ag) with filling dielectric constants (ԑ) in the structural arms. The
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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influence of its structural and material parameters on the MNP resonance conditions will be examined
and compared to their solid case of counterpart. Numerical simulations are performed by using the 3-D
finite element method (FEM) of Maxwell’s equations. It would be desirable to tune the λres of these
SPR modes to allow the near field intensity spectra to be broadened without changing the outer
dimension of MNPs, but it allows for the change of filling media and tip edges in the structures.
2. Simulation method
In the numerical simulations, Ag MNPs described by permittivity data in Ref. [8] was considered. The
simulation models are shown in Figure 1(a)-(c), i.e., (a) truncate view of a 2-D periodic array of
bowtie-shape MNP pairs, (b) a unit cell of a solid bowtie-shape MNP pair and (c) a unit cell of a
dielectric-hole (DH) bowtie-shape MNP pair. The parameters used in the simulations are listed in the
inset of Figure 1. Referring to Figure 1, x, P and g are the length of a bowtie-shape MNP pair, period
length (Px along x-axis and Py along y-axis) and gap distance between two adjacent bowtie-shape
MNPs, respectively. For duplicating the periodic array structures, the 2-D arrays are obtained from the
unit cell by using periodic boundary conditions (PBC) along the x- and y-axes and the scattering
boundary conditions along the electromagnetic (EM) wave propagation direction [7], i.e. the z-axis.
The incident EM waves were performed by fixing at |E0|=1V/m and the simulation models are
illuminated by normal incidence EM wave with x-polarization (or transverse polarization).

Figure 1. Schematic plot of simulation models.
3. Results and discussion
Figure 2 shows the near field intensity spectra (Figure 2(a)-(c)), E-field), electric field (E-field)
intensity distribution (Figure 2 (d)) and surface charge densities (Figure 2 (e)-(f)) of a solid bowtieshape MNP case and DH bowtie-shape MNP cases with various core media (ԑ) and shell thickness (t).
The λres of the transverse modes are changed upon varying the core dielectric constant (1<ԑ<5, in step
of 1). The simulated near field intensity spectra obtained at various ԑ show a red shift of λres position
with the increasing of ԑ [7], which can be used for the biosensor applications. The sensitivity is related
to the spectral position of the MNP resonance and the hybridization of the SPR and core medium
effects in cavities [9, 10]. The E-field in MNP gap reaches a peak value at which the Fabry-Perot
resonance condition is satisfied [11]. By tailoring the E-field intensity in the MNP gap and core
regions, the sensitive operations can be produced from the MNP gaps, making the DH suitable for
probing a small number of atoms or molecules localized in the gap and core regions [7, 12, 13]. This
finding will be beneficial to the application for single molecule analysis [14].
Next, we use the shell thickness (5<t<15 nm), as a tuning parameter and an evident difference on
optical properties is observed among the two cases. It can be observed that the resonance peaks in t=5
nm case occur in the wavelength range of 350~550 nm and 675~860 nm at different filling ԑ in DHs,
and the λres redshift and decrease as the filling ԑ in DHs is increased. For the case of t=10 nm (Figure
2(b)), the resonance peaks are shrunk in the wavelength range of 375~450 nm and 550~690 nm at
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different filling ԑ in DHs, and the λres redshift and decrease as the filling ԑ in DHs is increased. It is
worthy to note that there are two resonances in bowtie-shape MNP DH cases, i.e., the first one λres is
due to high frequency (short wavelength) oscillation between MNP and incident light [7] and the
second one results from the interaction of the two identical MNPs (corresponding to structure
resonance) and core medium effect (corresponding to cavity resonances) [15]. In addition, it can be
found that when MNP shell thickness is thicker (t=15 nm, Figure 2(c)), the λres will be shrunk to a
shorter wavelength range and their performance is similar to the solid bowtie-shape MNP case, which
is due to the shell thickness approaching the bulk Ag mean free path.

Figure 2. (a)-(c) Near field intensity spectra, (d) E-field intensity distribution and (e)-(f) surface
charge densities of a solid bowtie-shape MNP case and the bowtie-shape DH MNP cases with various
filling media (ԑ) and shell thickness (t).

95

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012016 doi:10.1088/1757-899X/191/1/012016
1234567890

Likewise, regarding the E-field intensity distribution (Figure 2 (d)), the corresponding charge
distributions in two cases are depicted in Figure 2(e)-(h), respectively. The charge distributions on the
edge surface of MNPs obtained from the DH cases are larger than those of the solid one. This is
because of the hybridization of the void plasmon and liner localized SPR effects [16], namely, both the
SPR and cavity modes can be found in the DH cases. It is evident that the local field enhancement can
be found on the inner and outer surface of the bowtie-shape MNP DH cases (Figure 2 (d)).
Finally, the E-field enhancement arising from the tip edge will be included in the simulations and
the width of tip edge length (w) of 10 nm is considered. The simulation model is depicted in the inset
of Figure 3. Figure 3 suggests that we have found that the combination of tip edges and the change of
filling ԑ can significantly tune the λres in the considered bowtie-shape MNP DH cases while the outer
dimension of MNP structure is kept constant. The near field intensity distributions on the inner and
outer surface of MNPs show a field enhancement on the surface of tip edges (see the inset of Figure 3).
It is evident from Figure 3 that the λres can be extended in a full wavelength range of 300-1600 nm and
this phenomenon cannot be found in the solid case and the bowtie-shape MNP DH cases without tip
edges (Figure 2(a)-(c)). It can be attributed to the combination of coupling effects among the incident
EM waves, gap regions, core media (ԑ) and MNP tip edges connecting them is preferable for the
positive-negative charge pair excitation on the surface of MNPs [17]. Besides, the coupling effect
between two tip apices of MNPs results in edge enhancement in the gap region [18, 19]. Such gap
enhancement and environmental sensitivity of the plasmons holds great potential for monitoring local
environmental changes during chemical or biological processes. These results may have significant
implications for the optimal application of the plasmonic MNP arrays based biosensor configurations.

Figure 3. Near field intensity spectra arising from the combination of tip edge and filling core media
in the solid bow-tie MNP case and the DH bowtie-shape MNP cases.
4. Conclusion
In conclusion, the purpose of this study is to understand and develop more efficient MNPs for
plasmonic biosensor applications. In this paper, the periodic array of bowtie-shape DH MNP pairs
which unit cell is composed of two identical nanometals with the filling media and tip edges by using
the 3D FEM have been investigated. The tunable and sensitive SPR modes are observed. Simulation
results show that the resonant wavelength of the proposed structure can be dramatically tuned over a
broad spectral by considering the filling media and introducing the tip edges in the structures
simultaneously. This phenomenon cannot be found in the cases without the core-shell and tip edges in
structures. The proposed structure promises applications in single molecule surface enhanced Raman
spectroscopy (SERS) and plasmonic biosensor owing to its high local field enhancements and large
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scale manufacturability. In the near future, further experimental works related to the proposed
structure will be performed to demonstrate the results in this work more convincing.
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Abstract. This paper presents an arc broadband piezoelectric composite vibrator and its
transducer array. The arc broadband piezoelectric composite vibrator was fabricated by 1-3
piezoelectric composite with matching layer and was prepared by the curved forming process.
The vibration characteristics of a new vibrator were simulated via finite element analysis (FEA)
and investigated by experiment. First, the acoustic impedance and thickness of the optimized
matching layer were determined by theoretical analysis. Second, the arc piezoelectric vibrator
was modeled and simulated in air conditions by the FEA method, and the variation law of
resonant frequency was analyzed. Finally, the fabrication process of the arc broadband
piezoelectric composite vibrator and its transducer array was studied, and the experimental
sample was fabricated and measured. The bandwidth of the arc broadband transducer array was
found to be up to 56.5 kHz. Results show that the experimental results were in accordance with
the simulation results and have good directivity to realize the purpose of bandwidth and beam
expansion.

1. Introduction
The multi-beam image sonar can detect, image, and recognize underwater targets and can be applied
in underwater engineering, shallow landform mapping, and frogman operations [1, 2]. In practical
applications, to obtain a large scope of observation, the transmitting transducer needs to have a wide
beam and a high sound-source level and is generally used as an arc transducer. In addition, owing to
the wide application of the transducer array, its signal processing system requires the transducer to
have not only consistency but also a wideband characteristic. Thus, research on broadband technology
has become the frontier field of underwater transducers, which can be summed up into two methods to
expand the bandwidth. The first method reduces the mechanical quality factor of sensitive material.
The most commonly used method adds flexible polymer into conventional piezoelectric ceramic,
thereby increasing material consumption and reducing the Q value, such as the piezoelectric composite
[3, 4]. The second method expands the bandwidth using modal coupling [5, 6]. A specific
implementation method adds the matching layer to the surface of sensitive material. In response to
these urgent needs, vigorous studies have been used to broaden the bandwidth of transducers. Some
researchers have achieved remarkable results.
Liu Zhenjun et al. [7] proposed high-frequency underwater transducer curved arrays to improve the
transmission voltage response and eliminate the coupling of the vibration mode of the length direction.
The transmitting transducer adopted 1-3 piezoelectric composite. Receiver curved array consists of
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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181 elements. The transmitting voltage response reaches 161.4 dB, which is –3 dB bandwidth greater
than 60 kHz. The sound-source level is up to 206 dB, and the receiver array sensitivity is
approximately –197 dB. Benjamin [8] used 1-3 piezoelectric composite to fabricate doubly curved 2D
conformal array and placed it in an acoustic test tank. The receiving voltage response is –174 dB for a
selected element within the larger side-facing array.
Arc transducer array on the curved forming process requirements is relatively high and requires
research focus. To expand the bandwidth and beam angle of the transducer, the multi-element arc
piezoelectric vibrator base on 1-3 piezoelectric composite with matching layer is presented in this
paper.
2. Design of multi-element arc composite piezoelectric vibrator
2.1. Structure of multi-element arc composite piezoelectric vibrator
According to the aforementioned method, the structure model of this design is proposed, as shown in
figure 1. The 1-3 piezoelectric composite is selected as the sensitive material. Then, the matching layer
is added to the surface of composites to fabricate the piezoelectric vibrator, and the 5-element arc
piezoelectric composite array was prepared by the curved forming process to achieve the wide-band
and wide-beam effect of the transducer. In figure 1, the A material is piezoelectric ceramic PZT-4; the
B material is epoxy resin; the C material is the matching layer, which is formed by aluminum powder
mixed into epoxy resin; the D material is silicone rubber, which is the decoupling material between the
elements; h is the thickness of the piezoelectric composite; t is the thickness of the matching layer; and
w is the thickness of the silicone rubber between the elements.

Figure 1. Structure diagram of arc vibrator base on
piezoelectric composites

Figure 2. Directivity calculation results of
5-element arc piezoelectric vibrator

2.2. Directivity properties of multi-element arc composite piezoelectric vibrator
The directivity of the piezoelectric vibrator is one of the most important indicators in the design of
transducer, and its directivity determines the beam angle of the transducer. The far-field directivity is
classified into horizontal and vertical. The vertical directivity [9] of the multi-element arc piezoelectric
vibrator array can be calculated according to the linear array directivity in equation (1), and the
horizontal directivity [9] is calculated according to the circular array directivity in equation (2).
D( ) 

l
sin  )

l
sin 


sin(

(1)

In equation (1), l represents the vertical height of the radiating surface and  represents the
wavelength of the transducer in water.
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In equation (2), 2m  1 denotes the number of elements, d denotes the center distance of the
element, r denotes the radius of the arc radiating surface, and  denotes the round central angle
corresponding to a single element. The horizontal directivity of the arc array is mainly determined by
the parameters such as frequency (wavelength), radiating surface radius, and its corresponding round
central angle.
In this study, the horizontal and vertical directivities of the transducer are calculated using
MATLAB. For the transducer design with a center frequency of 100 kHz, a 5-element arc
piezoelectric composite array with radius r = 300 mm,  = 1°, and l = 73.6 mm was selected.
The horizontal and vertical directivities at f = 100 kHz are calculated using equations (1) and (2), as
indicated in figure 2, which shows a normalized graph in which the vertical directivity –3 dB opening
angle is 10° and horizontal directivity –3 dB opening angle is 25°.
3. Finite element simulation
The commercial finite element simulation package ANSYS was used to model mainly the
piezoelectric vibrator harmonic response analysis and modal analysis. First, the model of one array
element is established and the matching layer is added to the surface of sensitive material. By
adjusting the thickness and sound velocity of the matching layer, the dual-mode vibration can be
induced between the composite layer and the matching layer so that the transducer bandwidth can be
extended. The matching layer parameters can be obtained by theoretical analysis. Second, the ANSYS
software was used to establish the model of the 5-element piezoelectric composite vibrator in the air,
and the resonant frequency of the multi-element vibrator and admittance variation were studied.
3.1. Finite element simulation of piezoelectric composites
To widen the bandwidth of the transducer, this study uses the method of adding the matching layer on
the surface of the 1-3 piezoelectric composite. In figure 3, the piezoelectric vibrator model PZT-4 is
chosen as the piezoelectric material, epoxy resin is filled between the piezoelectric pillars, l is the
length of the element, a is the width of the element, h is the thickness of the element, and t is the
thickness of the matching layer.

(a)

(b)

Figure 3. Piezoelectric vibrator structure diagram: (a) no matching layer, and (b) with matching layer
3.1.1. Finite element simulation of piezoelectric composites without matching layer. First, the
harmonic response characteristics of the element are simulated in air. The structural parameters of the
piezoelectric vibrator in figure 3(a) are as follows: width a = 6.4 mm, thickness h = 15 mm, and length
l = 73.6 mm. The ceramic column width is 1.6 mm, the epoxy resin column width is 0.8 mm, and the
ceramic volume percentage is 44.4%. The relationship among the conductance amplitude, conductance
phase angle, and frequency of the piezoelectric vibrator can be obtained by simulation, as shown in
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figure 4, where point A corresponds to the resonant frequency (f1 = 98 kHz) of the composite element
and point B corresponds to the anti-resonant frequency (f2 = 121 kHz) of the composite element.
3.1.2. Design of matching layer. In this paper, the matching layer acoustic impedance characteristic
and impedance matching are discussed, and the parameters of the matching layer are designed. The
aluminum powder was used as filler, epoxy resin as toughening agent, and curing agent as a matrix to
fabricate the matching layer.

(a)

(b)

Figure 4. In the air: (a) conductance amplitude curve, and (b) conductance phase-angle curve
According to the theory of total transmission when the acoustic wave propagates in the medium,
the acoustic impedance and thickness of the matching layer are obtained when the acoustic matching
is satisfied, where the optimum matching layer thickness in theory is equal to a quarter of wavelength.
(1) Characteristic acoustic impedance of matching layer
The characteristic acoustic impedance of the medium is the main parameter to characterize the
acoustic properties of the medium. Here, the formula for the acoustic impedance of the medium is
introduced [10]. The impedance of the matching layer is Z , as shown in the following equation:
Z  c ,
(3)
where  is the matching layer density and c is the propagation velocity of the sound in the
matching layer.
(2) Preparation of matching layer
A matching layer was prepared and measured. In this study, the measurement of the matching layer
density  can be used to determine the measurement result according to the ratio between mass and
volume. The acoustic impedance of the matching layer is measured mainly by ultrasonic method. The
time between two echoes is measured by digital ultrasonic flaw detector echograph 1095, and then a
Vernier caliper is used to measure the thickness of the sample to calculate the speed of sound c of
the matching layer. The final matching layer acoustic impedance Z can be calculated by equation (3).
The specific parameters of the matching layer are shown in Table 1.
Table 1. Parameters of matching layer
Mass fraction of
aluminum powder
(%)
10%
30%
45%
60%

Matching layer
density (kg/m3)
1272
1383
1560
1732

Matching layer
sound velocity
(m/s)
2496
2826
2942
3118
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Matching layer
Matching layer
acoustic impedance thickness (mm)
(MRayl)
3.2
6.4
3.9
7.2
4.6
7.5
5.1
8.0
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(3) Acoustic impedance matching of matching layer
According to the traditional theory of acoustic impedance matching requirements, the matching layer
of acoustic impedance is between the piezoelectric composite and the water [11]. The acoustic
impedance of the piezoelectric composite and water load is Z 3 and Z 0 , respectively. The theoretical
formula for the acoustic impedance of the matching layer is
Z  Z3  Z0 ,
(4)
where the acoustic impedance Z 3 of the piezoelectric composite can be expressed as follows:
Z 3  3  c3  ( 1v1  2 v2 )  (2 f 2  h) ,
(5)
where 1 = 7500 kg/m3 is the density of the piezoelectric ceramic PZT-4; 2 = 1050 kg/m3 is the
epoxy resin density; v1 = 44.4% and v2 = 55.6% are the ceramic volume percentage and epoxy resin
volume percentage, respectively; f2 = 121 kHz is the anti-resonant frequency of the piezoelectric
composite; and h = 15 mm is the thickness of the composite. These values were substituted into
equation (5), where the acoustic impedance of the piezoelectric composite is calculated to be 14.2
MRayl and the acoustic impedance of the water load is 1.5 MRayl. Then, by equation (4), the acoustic
impedance of the matching layer was calculated as 4.6 MRayl. As shown, the theoretical impedance of
the matching layer is exactly the corresponding value when the mass fraction of the matching layer of
aluminum powder in Table 1 is 45%. Thus, the optimized matching layer parameters are determined
as follows: the mass fraction of aluminum powder is 45%, acoustic impedance is 4.6 MRayl, and
matching layer thickness is 7.5 mm.
3.2. Finite element simulation of multi-element arc piezoelectric composite vibrator
The matching layer parameters have been determined by the preceding work. The piezoelectric
composite model with matching layer as shown in figure 3(b) is established, and the array elements
are gradually added. The modal analysis and harmonic response analysis were conducted by ANSYS
software. Moreover, the admittance changes of the arc-shaped piezoelectric composites were observed
when the number of elements changed from 1 to 5. The model diagram of the 5-element arc
piezoelectric composite vibrator is shown in figure 5(a), where the array element is filled with silicone
rubber material. The vibration mode as shown in figure 5(b) shows that the thickness of the vibration
mode state is relatively pure.

(a)

(b)

Figure 5. 5-element piezoelectric composites in air: (a) model diagram and (b) vibration mode
diagram
The conductance curve is shown in figure 6. Through the preliminary simulation, two resonant
peaks appeared due to the matching layer, which is in agreement with the theory. The frequency
spacing and conductance difference of the two resonant peaks directly affect the coupling effect when
it is under water.
As shown in figure 6, with the increase in the number of array elements, arc piezoelectric
composite vibrator conductance value also increases linearly. The differences of the first and second
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resonant peak conductance values of the piezoelectric vibrator increasing with a different number of
array elements are less than 0.5 and 0.23 mS, respectively, which is due to the parallel relationship
between the array elements. When the number of array elements increases, the impedance of the
piezoelectric vibrator decreases. As a result, the conductance value increases. Each array element is
the same, so the admittance changes are also similar. The specific changes are shown in Table 2.

Figure 6. Frequency–conductance curves of different number of array elements
Table 2. Variation of resonant peak of piezoelectric vibrator with different number of array elements
Numbe Resonant
Resonant
Conductance Difference of Conductance of
second
r of frequency of frequency of
of first
conductance
elemen first resonant second resonant resonant peak between the resonant peak
(mS)
t
peak (kHz)
peak (kHz)
(mS)
two elements
(mS)
0.56
\
0.21
75
123
1
74
122
1.03
0.47
0.44
2
74
122
1.39
0.36
0.67
3
74
122
1.78
0.39
0.90
4
73
122
2.18
0.4
1.14
5

Difference of
conductance
between two
elements (mS)
\
0.23
0.23
0.23
0.24

4. Experimental measurement
4.1. Fabrication and measurement of multi-element arc piezoelectric composite vibrator
To verify the results of the finite element analysis, the piezoelectric vibrators with the same structure
as the simulation are fabricated in this study. The fabrication process is as follows: The ceramic is cut
and then filled with epoxy. The electrode is covered with silver paste. The matching layer is added.
Secondary cut is performed. The silicone rubber is filled. Finally, the arc type mold is added.
The flow chart is shown in figure 7. The selected ceramic material is a PZT-4-type piezoelectric
ceramic. The thickness of ceramic is 15 mm, the width is 36 mm, and the length is 73.6 mm.
First, the piezoelectric vibrator was measured in air. Their resonant frequencies are measured by an
impedance analyzer (Agilent 4294A). The conductance curves are shown in figure 8. The resonant
frequencies of the composites with one to five array elements are measured, and the conductance
increases with the increase in the number of array elements, which is consistent with the simulation
results. The dashed line in the figure shows the simulation curve of the 5-element arc composite
vibrator. The simulation and experimental results fit well, and the fluctuation between the simulation
conductance and experimental conductance is less than 0.4 mS. The two resonant peaks of simulation
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conductance curve appeared as 73 and 122 kHz, whereas the two resonant peaks of the experimental
conductance curve are 73.8 and 117.6 kHz, respectively; the reason is that the parameters of the
piezoelectric ceramics in the simulation have certain inconsistencies with the actual parameters.

Figure 7. Fabrication flow chart of multi-element arc piezoelectric composite vibrator

Figure 8. Comparison of simulation and experimental results of conductance curves
4.2. Fabrication and measurement of transducer
The 5-element arc piezoelectric vibrators with matching layer are then made into transducers. The
structure is shown in figure 9. One end of the arc piezoelectric vibrator is designed with one
sound-absorbing layer, which is made of rigid foam, and the other end is used as the emitting surface
to emit sound waves. Then, polyurethane was poured and used as waterproof layer.
The transmitting voltage curves of the transducers can be obtained by the underwater acoustic
measurement system. The transducer arrays with 1-, 3-, and 5-array elements were measured. The test
results are shown in Table 3 and figure 10.
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Figure 9. Schematic of transducer structure
Table 3. Performance parameters of transducer
Number of
elements

Largest transmitting voltage response
(dB)

Transmitting voltage response bandwidth
(kHz)

1
3
5

148.5
150.5
151.3

56.5
54
56.5

(a)

(b)

Figure 10. Multi-element transducer array: (a) transmitting voltage response curves and (b) directivity
curves
As shown in figure 10 (a), the value of the transmitting voltage response increases as the number of
array elements increases. As the number of array elements increases from 1 to 5, the transmitting
voltage response increases by about 3 dB because the sound pressure at each point in the sound field is
the superposition of the sound pressure generated by each array element, and the increase in the
number of array elements causes the increase of the sound pressure to realize the increase of the
transmission voltage response. The matching layer was then added to achieve the expansion
bandwidth, where –3 dB bandwidth reached 56.5 kHz.
The directivity of the far field of the piezoelectric vibrator directly determines the wave beam angle
of the transducer. Figure 10 (b) presents the horizontal directivity curve and vertical directivity curve
of the 5-element transducer array at the center frequency (f = 95 kHz), where the vertical directivity –3
dB opening angle is 9° and the horizontal directivity –3 dB opening angle is 20°. Compared with the
theoretical results, the vertical directivity of the opening angle is basically the same. The horizontal
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directivity opening angle decreased slightly because one end of the arc transducer array is a rigid foam
backing and the other end is polyurethane, thereby affecting the propagation of the wave beam and
resulting in a decrease in the directivity opening angle.
5. Conclusions
In this study, the 5-element arc broadband piezoelectric composite vibrator and its transducer array
were designed and fabricated using the matching principle and curved forming process. First, the
optimized parameters of the matching layer and the directivity of the transducer were calculated
theoretically. Then, the resonant frequency of the 5-element arc piezoelectric composite vibrator was
analyzed using the finite element software ANSYS. Finally, we conducted an experiment for
verification. The results show that the experimental results agree well with the theoretical and
simulation results. The transmitting voltage response of the 5-element arc transducer array reaches
151.3 dB, the bandwidth of the transducer is up to 56.5 kHz, the vertical directivity of the –3 dB
opening angle is 9°, and the horizontal directivity –3 dB opening angle is 20°.
In the future we will expect to study 10-element and 44-element arc broadband piezoelectric
composite vibrator and its transducer array, and study the characteristics of broadband and wide beam.
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Abstract. Li0.4-0.5xZn0.2NixFe2.4-0.5xO4 ferrites where 0.02 ≤ x ≤ 0.1 in steps of 0.02 have been
synthesized by citrate precursor method. The samples were given final sintering at 1040oC
after a pre-firing at a temperature of 650oC. Various characterizations using T C set up, BH loop
tracer were carried out on the sintered samples. The X-ray diffraction pattern confirmed the
formation of spinel phase. Magnetic properties such as Curie temperature using TC set up, BH
loop parameter and complex permeability using BH loop tracer were studied. Experimental
results show that the Curie temperature, saturation magnetization and initial permeability
decreases with the increase in the Ni2+ concentration. The complex permeability measured as a
function of frequency in the range of 20Hz-2MHz show dispersion. Possible mechanism
contributing to the above process is being discussed.

1. Introduction
Ferrites had been studied by many workers because of the varied technological application. They are
found to be used from microwave to radio frequency ranges, due to their characteristic magnetic
properties [1-2]. The magnetic properties of ferrites depend upon various factors like the type of
substitutions, synthesis method and the sintering temperature. Substituents play an important role in
modifying the properties of basic lithium ferrites and various workers reported that Ni substitution
enhances the densification which results in change in the magnetic properties [3-5]. Considering the
synthesis method the chemical method known as the citrate precursor method gives samples at low
temperature with high purity. However, the densification is less. On the other hand it is learnt that in
magnetic applications, a high sintered density, high purity with lesser pores is in demand while
fabricating a ceramic material. Therefore a double sintering process is subjected further which is
expected to give more densification in addition to the effect of Ni substitution and hence a change in
their various properties like Curie temp., BH loop properties complex permeability, dielectric constant,
resistivity etc. The study of high curie temperature, high magnetization, permeability gives valuable
information regarding the domain response paving way to technical application like microwave device,
memory core application etc. Useful frequency range of ferrite is limited by the onset of resonance
phenomena for which either the permeability begins to fall at a critical frequency or the losses rise
sharply. Hence knowledge of frequency dependence of permeability and permeability loss is also
necessary.
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In the present work citrate precursor method has been used to prepare LiZnNi ferrite. The sample
was further given double sintering and investigation is being carried out on the magnetic properties
such as Curie temperature, BH loop parameter, complex permeability etc.
2. Experiment
2.1. Material synthesis
Nickel substituted lithium zinc ferrites with compositional formula Li0.4-0.5xZn0.2Nix Fe2.4-0.5xO4 where
x=0.02 ≤ x ≤ 0.1 in steps of 0.02 were prepared by the citrate precursor method. The starting
chemicals used were lithium nitrate LiNO3 (Merck Germany), zinc nitrate hexahydrate Zn (NO3).
6H2O (Merck India), iron (III).6H2O nitrate nonahydrates Fe(NO3).9H2O (Merck India), nickel(II)
nitrate hexahydrate Ni(NO3)2. 6H2O(Merck India) and citric acid monohydrates C6H8O7.
Stoichiometric amount of lithium nitrate, zinc nitrate, iron nitrate, nickel nitrate and citric acid. were
mixed to make a solution. The ratio of metal cations to citric acid is 1:1. The solution was mixed
homogenously with the help of a magnetic stirrer using a magnetic agitator and the value of PH was
controlled at 7. The PH controlled solution was refluxed at 40°C with continuous stirring for half an
hour. It was then heated at 100°C to form a gel. Finally the dried gel ignite, undergoing a strong auto
combustion process giving rise to the ash-synthesized product which is the typical spinel structured
LiZnNi ferrite powder. These powder were mixed with polyvinyl alcohol as binder and pressed into
torroids with 50 kilo Newton pressure. Final sintering was given to the pressed torropids at 1040OC
after pre sintering at 650oC.
2.2. Characterizations
The phase identification of the sintered samples were performed using X-ray diffractometer (Phillips)
with CuKα radiation (λ=1.5405 Aº). Curie temperature was measured using Soohoo’s method [6].
Saturation magnetization, and coercivity was determined from BH hysteresis loops measured using
BH loop tracer (Ferrites India). Complex initial permeability as a function of composition and
frequency (20Hz- 2MHz) were carried out. Inductance (L) and the corresponding loss factor tanδ of
the sintered toroids were measured in the frequency range of 20Hz – 2MHz using a precision LCR
meter E4980A. The measured inductance was used to calculate the initial permeability µi = L/Lo where
L is the measured inductance and Lo is the air core inductance calculated using the relation,
(1)
where N is the number of turns of the coil (N=70), h is the thickness, OD is the outer diameter and ID
is the inner diameter of the toroidal specimen.
3. Results and discussion
XRD pattern was used to confirm the spinel phase structure of the Li 0.4-0.5xZn0.2NixFe2.4-0.5xO4 ferrite
sample (figure. 1, x=0.08). The diffraction pattern shows peak which corresponds to the lattice plane
of (220), (311), (420), (422), (511), (440) spinel structure of LiZnNi ferrite. All the peaks could be
indexed to the standard pattern reported by the Joint Committee on Powder Diffraction Standards
(JCPDS). There is no extra peak observed showing that there is no impurity present.
Magnetic studies such as Curie temperature, saturation magnetization, retentivity coercivity and
complex permeability was carried out. Soohoo’s method was used to determine the Curie temperature
[6]. The variation of the Curie temperature (TC) with Ni concentration, show a decreasing trend (table
1).
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Figure 1. XRD pattern for x=0.08 of Li0.4-0.5xZn0.2NixFe2.4-0.5xO4.
Table 1. Curie temp. B-H loop parameters and initial permeability of Li0.4-0.5xZn0.2NixFe2.4-0.5xO4
Conc.(x)
Curie
Sat. mag.
Retentivity
Coercivity (Oe) Initial
temp.
permeability
(Gs)
(Gs)
(oC)
0.02(0.78%) 560
2162
1927
6.852
4.1
0.04(1.55%)

551

1160

842

7.420

3.8

0.06(2.32%)

543

1915

1571

7.112

3.7

0.08(3.09%)

530

1751

1466

6.824

2.7

0.1(3.85%)

527

1544

1155

7.917

2.2

This can be understood in terms of the magnetic super exchange interaction proposed by Neel
which has a direct relation with the Curie temperature. According to this model the intersublattice AB
super exchange interaction dominates over the intrasublattice AA and BB superexchange interactions.

The strength of this A-B interaction is determined by the number of linkages Fe3A  O2  Fe3B per
formula unit and the overall strength of this linkage determines the Curie temperature of the ferrite
samples [7]. For the present series of ferrites the cationic expression is expressed
as ( Zn 0.2 Fe 0.8 )Li 0.40.5 x Ni x Fe1.60.5 x O 4 . The magnetic Fe3+ ions are being replaced by less magnetic


Ni2+ ions and hence with progressive substitution of Ni2+ ion the number of active Fe3A  O2  Fe3B
linkage decreases, thereby weakening the AB superexchange interaction. Hence the thermal energy
required to offset the spin alignment decreases leading to decrease in the Curie temperature as was
observed [7-8].
Figure 2 shows the BH hysteresis loop and table 1 gives the hysteresis loop parameter such as
saturation magnetization, retentivity, coercivity of the samples. Experimental result shows a decrease
in the saturation magnetization with the increases in Ni2+ concentration. These variation can be
explained by considering the Neel’s molecular field model and the cationic distribution as has been
discussed earlier. According to Neels model AB superexchange interaction having the most favourable
A-O-B angle of about 125o dominates over intrasublattice AA and BB interaction. Therefore the net
magnetization is given by the vector sum of the magnetization of the two sublattices MA andMB . In
the present ferrite samples Ni2+ ions have strong preference for the B site and Fe3+ ions partially
occupy the A and B sites. The resultant magnetization, M is the difference of the magnetizations MB
and MA of the B and A sublattices respectively. The cation distribution can be written as (Zn 0.2Fe0.8)A
[Li0.4-0.5xFe1.6-0.5xNix]B O4 where parenthesis and square bracket represent tetrahedral (A) and
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octahedral(B) sites respectively. As Li1+ and Zn2+ is non-magnetic it doesn’t contribute so, Ni2+ and
Fe3+ only gives effect on net magnetisation. The magnetic moment of Ni2+is 2µB and that of Fe3+ is 5µB,
therefore, the net magnetisation becomes (8-2.5x+2)-4 =6-2.5x [3,17-18].Consequently, Ms values will
decrease and was observed experimentally. However the drastic decrease for Ni=0.04 needs
investigation as saturation magnetization depend on several parameters.
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Figure 2. B-H loop for Li0.4-0.5xZn0.2NixFe2.4-0.5xO4.
The variation of the value of retentivity with increasing Ni concentration also decreases which can
be explained in relation to grain size which is known to be inversely proportional to retentively. It was
reported in our earlier work for single sintered LiZn Ni ferrite samples that Ni substitution increases
the grain size. [10]. However properties of hysteresis parameters are dependent on the various
microstructural properties like grain size, porosity, nature of pores etc. which are largely controlled by
sintering process. Hence it is difficult to attribute to a single factor and a detail investigation is
required.
Investigation on the variation of initial permeability as a function of concentration and frequency is
carried out. The complex permeability is given by,   i'  ji'' where  i' is the real part of
permeability known as initial permeability and  'i' is the imaginary part of initial permeability known
as permeability loss. The initial permeability shows a decrease with increasing Ni 2+ion concentration
(table 1). The permeability mechanism can be explained in terms of domain wall displacement and
rotation of spins in each domain and is found to be dependent on square of the saturation
magnetization, ionic distribution, microstructure like grain size, density, such as magneto anisotropy
etc. [9-12]. In the present study the saturation magnetization decreases with addition of Ni and the
observed overall decreased in the value of initial permeability is expected.
The frequency variation of initial permeability showed dispersion at low frequency, (figure.3a) and
becomes nearly constant at higher frequencies. At low frequency, changes of the magnetization
direction occur by the motion of domain walls, so that a domain oriented in the direction of the applied
field grows at the expense of its neighbours, which are oriented in different direction. As the frequency
increases the domain wall is unable to move sufficiently rapidly to follow the alternating field. The
overall magnetization vector does not follow the applied field hence accounting for the low value of
permeability. The occurrence of resonance at still higher frequency was reported by other workers
which was not observed in the present investigation as frequency ranges of the LCR meter being 20Hz
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– 2MHz [13]. However the frequency limit up to which the material can be used in a device is given
by resonance frequency. This gives us knowledge that the sample can be used for high frequency
application.
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Figure 3. (a) Variation of initial permeability with frequency for Li0.4-0.5xZn0.2NixFe2.4-0.5xO4
(b) Variation of permeability loss with frequency for Li0.4-0.5xZn0.2NixFe2.4-0.5xO4.
Figure 3(b) shows the permeability loss as a function of frequency. It show dispersion and at higher
frequencies the value becomes small and nearly constant. The loss observed may be due to a lag of the
motion of the domain walls which may be attributed to the imperfections in the crystal structure.
4. Conclusion
Ni substituted LiZn ferrite was synthesized by citrate precursor method. XRD confirms the spinel
phase structure of the sample. Experimental results show a decrease in Curie temperature, saturation
magnetization, retentivity, initial permeability with the increase in Ni 2+ concentration. Frequency
variation of initial permeability and permeability loss show dispersion. It is expected that resonance
for real part of complex permeability known as initial permeability might be occurring at higher
frequency beyond 2 MHz suggesting the sample may find application in higher frequency.
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Abstract. We investigate the phonon density of states in nonstoichiometric palladium hydrides
PdHx, in order to clarify the contribution of lattice vibrations to superconductivity. We employ
the Burger-MacLachlan model, which considers a one-dimensional triply-connected diatomic
chains with randomly distributed vacancies, focusing on the <111> direction in the rock-salt
lattice of PdHx. The phonon density of states is calculated by the forced oscillator method
suitable for random systems. We find that phonon modes at high frequencies change from
localized to collective modes with increasing x and the crossover stoichiometry is consistent
with that of the appearance of superconductivity. These results support the optical phonon
mechanism for superconductivity in PdHx.

1. Introduction
There has been considerable interest in palladium hydrides (PdHx) due to their potential applications
such as hydrogen storage since Graham discovered that palladium (Pd) absorbs hydrogen (H) [1]. In
addition, Skoskiewicz found that the system undergoes a transition to a superconducting state when
the stoichiometry x  H/Pd  0.81 [2]. Interestingly, the superconducting transition temperature Tc
increases up to 10 K as the stoichiometry x approaches 1 [3]. Thus, the system was considered a
promising candidate for a high temperature superconductor before the discovery of copper oxide
superconductors.
The mechanism of superconductivity in PdHx showing such relatively high Tc is believed to be the
Bardeen-Cooper-Schrieffer (BCS) theory [4] with optical phonons as the glue for the electrons [5]
since Tc is proportional to the associated phonon frequency
in the BCS framework given as
(1)
where
and are the Boltzmann constant and the reduced Planck constant, respectively.
and
are the electronic density of states at the Fermi surface and the coupling constant, respectively.
However, it is not clear whether optical phonon modes formed by the collective motion of a large
number of atoms exist in nonstoichiometric PdHx, which are random or inhomogeneous lattices,
because randomness conventionally prevents from emerging collective atomic motion. In this paper,
we study the competition between individual excitations and collective excitations in controlling the
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system’s randomness, i.e. stoichiometry and show the development of optical phonons from localized
phonon modes as the stoichiometry x increases.
2. The Burger-MacLachlan modek for PdHx
The crystal structure of palladium is a face-centered cubic (fcc) lattice. Hydrogen atoms adsorbed at
surface diffuse into the crystal and end up being randomly distributed in the octahedral interstices, i.e.
an interstitial site between six Pd sites in the fcc palladium lattice as shown in Fig.1. Thus, PdHx is
regarded as a disordered lattice. Here we employ the Burger-MacLachlan model [6] to calculate the
phonon density of states. In their model, PdHx is modelled by a one-dimensional diatomic chain
consisting of heavy atoms with mass mH and light atoms with mass mL, taking only the dominant
<111> direction into account [6,7,8]. The schematic diagrams for the model we employ here are
shown in Fig. 2. Heavy atoms and light atoms occupy odd sites and even sites, respectively. They are
connected to each other in the nearest-neighbor form for heavy-light pairs with force constant CHL and
the next-nearest-neighbor form for heavy-heavy and/or light-light pairs with force constants CH and CL,
respectively. Figure 2(a) shows a simple monatomic chain representing a pure palladium lattice (x =
0.00). Figure 2(b) shows a disordered random chain produced by the absorption of hydrogen atoms
randomly located at interstitials at an intermediate stoichiometry. Figure 2(c) represents a triplyconnected diatomic chain with fully occupied interstitial sites by hydrogens (x = 1.00).

Figure 1. The crystal structure of PdHx. Open circles and solid circles are palladium and hydrogen,
respectively. The arrow from (0,0,0) atom represents the [111] direction. The crystal is modelled by
one-dimensional diatomic chain taking only the dominant <111> direction.

Figure 2. Schematic diagrams of the Burger-MacLachlan model that is triply-connected diatomic
chains with randomly distributed vacancies. (a) Heavy atoms (depicted by open circles) occupy odd
sites regularly. (b) Light atoms (solid circles) are placed randomly in the even site. (c) The triplyconnected diatomic chains with the nearest neighbor and the next nearest neighbor atoms.
Here we summarize the analytical expression of the dispersion relation for x = 1.00, in order to
check the reliability of our numerical simulation. The equations of motion for the atoms on 2l+1th site
and 2lth site in the model shown in Figure 2(c) are given as
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(2)

and
(3)
where
and
are the displacement of the heavy atom and the light atom on the 2l+1th
site and 2lth site, respectively. The dispersion relation for the model shown in Figure 2(c) is given as
,
where we define
,
and
and
with
and
of atoms and the reduced mass, respectively. The ratio of
to M and
respectively. The phonon density of states
can be expressed as

(4)

. We also define
being the total mass
to M are
and ,

,

(5)

where
(6)
and
(7)
Here we also use
and
expressions for monatomic and diatomic chains when

. Equation (5) can be reduced to well-known
and
0, respectively.

3. Forced oscillator method
In the previous section, we obtained analytical formulae for the phonon density of states in specific
situations such as x = 0.00 and 1.00. However, there is no simple way to obtain similar expressions
analytically at intermediate values of the stoichiometry due to randomness. Therefore, we use a
numerical method for obtaining the phonon density of states.
In the numerical approach for lattice vibrations, the most essential part of the calculations is to find
the eigenvalues and eigenvectors of large matrices [9]. However, it is extremely difficult to find them
due to physical limitations of computers, e.g. memory resources, as the size of the matrices increases.
Therefore, alternative approaches are highly desirable.
Here, we employ the forced oscillator method (FOM) introduced by Williams and Maris [10] in
1985, and later developed by Yakubo and Nakayama [11,12,13] to calculate the phonon density of
states for disordered lattice vibrations. The method is based on resonance phenomena applying a
random external force to each atom at rest given by
,
(8)
where is a constant amplitude, the phase
and are a random variable with respect to the site
number l and a frequency of external force, respectively. These random forces compensate the
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randomness of the system by averaging over the entire system. In the FOM calculations, the phonon
density of states is given by
,

(9)

where
is the averaged total energy of the system after time T and is the total number of
atoms in the system. Thus, we can calculate the phonon density of states only from the time-averaged
energy for the forced vibrations without finding all eigenvalues and eigenvectors. Thus, the FOM is
suitable for analyzing the disordered system dealing with in the present study.
4. Numerical results
4.1. Parameters
In Fig. 3, we present the phonon density of states at various values of the stoichiometry calculated
from the FOM. In the FOM calculations, the number of lattice points was set to
. The
force constants that we used are
and
(
,
and
) estimated from the result of Rowe et al.
[14] based on neutron diffraction experiments. The mass ratio is
= 1/106 (
and
). The FOM solutions are represented as circles with a dashed
line, while theoretical solutions are depicted by solid lines shown in both Fig. 3 (a) for a monatomic
chain (x = 0.00) and (f) for a diatomic chain (x = 1.00). From those, one can easily identify acoustic
phonon modes at lower frequencies and optical phonon modes at higher frequencies. In addition, there
is no appreciable difference between the results of the analytical and FOM calculations. This
demonstrates the reliability of the FOM calculation.

Figure 3. The phonon density of states at various values of the stoichiometry x. The circles and dashed
line are FOM solutions, while the solid lines are the analytical solutions given in Eq. (5). The FOM
solutions in Fig. (a) and (f) are in good agreement with the analytical solutions.
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4.2. Numerical results
Let us observe the phonon spectra at intermediate stoichiometric ratios. At
(Fig. 3 (b)), some
peaks appear at high frequencies. These are due to localized lattice vibrations regarded as excitations
of individual light atoms. The number of peaks increases with increasing , with these peaks all lying
in the frequency range corresponding to optical phonons (see Fig. 3 (c) to (e)). Figure 4 shows the
density of states enlarged the optical phonon part at various values ranging from 0.60 to 1.00. A
large number of localized lattice vibrations are shifted to a collective motion of a large number of
atoms called optical phonon modes. These results imply that the optical phonon modes are developed
from localized lattice vibrations as increases.

Figure 4. Enlarged drawings of the optical phonon part in the phonon density of states at various
values of stoichiometry x ranging from 0.60 to 1.00. A large number of localized lattice vibrations are
shifted to a collective motion of a large number of atoms with increasing x.
4.3. Correlations
Now let us consider the crossover from localized lattice vibrations to optical phonon modes as a
function of . To evaluate how similar localized lattice vibrations
to optical phonon modes
at stoichiometry are, we introduce the correlation
defined as
.

(10)

There is no correlation if
, while perfect correlation if
. Figure 5 shows the
correlation as a function of . The circles are the calculated correlations and the solid line is a fitting
function
that is a 6th-order polynomial. The correlation first gradually increases at smaller
values. On the other hand, the correlation rapidly increases at large values. To see this dependence
more clearly, we take the derivative of correlations
in Fig. 6. This figure shows that
has two different positive slopes in the low stoichiometry range (dot line) and the high
stoichiometry range (dash-dotted line). The lower slope indicates the growth of localized phonon
modes, while the higher slope implies that of extended optical phonon modes. These distinct slopes
crossover at around
which is roughly consistent with the stoichiometry for the appearance of
superconductivity in PdHx.

Figure 5. The correlation function defined by Eq. (10) as a function of stoichiometry . The solid
line is the 6th order fitting function f(x).
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Figure 6. The derivative of correlations as a function of stoichiometry . There are two different
positive slopes, one for the localized phonon range (dotted line) and the other for the optical phonon
range (dash-dotted line).
5. Concluding remarks
The mechanism of superconductivity in nonstoichiometric PdHx has been hypothesized to be optical
phonon-mediated BCS theory. However, it is not clear how the disordered hydrogen atoms produce
the optical phonon modes. Therefore, we have investigated the phonon density of states in the triplyconnected diatomic chains with randomly distributed vacancies. The correlation
clearly unveiled
two types of lattice dynamics in nonstoichiometric palladium hydrides. This suggests that the localized
phonon modes transform into the optical phonon modes. In addition, we found that the crossover
stoichiometry is roughly consistent with that of the appearance of superconductivity. This supports the
existing optical phonon mechanisms for palladium hydrides. We will extend the one-dimensional
Burger-MacLachlan model to three-dimensional cases to confirm these results in more realistic
situations.
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Abstract. This paper presented a symmetric prismatic daylight collector to collect daylight for
the natural light illumination system. We analyzed the characteristics of the emerging light
when the parallel light beam illuminate on the horizontally placed symmetric prismatic
daylight collector. The ratio of the relative intensities of collected daylight that emerging from
each surface of the daylight collector shown that the ratio is varied with the incident angle
during a day. The simulation of the emerging light of the daylight collector shown that the ratio
of emerging light is varied with the tilted angle when sunshine illuminated on a symmetric
prismatic daylight collector which was not placed horizontally. The integration of normalized
intensity is also varied with the tilted angle. The symmetric prismatic daylight collector with
the benefits of reducing glare and dividing intensity of incident daylight, it is applicable to
using in the natural light illumination system and hybrid system for improving the efficiency of
utilizing of solar energy.

1. Introduction
Energy saving and using renewable energy are the most important issues of reducing energy
consumption and slow down the pace of global warming. The Energy Performance of Building
Directive highlights that the importance of reducing the emerging consumption in building [1]. And
the energy consumption by artificial lighting system is a major portion of the total energy consumption
in a building, it could account for 30% of the total electrical energy consumption in commercial
buildings [2]. Utilization of efficient artificial lighting, such as LED, can reduce the electrical energy
consumption [3-5]. An excellent design of interior natural light illumination would contribute to a
lower consumption of electrical energy [6].
Solar energy is one of the renewable energies that now providing the lowest cost options for
economic and community development in rural regions around the globe. Utilization of solar energy,
in addition to the use of solar cell by photovoltaic effect, and solar thermal application, indoor daylight
illumination is also an important access to solar energy. Due to the difficulty towards the full
implementation of renewable energy, energy saving is crucial for global development. The windows
of a building allow the penetration of daylight into a room for illumination; meanwhile, the energy
consumption of artificial lighting is reduced. However, the daylight glare probably cause
uncomfortable illumination. Kostantzos et al. study daylighting glare probability by simulation and
experiment with an HDR camera in office space with dynamic window shades [7]. The perceived level
of visual discomfort may vary with time of day, Altomonte et al. study the relationships between
visual task difficulty and glare response [8]. The possibility of visual discomfort is likely to arise due
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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to the uncontrolled daylighting. Fasi et al. investigated the energy and visual; performance for
different types of glazed windows, which including the impact of glare index and daylighting factor
[9]. Hee et al. studied the role of window glazing on daylight illumination and energy saving [10].
Huang et al. analyzed the thermal and daylighting performance of glazing and shading design on
office building, the results of simulation shown that the performance of windows design on the south
orientation getting better as the latitude risen [11]. A natural light illumination system which is
compounded by a daylight collector, guiding part and indoor natural light emission part. This system
bring daylight into a building as a lighting source not only with the benefits of energy saving and
reduced the glare, but also lead to a comfortable working environment and it has the potential to
improve human health, mood, performance and productivity [12-16]. The energy conversion
efficiency of commercially photovoltaics is about less than 20% at present. The natural light
illumination system directly use daylight for indoor illumination which without the loss of conversion
in different forms of energy. The possibility of controlling direct daylight by optical designed systems
for comfort illumination or energy conservation has been reported by many authors in the past.
Daylight is varied with time of day, climate, latitude and the orientation of buildings. One of the
challenges of natural light illumination is the difficulty in getting a uniform illuminated condition
during a day. For the purpose of getting visual comfort and energy saving, the concept of daylight
linked controls which combined with the sensors is also presented [17]. Borisuit et al. proposed a
camera like light sensor to monitor luminance and circadian weighted radiance and simulated the
potential impact light on non-visual functions on daylight optimization in buildings [18]. Boscarino et
al. developed a simulation environment and daylighting control strategy for energy efficient lighting
while providing desired lighting level for LED-based [19]. High energy performance building
concepts have proposed, combines energy saving and energy recovery from local renewable resources
[20], the natural light illumination system can provide part building energy demand. The hybrid
systems of natural light illumination coupled with artificial light source or solar cells are also
developed for advanced illuminated condition and energy consumption [21-23].
The detailed analysis of transmitted light of daylight collector can improve the performance of
natural light illumination systems and aid in the design of hybrid natural light illumination systems.
Mohelnikova calculated the light rays transported inside a straight, tubular light guide and their
distribution at the output of the light guide. Wittkopf et al. analyzed the luminous intensity distribution
curves of anidolic daylighting systems based on the ray tracing model [24, 25]. Prismatic elements,
which with the characteristics of re-directing the propagate direction and the potential of dividing the
energy of incident light, can be part of a daylight illuminate system located on the roof or facade of
buildings and can be used as collectors to collect and guide daylight to reduce glare and save energy.
The characteristics of the light emerging from a passive prismatic canopy, which is composed of rightangled prisms have been presented for daylight incident on it at different incident angles over the
course of a day based on a mathematical matrix model [26, 27]. It has been shown that these
methodologies, which are based on redirecting daylight, can save energy and produce natural light
illumination when they are used as daylight guiding systems. The structure of symmetric prisms with
the benefits of simple manufacture and dividing intensity of transmitted light more effectively. This
paper present a natural light illumination system that is composed of a symmetric prismatic canopy as
well as daylight collector, a reflector for re-directing daylight into the room and an indoor reflector as
illustrated in figure 1. We analyzed the characteristics of dividing intensity and direction of
transmitted light based on the optical theories.
2. Methodology
The symmetric prismatic daylight collectors are made of PMMA, which with refractive index 1.4906.
Fig. 2 is the photography of a symmetric prismatic daylight collector with a 60∘ apex. An illustration
of the symmetric prismatic daylight collector is shown in Fig.3. The characteristics of transmitted light
when sunshine illuminating onto the symmetric prismatic daylight collector are analyzed in both of
geometric optical calculation and optical package program.
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The intensity and propagate direction of transmitted light is calculated based on optical theory
when parallel light incident onto the upper surface of the symmetric prismatic daylight collector. The
ratio of the area which corresponding to the transmitted light would intersect to the surface left, SL
and which would intersect to the surface right, SR of the prismatic daylight collector are obtained by
Eq. (1) to Eq. (3), the parameter w is the width of the prismatic unit, h is the height of the prismatic
unit, ϕ2 is the propagate direction of ST, ϕNT is the normal incident direction of ST, and LSL and
LSR are the relative areas that the transmitted light would intersect to SL and SR, respectivelly. The
ray trace is obtained by the law of reflection and Snell’s law, and the transmitted intensity is
determined by Fresnel’s equations.
LSL W'−Lδ
=
LSR W'+ Lδ ,

(1)

Lδ = h ⋅ tan δ

(2)

δ = φ 2 − φ NT
Where,

(3)

1
W'= W
2

Figure 1. An illustration of a room with a natural light illumination system..

Figure 2. The photography of a symmetric
prismatic daylight collector with a 60⁰ apex.

Figure 3. An illustration of the symmetric
prismatic daylight collector.

Figure 4. The simulated result of the parallel
light incident to a symmetric prismatic
daylight collector.

Figure 5. The illustration of the definition of
direction of ray.
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3. Results
In this paper, we simulated the parallel light incident a symmetric prismatic structure at different angle.
Fig. 4 is the simulated result of the parallel light incident to the surface of the symmetric prismatic
daylight collector, which with a 60∘ apex at 30∘incident angle. It illustrated the property of dividing
intensity of transmitted light when the parallel light incident to the surface of the symmetric prismatic
daylight collector. Fig.5 is the illustration of the definition of direction of ray.
The transmitted light of the top surface, ST of the symmetric prismatic daylight collector would be
incident to the left surface, SL and right surface, SR of the bottom of the prismatic unit when light
illuminated onto the top surface of the symmetric prismatic daylight collector, and the ratio of LSL
and LSR is varied with the incident angles. Due to the distribution of emerging light would impact to
the design of natural light illumination system, we calculated the transmittance and direction of
emerging light that from SR and SL when parallel light incident to the prismatic unit at different
direction for improving design the natural light illumination system more efficiently. Surface Right 1,
SR1 and Surface Right 2, SR2 which corresponding to the light emerging out from SR, the ray trace of
SR1 means the transmitted light from ST and then emerged out from SR; the ray trace of SR2 means
the transmitted light from ST and then intersect to SL, and emerging out from SR by the totally
internal reflective at SL. Surface Left 1, SL1 and Surface Left 2, SL2 which corresponding to the light
emerging out from SL, the ray trace of SL1 is transmitted light from ST and then emerged out from SL;
the ray trace of SL2 is transmitted light from ST and then intersect to SR, and emerging out from SL
by the totally internal reflective at SR. Fig. 6 is the calculated results of the transmittance and direction
of the light which is emerging from SR1 and SL2 by the transmitted light intersect to SR when a
parallel light beam incident onto the ST of a horizontally placed symmetric prismatic daylight
collector with a 60∘ apex. The upper part of this figure shown that the main emerging light is
transmitted from SR when sunshine illuminated the symmetric prismatic daylight collector at the
region of 295∘<ϕ1<360∘, which is corresponding to the time interval during afternoon. Due to the
direction of main emerging light is smaller than the direction of light which parallel to the surface SR,
it can illuminate to space directly, which ϕSR equals to 330∘ for a horizontally placed symmetric
prismatic unit with a 60∘ apex. And the other part of this figure shown that the transmitted light from
SR by totally internal reflected on SR where inside the prism at the region of ϕ1>295∘.However, the
direction of emerging light is smaller than ϕSL, which light would re-incident to SL. Fig. 7 is the
calculated results of the transmittance and direction of emerging light that the transmitted light
intersect to SL. This figure shown that the main emerging light is transmitted from directly transmitted
from SL when sunshine illuminated the symmetric prismatic daylight collector at ϕ1<242∘.

Figure 6. The transmittance and direction of emerging light that the transmitted light intersect to
SR.
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Figure 7. The transmittance and direction of emerging light that the transmitted light intersect to
SL.
Fig. 8 is the combination of the emerging light which from SR and SL when the parallel light beam
incident to the symmetric prismatic daylight collector. It shown that the transmittance of the emerging
light which from SR and SL is varied with the direction of incident light beam, and the intensity is
symmetric to ϕ1=270⁰. The result shown that the natural light illumination system would be improving
the efficiency of utilizing solar energy by use the symmetric prismatic daylight collector, due to the
structure with the potential of dividing emerging light.

Figure 8. The combination of the emerging light which from SR and SL.
The direction and intensity of daylight beam that incident to the collector is varying with time when
sunshine illuminate the collector. A daylight collector that is placed at an applicable tilted angle not
only can reduce the glare, but also can increase the efficiency of utilizing of solar energy. Fig. 9 and
Fig. 10 are the simulated results of the normalized intensity of emerging light when sunshine
illuminate on the symmetric prismatic daylight collector which with the tilted angle 15⁰ and 30⁰,
respectively.
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It shown that the ratio of the normalized intensities which from SR and SL are varied with the tilted
angle, due to the relative incident angle of incident daylight beam is varied with the tilted angle of the
collector. Fig.11 is the calculated result of integrated intensity at the region 270⁰< ϕ1<360⁰, which is
refer to afternoon of a day. It shown that the integration of normalized intensity of emerging light from
SL is increasing with increasing tilted angle of the symmetric prismatic daylight collector, and the
integration of normalized intensity of emerging light from SR is not obviously vary with the tilted
angle of the symmetric prismatic daylight collector, which is at a value of 2.2~2.4.

Figure 9. The simulated result of the normalized
intensity when sunshine illuminated on the
symmetric prismatic daylight collector which
with the tilted angle 15∘.

Figure 10. The simulated result of the
normalized intensity when sunshine illuminated
on the symmetric prismatic daylight collector
which with the tilted angle 30∘.

Figure 11. The calculated result of integrated intensity during afternoon.
4. Conclusion
In this paper, we detailed analyzed the characteristics of emerging light when parallel light beam
illuminate on the symmetric prismatic daylight collector. The simulation of the parallel light beam
incident to a horizontally placed symmetric prismatic daylight collector with a 60∘ apex shown this
structure of daylight collector, symmetric prismatic unit can improve the efficacy of dividing intensity
of a hybrid natural light illumination system, due to the ratio of main emerging light which from the
SR and SL is varied with the incident angle of the incident beam. The calculated results shown that the
transmittance of the emerging light which from SR and SL is varied with the direction of incident light
beam, and the intensity is symmetric to ϕ1=270∘. The normalized intensity of emerging light shown
that the ratio of the integration of normalized intensity of emerging light from SR and SL is varied
with tilted angle of the collector when sunshine illuminate on the symmetric prismatic daylight
collector which is placed at a tilted angle. A daylight collector that is placed at an applicable tilted
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angle not only can reduce the glare, but also can increase the efficiency of utilizing of solar energy.
The symmetric prismatic daylight collector can improve the efficiently utilizes solar energy for indoor
natural light illumination, decrease the discomfort of glare and the application of hybrid natural light
illumination system due to the benefits of reducing glare and dividing intesity of incident daylight.
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Abstract. The optimum condition for clean steel production in the tundish of a continuous
casting process reactor can be obtained using numerical modelling. Five different arrangements
of flow modifier in the form of impact pad systems deployed in an eight ton, delta shaped, and
two strand bloom caster tundish are analysed and optimum design of the impact pad to improve
the inclusion removal efficiency is evolved. Reynolds Averaged Navier-Strokes (RANS)
equations with standard k-ε model of turbulence and energy equation are used to study fluid
flow and inclusion flotation in the tundish. The inclusion separation efficiency is evaluated by
solving the inclusion transport equation. Height variations along with additional notch amongst
different impact pads yield best micro inclusion separation efficiency.

1. Introduction
The continuous casting system is comprised of a ladle, a tundish, a mould and flow connectors (submerged entry nozzle). Tundish was originally developed as an intermediate vessel placed between the
ladle and the mould, to evenly distribute molten steel to different moulds, at constant rate. In addition,
the tundish is used to maintain the heat of the molten metal and increase the removal of detrimental
non-metallic inclusions [1-2]. Fluid flow equations along with the energy equation were used to
predict the temperature distributions under non-isothermal conditions [3-5]. Numerical modelling was
used to predict parameters such as residence time distributions (RTD) [5] and distribution of top
surface slag layer [6]. Solhed et al [6-7] included additional differential equations to describe inclusion
trajectories and inclusion number density distribution. Standard k- ε model of Launder and Spalding [8]
was used to calculate an eddy viscosity. Jha et al. [9] studied the effect of different turbulence models
on the residence time distribution predictions along with LES model (large eddy simulation) in tundish
modelling. Few studies used the low Reynolds number model of Launder and Jones [10-11] to study
residence time distributions in a six-strand tundish and found better agreement with the experimental
results. The present study concentrates on the performance of the tundish on account of inclusion
separation efficiency. Five different design of flow modifier (i.e. impact pad) systems are studied to
find out the novel design for a given tundish system.
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2. Mathematical modelling
Fig. 1 shows the schematic diagram of the numerical domain of a tundish whose bare capacity was 8
tons, assuming a transverse symmetry plane. The shroud diameter and its immersion height considered
were 67 and 400 mm, respectively. The system considers a submerged entry nozzle (SEN) diameter
which is 45 mm and with a stopper rod diameter of 120 mm. A dam is present in between the inlet
shroud and outlet. The five cases have impact pads having variations in the shape and size.

(a)

(b)

(c)

(d)

(e)
Figure 1. Schematic model and boundary conditions of a two strand tundish with different flow modifiers
2.1. Governing equations
The governing equations considered are the continuity, momentum and energy equations, to evaluate
flow behaviour and inclusion trajectories.
Continuity equation:
(1)
Momentum equation:

(2)

Energy equation:

(3)

In equation 2, FBY represents thermally induced buoyancy force term. The acceleration due to
gravity (g) acts along the negative direction of x-axis (Fig. 1). Reynolds Averaged Navier-Stokes
(RANS) equation and the averaged continuity equation are solved for mean quantities of velocity and
pressure. The standard k-ε model of Launder and Spalding [8] is used as the closure equation, which is
given as,
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Kinetic energy:

(4)

Dissipation rate:

(5)

Where

,

and

are turbulent viscosity, diffusion coefficients for

turbulent kinetic energy and its diffusion rate, respectively.
is the effective viscosity given by
. The turbulent viscosity (t) & generation term G in equation 4 is given,
(6)

(7)

The recommended values of the constants for the standard k-ε model are C1= 1.44, C2=1.92, Cμ=
0.09, σk = 1 and σε=1.3 as proposed by Launder and Spalding [8].
2.2. Tundish performance analysis
2.2.1. Residence time distribution (RTD). Residence time distribution (RTD) accounts the fraction of
dead volume (Vd), dispersed plug volume (Vp) and mixed volume (Vm) over a total tundish volume
(V). For efficient performance of any reactor, the dead volume fraction should be the least. In this
study, the modified mixed model of Sahai and Emi [13] is adopted. In this technique, a tracer or pulse
is added to the system and the response to this pulse is recorded, which gives a typical curve, known
as C curve for a pulse. C curve is represented in the non-dimensional form, in which, the concentration
is normalised on the basis of a uniform, well mixed concentration value, while corresponding
residence times are normalised with respect to the nominal holding, or theoretical residence time as
non-dimensional concentration C and non-dimensional time Θ, where V= volume of tundish liquid and
 = volumetric flow rate of liquid.

(8)



(9)

(10)

(11)

(12)

From the C curve, dimensionless mean of RTD
(13)

& dimensionless variance is calculated as,
(14)

2.2.2. Inclusion separation model. Inclusion trajectories are calculated using Lagrangian particle
tracking method [12], which solves a transport equation for each inclusion as it travels through the
previously-calculated constant molten-steel flow field. The forces acting on a particle of mass (mp) are
the drag force, the buoyancy force and the force due to added mass.
(15)

(16)

In equation 16, Reynolds number can be obtained as,
(17)

(18)
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The effect of the chaotic behaviour of non-metallic inclusions in the melt motion model is
described by Discrete Random Walk model (DRW) called stochastic model. In this model, a random
velocity vector
is added to the calculated time-averaged vector
to obtain the inclusion
velocity
at each time step as it travels through the fluid. Each random component of the
inclusion velocity is proportional to the local turbulent kinetic energy level (k).
The ratio of number of trapped inclusions to the total number of inclusions leaving the inlet shroud
gives the separation efficiency in percentage, which can be calculated as,
(19)
2.2.3. Initial and boundary conditions. Liquid steel is considered as a working medium inside the
tundish. The inlet velocity and temperature of steel are considered as 0.423 m/s and 1823 K,
respectively for the steady and the transient case. Pressure outlet condition is used for the outlet. The
detailed boundary conditions are as shown in (Fig. 1). Radiative heat flux
is calculated by
Stephan-Boltzmann equation considering tundish wall temperature of 1123 K.
At t = 0

(20)

At inlet:

(21)

At outlet:

(22)

At slag wall:

(23)

At side walls:

(24)

At symmetry plane:

(25)

For steady state, the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm is
used for pressure–velocity coupling [12]. Commercial software ANSYS FLUENT 14 is used to solve
the governing equations along with initial and boundary conditions. The coefficients in momentum
and k-ε equations are calculated using the second order upwind scheme. The turbulence intensity &
convergence criteria are taken as 5% & 110-7.
Table 1. Thermo physical properties of liquid steel and air used in the numerical analyses
Properties
(kg/m3)
Cp (J/kg·K)
kt (W/m.K)
 (kg/m.s)

Liquid steel
7010
821
30.5
0.00648

Air
1.225
1006.43
0.0242
0.000178

3. Results and discussions
3.1. Residence time distribution (RTD)
Fluid flow in tundish is typically characterized by residence time distribution (RTD) curves. The RTD
is frequently plotted as dimensionless concentration versus dimensionless time. This information is
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graphed as a function of time with respect to tracer concentration that provides the RTD curve, which
is also commonly known as a C curve. The plug flow fraction is defined by the advent of the first
injected tracer volume at the tundish outlet nozzle. The mixed also called dispersed volume is
indicated by the tail of the C curve, viz. from the apex to the time defined as 2Θ. Dead flow in RTD
curves is generally defined as the portion of the injected tracer persisting beyond 2Θ. It can be noted
from the (Fig. 2) & (Table 2) that, in terms of least dead volume fraction, Case 3 is the most efficient
model amongst all design. The highest dispersed plug flow volume fraction is obtained for case 5.

(a)

(b)

(d)

(e)

(c)

Figure 2. C Curve for (a) case 1, (b) case 2, (c) case 3, (d) case 4 & (e) case 5
3.2. Dead volume, dispersed plug flow volume, mixed volume and Inclusion separation efficiency
To study the performance of various flow modifiers based on the RTD curves based on modified
mixed model of Sahai and Emi [13] are tabulated in Table 2. The highest dispersed plug flow volume
fraction is obtained for case 5.
Table 2. Dead flow, dispersed plug flow and mixed volume fractions for different design cases
Design Dead volume fraction Dispersed plug flow volume fraction Mixed volume fraction
Case 1
0.564
0.096
0.34
Case 2
0.532
0.091
0.378
Case 3
0.485
0.097
0.416
Case 4
0.564
0.096
0.34
Inclusion separation efficiency for different cases is performed using discrete phase model (DPM).
The size of the inclusions varies from 1 to 100 m. High Alumina (Al2O3) containing 94-96%
aluminium oxide with density of 3960 kg/m3 is chosen as an inclusion material. For tracking inclusion
trajectories, trap boundary condition is used for the slag wall. Stochastic tracking (random walk)
model is used to predict the dispersion of inclusion. Table 3 shows the effect of flow modifiers on
inclusion removal efficiency of the tundish.
The various sizes of inclusion diameter are analysed by which it can be noted that the highest
separation efficiency is achieved for case 5. The important part is the effectiveness of this design in
separating micro inclusions (<50 µm), which ultimately determines the steel quality. These effects can
reduce the inclusion separation efficiency by 10% from those obtained in real situations.
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Table 3 Effect of various flow modifiers on inclusion separation efficiency
Inclusion separation efficiency (%)
Inclusion diameter (µm)
Case 1 Case 2 Case 3 Case 4 Case 5
1
36.04
40.82
46.52
47.32
62.51
10
36.14
41.67
47.55
48.79
63.29
20
41.67
44.71
49.77
50.52
67.74
30
53.47
49.04
55.81
56
66.52
40
66.04
58.94
62.14
63.97
69.24
50
72.32
68.86
70.91
71.13
73.33
60
77.22
74.81
77.71
75.77
77.43
70
80.79
80.48
81.97
79.67
81.81
80
83.03
84.31
83.67
83.43
86.17
90
87.18
88.74
87.66
87.08
90.29
100
89.16
92.24
90.68
90
92.9
4. Conclusion
A detailed numerical analysis of tundish with different flow modifier is performed to study the effect
of different flow modifiers on the fluid flow characteristics under non-isothermal conditions. Different
heights of flow modifiers and wide range of inclusion sizes are considered to assess their effects on the
inclusion removal efficiency inside the tundish. The use of dam, round and short impact pads is not
recommended, as it results in very low values of micro inclusion separation efficiency. Height
variations in short box type impact pad from height of 0.1 to 0.2 m yields better results in removal of
inclusion. It is found that the long modified box type turbulence inhibitor/ impact pad arrangement
(case 5) gives the best solution considering all the performance aspects, namely RTD, inclusion
separation and temperature variation inside a tundish. The findings obtained in the present study could
be used to formulate the guidelines for designing efficient tundish in steel industries.
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Abstract. Slurry erosion is an implicit problem in many engineering industrial components
such as ore carrying pipelines, slurry pumps and extruders. Even the water turbine blades are
subjected to erosive wear when the water contains considerable amount of silt. In the present
study, Al2O3-40%TiO2 powder particles of average particle size of 50 micrometer were
deposited on EN56B martenistic stainless steel by atmospheric plasma spray technique. Ni/Cr
was pre coated to work as bond coat for good adhesion between coating and the substrate
material. A coating thickness of 200 micrometer was achieved. Coated and un-coated
substrates were subjected to slurry erosion test as per ASTM G-119 standard. Slurry erosion
test rig was used to evaluate the erosion properties at room temperature condition by varying
the spindle speed. Scanning electron microphotographs were taken before and after the slurry
erosion test. Microstructures reveal uniform distribution of coating materials. Eroded surface
shows lip, groove, and crater formation and dense coating resulting in less porosity. Micro
hardness test was evaluated and reported. EDX analysis confirms the presence of Al, Ti and O2
particles. It was observed that, Al2O3-40%TiO2 coated substrates exhibit superior erosion
resistance as compared to un-coated substrates due to higher hardness and less coating porosity.

1. Introduction
Martenistic stainless steel are general purpose steels which are used in the fabrication of engineering
components that require high mechanical properties and decent resistance to corrosion, such as valve
parts, fasteners, cutting tools, hydroelectric turbine blades etc. [1]. Martenistic steels have good shock
resistance and high plasticity, but due to less hardness and poor wear resistance they are sometimes
not preferred for industrial application [2]. Thermal spraying is frequently considered as alternative
prospective to the conventional coating processes for obtaining of wear and corrosion resistant
coatings [3].Thermal spraying process is one of the largely used method of coating, which includes
many processes and materials. Alumina-Titania composite ceramic coatings were extensively coated
by the atmosphere plasma spray process for the components very much needed in wear, corrosion,
erosion resistant environment [4]. Thus, plasma spraying is most versatile process used to produce
coating of ceramic materials like Al2O3, Cr2O3, TiO2 particles. They have properties like high hardness
because of their pure ceramic nature. So, they were unconcerned to may erosion and corrosion
environments [5]. Sanjeev Bhandari et.al have developed the Al2O3-13%TiO2 and Al2O3 coatings on
CF8M steels using D-gun spraying, and evaluated slurry erosion behavior with different process
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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parameters. They conclude that, Al2O3-13%TiO2 shows superior resistance as compared to Al2O3
coated steel [6]. KVS Rao et al have studied the slurry erosion behaviour of plasma sprayed TiO2
coatings on 410 steel substrate by varying the slurry rotational speed and reported that TiO2 coated
substrates possess more erosion resistance as compared to uncoated substrates [7].
In the light of the above, the objective of the present study is to evaluate the slurry erosion behavior of
the plasma sprayed Al2O3-40%TiO2 composite coating on the EN56B martenistic stainless steel by
varying the slurry rotational speed at room temperature. These studies could help in increasing the
performance of the components which operate in slurry erosive environment.
2. Experimentation details
2.1. Selection of substrate material and feed stock material
Martenistic stainless steels are general purpose steels which are used in the manufacturing of many
engineering components, specifically in the hydro electric power generation sectors. During rainy
season in India, the Himalayan region power generation units are facing erosion problems. In the
present work EN56B martenistic steel substrates were selected as base material to develop the coatings
for studying the erosion behavior.The substrate material was cut into standard dimension of
25x25x8mm from the steel sheet and subjected to grit blasting using alumina grit of size 60
micrometer. In the present study, Al2O3-40%TiO2composite powder particles of average particle size
50 micrometer has been selected as feed stock materials. Fusing, blending and crushing operations
have been done using ball mill to obtain this composition of powder particles. Ni/Cr powder particles
in the ratio 80:20 are used as bond coat between the substrate and coating materials.
2.2. Coating method
Atmospheric plasma spray technique was used to develop the composite coating on the steel substrate.
The plasma spray system is well known versatile process for ceramic coatings in which the plasma
system consists of a house of power supply, control unit, heat exchangers, water supply unit for
supplying the purified water to cool the sprayed gun. The System also has two electrodes(anode and
cathode) in which high voltage current is capable of generating the arc between these and allow the
primary and secondary(Ar and H2) gases into the arc chamber, which cause the ionization of the
gases that leads to high temperature(about 150000K) plasma flame. Al2O3-40%TiO2powders were
introduced into the high temperature plasma flame through feeder. Flame from the tip of the nozzle
melts the particles and impact on the target substrate with high velocity. Coating thickness of 200
micrometer was achieved successfully. The process parameters were kept constant throughout the
operation. Ni/Cr particles of ratio 80:20 were made to deposit primarily on grit blasted substrates of
average thickness 50 micrometer which acts as bond coat. Above this bond coat the surface coating of
Al2O3-40%TiO2was made using the same process.
2.3. Microstructure, micro hardness, porosity
One of the drawbacks of the plasma spray coating is formation of micro cracks and small pores on the
surface of the substrates. In the present study scanning electron microscope was used to examine
surface morphology of the coated and un coated surfaces before and after test. Microphotographs
reveal the consistent scattering of the powder particles. EDX analysis was carried out for coated
substrates and confirms the presence of Al and Ti particles. Porosity of the coated substrates was
examined using optical microscope with image analysis software. In the present study micro hardness
of the coated and uncoated substrates were examined using Vickers micro hardness tester.The micro
hardness of the uncoated samples shows hardness of 259 HV0.1 and Al2O3-40%TiO2coating shows
hardness of 606 HV0.1.
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2.4. Slurry erosion test
Slurry erosion test for the coated and un coated steel substrates were conducted using high speed
slurry erosion test rig as per ASTM G119 standard. Test rig consists of six rotating spindles(500-1500
rpm) and stainless steel slurry cups of capacity 2 litres. These cups are kept inside the test rig
containing flat surface which is driven by electric motor for moving upward and downward. Test
samples of standard size 25x25x8mm were fixed to the rotating spindles by means of screws and
dipped into the slurry cup which contains 3.5% of NaCl powder and a required concentration of silica
sand particles in one litre of distilled water. Before subjecting the samples to slurry test, one face of
the sample was covered with masking tape to avoid erosion of the other face. In the present work
slurry erosion study was carried out by varying the speed of the spindle in rpm(500,1000,1500)
keeping silica sand particle size 312 micrometer and concentration 200gms/litre as constant
throughout the test.
3. Result and discussion
3.1. Micro structure
Figure 1 and Figure 2 shows the scanning electron microphotographs of the uncoated and plasma
coated Al2O3-TiO2 steel substrates. They show the uniform distribution and dense deposition of
coating material with good bonding with the substrate. Some deformed (partially melted) particles and
lamellar structure was also observed.The optical microscopy analysis with image analysis software
reveals a porosity of about 3.5% which describes that the coating obtained is very dense. Porosity is a
function of powder particle size and effectiveness of the coating technique. Coarse powder particles
are not desirable for obtaining dense coating. Fine particle size also yields good surface finish. Proper
fusing of the powder coating also leads to less porosity and dense coating. Denser coatings give rise to
higher hardness and obviously greater wear resistance. Composite coatings with a combination of
various grades of powder particles were also found to yield good compaction and better hardness
values. Figure 3 shows the Al2O3-40%TiO2coating’s EDX pattern that reveals the presence of Al, Ti, O2
elements.

Figure 2. SEM image of Al2O340%TiO2 coated substrate

Figure 1. SEM image of base
material before test

Figure 3. EDX spectrum of Al2O3-40%TiO2coating

137

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012022 doi:10.1088/1757-899X/191/1/012022
1234567890

3.2. Slurry erosion test
The coated samples were subjected to slurry erosion test using slurry erosion test rig. The test rig
consists of a double walled water cooled stainless steel container with an internal diameter of 120 mm.
The container houses six stainless steel spindles for mounting the test specimens. The spindle speed
can be varied from 100 to 1500 rpm. The silica sand slurry was prepared by using distilled water with
3.5% NaCl and 20% silica sand. The Al2O3-40%TiO2 coated test specimens were mounted on the
stainless spindle. The erosion test was conducted for three different spindle speeds of 500rpm,
1000rpm and 1500rpm by keeping time as 5 hour. Slurry erosion rate was measured using weight loss
technique. SEM images of the worn surface of uncoated and Al2O3-40%TiO2coated steel are shown in
Figure 4-7. Figure 8 shows the effect of spindle rotational speed on the erosion rate of the test surface.
It is observed that, the mass loss for both uncoated and coated substrates increases with increase in the
slurry rotational speed. Anyhow, coated substrates shows improved resistance to erosion as compared
to uncoated surface. Al2O3-40%TiO2 coated substrates shows better erosion resistance due to higher
crack propagation resistance and toughness [3, 4]. From the experiment it was confirmed that,
maximum mass loss occurs at higher speed (1500rpm). Because, at this speed impinging speed of the
silica sand particles on to the substrates will increase that leads to irregular impingement causing more
weight loss as compared at lower speeds. More plastic deformation was found to occur on both the
uncoated and coated substrates causing the formation of grooves, lips and crater at higher rotational
speeds as evidenced by the surface morphology of the test surface. Comparatively the plastic
deformation on the Al2O3-40%TiO2coated surface is much less than on the uncoated base material.
This is attributed to better intersplat adhesion of Al2O3 and TiO2 particles on the substrate which
increases the hardness of the surface that resists wear loss.

Figure 4. Un coated EN56B Steel at
lower speed

Figure 5. Un coated EN56B Steel at
Higher speed

Figure 6. Al2O3-40%TiO2coated steel
at lower speeds

Figure 7. Al2O3-40%TiO2coated steel
at higher speeds
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4. Conclusion
The conclusions composed from the present experiment are as follows:
 Al2O3-40%TiO2powder particles were successfully deposited by plasma spray process on target
material with dense coating and less porosity. EDX analysis confirms the presence of
feedstock materials.
 Slurry Erosion Rate can be measured by varying different erosion parameters like Time, slurry
concentration and particle size of the silica sand.
 Plasma spray coated steel substrates shows superior erosion resistance as compared to
uncoated samples due high hardness of the surface.
 With increasing the speed of the slurry rotation, material loss of the exposed surface also
increases for both uncoated and coated surface.
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Abstract. Taking the MJ3210A motion band saw as the research object, the AE value
of the band saw blade vibration was obtained by analyzing the VIBSYS vibration
signal acquisition and analysis software system in Beijing, and the change of the AE
value of the band saw and the crack was found out. The experimental results show that
in the MJ3210A sports car sawing machine, the band saw blade with width of 130 mm
is used, and the AE value of the cracked band saw blade is well in the high band saw
blade AE value. Under the best working condition of the band saw, the band saw
blade AE If the value exceeds 104.7 dB (A) above, it means that the band saw blade
has at least one crack length greater than 1.38 mm for the crack defect and the need to
replace the band saw blade in time. Different species with saw blade of the AE value
is different, white pine wood minimum, the largest oak wood; according to a variety of
wood processing AE instrument value to determine the band saw blade crack to the
situation; so as to fully rational use of band saw blade, The failure and the degree of
development to find a new method.

1. Introduction
Due to the saw blade used for cutting, it is the closed cutting in the cutting, the saw blade cutting edge
can not observe the change of the state at any time with the eyes, and can not determine the correct
replacement time of the saw blade [1-5]. According to the actual survey, wood processing enterprises
online inspection usually use two kinds of band saw cutting edge and band saw the overall situation:
one is the use of band saw blade cutting time, that is, using time constraints. That is, according to the
experience of band saw blade, with a period of time with chalk smear blade root position, and then
determine the light development to determine the degree of crack generation, and the second is based
on the situation when the sound cutting to determine the work of the band saw and the degree of crack
The With reference to the first method of light, check the applied lighting value determination method
to check whether the band saw blade crack. In this paper, the focus of the band saw the formation of
cracks before and after the expansion of the law. In order to improve the quality of wood surface
treatment, the correct judgment of the band saw a reasonable time to provide a scientific basis..
2. The experiment main instruments and equipment
2.1 The experiment main instruments
The apparatus and equipment used in this test are shown in Table 1.
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Table 1. Test apparatus and equipment.
Name
Model
Manufacturer
woodworking band saw
MJ3210A
Shenyang Shen He woodworking
machinery factory
The large capacity data acquisition WS – 5942Spectrum of Beijing century
instrument quickly
2-5
technology development co., LTD.
Precision multi-function digital
GSM1020A
Shenzhen shigeru source technology
AE meter meter
co., LTD.
2.2 MJ3210A specific parameters of the woodworking band saw machine
The test and application of Tianjin forestry cutting tool factory production of No. 18 B.W.G band
saw blade. Show.
2.3 Cutting wood
The parameters of the test wood are shown in Table 2.

AE meter
value/dB(A)

Table 2. Test apparatus and equipment.
Tree species
Manchurian Ash
Moisture content
10%
Cutting thickness
100mm
130
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1100

1200

Spindle speed/rpm

The crack

In good condition

Figure 1. Saw wheel spindle speed under different load crack defects on the intact band saw blade and
the band saw blade cutting AE count value
3. Test data processing and result analysis
3.1 Saw wheel spindle speed on the intact and crack defects of band saw blade AE count value
In band sawing machine pressed tuo weight is 93 N, up and down saw card a distance of 600 mm,
under the premise of the feed speed of 15 m/min, under the five kinds of saw wheel speed,
respectively, the crack is 1.38 mm of defective band saw blade and complete (sound) band saw blade
for data collection and analysis, get the band saw blade when cutting AE meter value curve as shown
in Fig. 1.
By Fig.1 shows, saw wheel spindle speed impact on the size of the band saw blade transverse
vibration displacement is very obvious, saw wheel spindle speed before 1000 RPM with the increase
of saw wheel speed saw blade transverse vibration displacement is less, when after saw wheel spindle
speed 1000 RPM, with the increase of saw wheel rotation speed of the band saw blade transverse
vibration displacement is also growing, and has a crack band saw blade AE meter value Ming is
greater than the intact band saw blade AE meter. This is due to the increased with the increase of band
sawing machine saw wheel spindle speed band saw blade transverse vibration caused by increased.
When saw wheel spindle speed at 1000 RPM sawing machine to achieve the best working state; In
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good band saw blade AE meter value in 88.4 dB (A) 98.9 dB (A), and between the defective band saw
blade AE meter value in 109.3 dB (A) ~ 121.4 dB (A).
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AE meter value/dB(A)

3.2 The effect of cutting different tree species on the integrity of the wood and the occurrence of
cracked defects with band saws
In the determination of saw wheel spindle speed 1000rpm, pressure lump weight 93N, saw blade up
and down distance of 600mm, feed rate of 20m / min, under the premise of cutting five kinds of tree
birch, color wood, poplar, elm, oak The parameters of the AE scale are shown in Fig. 2 for the data
acquisition of the complete saw blade and the defect band saw blade with the crack length of 1.68mm,
and the saw blade cutting tree is obtained.

Tree species

Figure 2. The effect of cutting the AE value when cutting the different saws with the saw blade and
the crack
It can be seen from Fig. 2 that the vibration displacement of saw blade with saw blade is smaller
than that of other wood, and the largest amount of oak is the smallest. Poplar: complete band saw
blade 80.8dB (A), defect band saw blade 107.6dB (A), birch: complete band saw blade 86.8dB (A),
defect band saw blade 110..8dB (A), elm: complete band saw blade 90.4 (A), defect band saw blade
114.6dB (A), color wood: complete band saw blade 94.5dB (A), defect band saw blade 118.5dB (A),
oak: complete band saw blade 98.6dB (A), defect band saw blade 131.5dB (A) ,; Generate cracks with
band saws AE values are generally larger than the full band saw blade AE values. Poplar in these five
kinds of trees in the hardness of the smallest, the largest hardness of oak, which shows that with the
hardness of the wood cutting is increased, AE value also increases.
3.3 The influence of the upper and lower saw blade distance on the AE value of the good and cracked
band saw blade
Under the premise that the speed of the main shaft of the band saw is 1000rpm and the weight is 93N,
the band saw blade crack is 1.68mm, and the distance between the saw blade and the saw blade is
changed. Now with the saw blade up and down the distance to get the band saw the AE value of the
curve shown in Figure 3..
AE meter
value/dB(A)

150
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70
450
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650

According to the card from the up and down/mm
The crack

In good condition

Figure 3. Load under different saw card from up and down on the whole band saw blade and crack
defects of band saw blade AE count value
It can be seen from Figure 3, in the upper and lower saw the card before the distance of 600mm,
with the increase in the distance from the saw blade saw blade transverse vibration displacement also
increased, but the magnitude is smaller, after 600mm with the increase in the distance from the saw
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blade Saw blades AE increase in the rate of increase; this is due to the increase in the length of the
band saw blade. And there is a cracked band saw blade with an AE value greater than the intact band
saw blade AE value. (A) -98.3dB (A), the defect band saw blade AE is between 108.6dB (A) and
120.5dB (A).

AE meter value/dB(A)

3.4 Feed speed in good condition and the influence of crack defect band saw blade AE count value
In order to grasp the lateral vibration of the saw blade when cutting, in the case of a good band saw
blade and band saw blade crack is 1.68mm, the use of load under the acquisition of data. In the
determination of the saw wheel spindle speed 1000rpm, pressing the weight of 93N, up and down the
saw blade distance of 600dB (A) under the premise of cutting oak were selected five kinds of feed
speed for data acquisition, the analysis results shown in Figure 4.
135
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The crack
In good condition

105
95
85
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15

20
25
Feed speed/(m/min)

30

35

Figure 4. Effect of Different Feeding Speed on AE Value of Cutting Saw Blade and Crack Defect
Band Saw Blade
The Fig.4 shows that sports car before the feed speed of 20 m/min, with the increase of car feed
speed of transverse vibration displacement distance was generally higher, but the increase amplitude is
small, in the car after the feed speed of 20 m/min band saw blade vibration displacement increases
gradually, increase rate is higher. And has a crack band saw blade AE meter value Ming is greater than
the intact band saw blade AE meter. Good band saw blade AE meter value in 88.3 dB (A)~ 98.6 dB
(A) defective blade transverse vibration displacement in 106.6 dB (A)~129.5 dB (A).

AE meter value/dB(A)

3.5 Effect of Different Saw Height on Integrity and Crack Band Saw Blade AE
Select the saw blade tension 8330N, saw the number of revolutions of 1000rpm, feeding speed 20m /
min, up and down the saw blade distance of 600mm, cutting oak, in different saw height conditions,
the acquisition band saw AE signal and analysis The AE curve of the band saw with different crack
length is shown in Fig.5.
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Influence of Different Saw Blade Height of Saw Blade on AE of Saw Blade Cutting

As can be seen from Fig. 5, the height of the saw blade with different saws has a significant effect
on the band gauge AE. With the increase in the sawing height of the saw blade, the AE value increases,
and the increase in the saw height exceeds 60 mm. And there is a cracked band saw blade with an AE
value greater than the intact band saw blade AE value. The full band saw blade AE is between 87.9 dB
(A) and 98.4 dB (A). The defective band saw has a value of 104.7 dB (A) to 118.8 dB (A).

143

2nd
Metallurgical Engineering
Engineering
IOP Publishing
Publishing
2ndInternational
InternationalConference
Conferenceon
on Mining,
Mining, Material
Material and
and Metallurgical
IOP
IOP
Conf.
Series:
Materials
Science
and
Engineering
191
(2017)
012023
doi:10.1088/1757-899X/191/1/012023
1234567890
IOP Conf. Series: Materials Science and Engineering 191 (2017) 012023 doi:10.1088/1757-899X/191/1/012023

AE meter value/dB(A)

3.6 Effect of Different Crack Band Saw Blade on Transverse Vibration Displacement of Band Saw
Blade under Load
In the saw blade tension 8330N, the number of revolutions of the saw wheel is 1000rpm, the feeding
speed is 20m / min, the distance between the upper and lower saws is 600mm, and the transverse
vibration of the band saw blade is taken under the condition of cutting the oak. Value of the signal, the
analysis of the crack length and band saw the AE value of the relationship between the curve shown in
Figure 6.
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Figure 6.

Effect of different crack lengths of band saw blade and AE value of band saw blade
cutting

It can be seen from Fig. 6 that the AE value of the saw blade increases with the increase of the
crack length of the band saw blade, which is due to the increase of the saw blade. In the best working
condition of the saw machine, the lateral vibration displacement of the defective saw blade is between
110.6dB (A) and 132.7dB (A).

AE meter value/dB(A)

3.7 The effect of the weight of the pressure on the AE value of the cracked band saw blade
The speed of the main shaft saw blade is 1000rpm, the distance from the upper and lower sides of the
saw blade is 650mm, and the feed speed is 25m / min. Under the premise of changing the weight of
the double blade, the complete saw blade and the crack length are 1.68mm Saw blade for data
acquisition, will now increase with the weight of the weight of the band saw blade cutting AE value of
the curve shown in Fig.7.
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Figure 7. Effect of Different Loads on Load Scales of Saw Blade with Full Band Saw Blade and
Crack Defects under Load
As can be seen from Figure 7, before the weight of the pressure mound is 93N, the load increases with
the weight of the weight under the load. The band saw is generally raised, but the increase is very
small, and the cracked band saw blade has a weight of 93N with the weight of the weight after the
increase with the band saw the AE value also increases, the impact is very obvious. And there is a
cracked band saw blade with an AE value greater than the intact band saw blade AE value. When the
weight of the mound is 93N, the band saw machine works to achieve the best working condition. The
AE of the band saw is between 88.3dB (A) and 98.1dB (A). The defect of the saw blade is 110.6dB (A)
~ 135.3dB (A) between.
From the test analysis shows that, for the MJ3210A small sports car wood saws, the use of 120mm
width of the saw blade, band saw the crack after its lateral vibration significantly increased, then you
can determine the saw blade is the replacement time. When the saw wheel spindle speed, pressure
lump weight, feed speed, the upper and lower saw the card distance are adjusted to the most
appropriate circumstances, the measured AE value if more than 104.7dB (A) above, then the blade has
produced at least one crack The length of more than 1.68mm crack defects, the need for timely
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replacement of the band saw blade; In addition, the use of band saw blade AE value changes can
determine whether the band saw blade crack defects.
4. Summary
After the above MJ3310A sports car woodworking band saw machine testing and analysis, the
following conclusions:
(1) Cracked defect band saw blade AE value is significantly higher than the good band saw blade
AE value;
(2)The AE value of the birch saw blade is less than the AE value of the other wood, and the AE
value of the birch is the smallest, and the AE value of the oak is the largest. Five kinds of tree species
in the maximum hardness of oak, with the increase in wood hardness, AE value increases, according
to the tree cutting AE value is different to determine the length of the band saw blade crack.
(3) For the MJ3210A sports car saw blade, a 120mmdB width band saw blade is used. The test
results show that the AE value of the band saw with crack is significantly higher than that of the
complete band saw blade. The change from the AE value of the band saw blade It is necessary to
check whether the saw blade is cracked and whether it needs to be replaced in time. If the saw blade
spindle speed, the pressure lump weight and the saw blade are adjusted up and down to the most
suitable case, the lateral vibration displacement is more than 104.7 dB (A) , It means that the saw
blade has produced at least one crack length of more than 1.64mm crack defects, the need for timely
replacement band saw blade. The AE scale for the complete band saw blade is between 87.9 dB (A)
and 98.9 dB (A). And then determine the range of dB (A) for judging the defect condition of band saw
blade, which provides the technical basis for the full and reasonable utilization of band saw blade in
actual production.
Funding for the subject project
This topic by the Chinese national natural science fund project funding, its national fund name: based
on the analysis of time series of woodworking band saw blade tooth crack and damage
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Abstract. In this paper, MJ3310A band saw machine as the research object, through
the Beijing VIBSYS vibration signal acquisition and analysis software illumination
value analysis, analysis of different circumstances to find good and crack band saw
blade illumination value of the law. The results show that the illuminance of the
cracked band saw blade is significantly higher than that of the complete band saw
blade illumination value. Under the optimum working conditions, if the band saw
blade illumination value exceeds 286 Lux, it can be determined that the band saw
blade has at least one crack length greater than 1.68 mm Of the defects, the need for
timely replacement band saw blade. So as to rational use of band saw blade, band saw
blade on-line fault diagnosis provides a technical basis.

1. Introduction
According to the actual production survey, the woodworking band saw blade has its fault state and the
eye can not be observed, but can not determine the correct replacement time [1-3]. At present, wood
processing enterprises online inspection usually use light to determine the situation of cracks. Whether
or not this inspired band saw can be used for online troubleshooting.
According to the new data, on the use of light measurement method (illumination value) for band saw
blade crack in-depth study - the occurrence of cracks in the law at home and abroad rarely. From the
experimental study of its crack based on the results of less. In order to determine the time of
replacement of band saw blades in actual production, it is necessary to study the generation and
propagation of cracks before and after cutting under different load conditions. In order to improve the
quality of wood surface treatment, to determine the choice of band saw blade reasonable replacement
time and online nondestructive fault diagnosis to provide a scientific basis.
2. The experiment main instruments and equipment
2.1. The experiment main instruments
The apparatus and equipment used in this test are shown in Table 1.
2.2. MJ3310A specific parameters of the woodworking band saw machine
The test and application of Tianjin forestry cutting tool factory production of No. 18 B.W.G band saw
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Table 1. Test apparatus and equipment.
Name
Model
Manufacturer
Woodworking band saw
MJ3310A
Shenyang Shen He woodworking
machinery factory
The large capacity data
WS - 5942-2-5
Spectrum of Beijing century
acquisition instrument quickly
technology development co., LTD.
Precision multi-function digital
GSM1020A
Shenzhen shigeru source technology
light meter
co., LTD.
High brightness adjustable
S6A
Shenzhen shigeru source technology
micro digital projector
co., LTD.
2.3. Cutting wood
The parameters of the test wood are shown in Table 2.
Table 2. Test apparatus and equipment.
Tree species
Manchurian Ash
Moisture content
10%
Cutting thickness
100mm
3. Test data processing and result analysis

Illuminance values/LUX
/LUX

3.1. Cutting wood of different wood species to crack defects of band saw blade illuminance value
influence
In the determination of the saw wheel spindle speed 900rpm, pressing the weight of 93N, saw blade up
and down distance of 650mm, feed speed of 15m / min, under the premise of cutting five kinds of tree
birch, color wood, poplar, elm, oak, respectively The complete saw blade and the cracked length of
1.68mm for the defect band saw blade for data collection, the saw blade cutting tree species are
different and the band saw blade illumination value of the collected data drawn as shown in Figure 1
It can be seen from Fig. 1 that the strip saw blade increases with the increase of the feed rate. The band
saw blade illumination value changes smoothly, and the cracked band saw blade increases with the
feeding speed. The saw blade illumination value also increases; More than the other wood illumination
value is small, the largest oak wood, complete band saw blade 32.8LUX, defect band saw blade
454LUX; poplar: complete band saw blade 42.4LUX, defect band saw blade 723LUX; birch:
complete band saw blade 43.8LUX, Saw blade 776LUX; elm: complete band saw blade 48.9LUX,
defect band saw blade 782LUX; color wood: complete band saw blade 51.7LUX, defect band saw
blade 1060LUX; oak: complete band saw blade 58.4LUX, defect band saw blade 1730LUX, cracked
band saw blade The illuminance value is generally greater than the illumination value of the complete
band saw blade. White pine in the five kinds of tree species in the hardness of the smallest, the largest
hardness of oak, which shows that with the increase in the hardness of wood cutting, the illumination
value also increases.
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Figure 1.

Color
wood
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Saw blade cutting different tree species when the full saw blade and crack defects
generated by the comparison of the value of the blade
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3.2. Influence of Rotation Speed of Saw Blade on Belt Saw Blade 's Illumination Value
In the band saw machine pressure Tuo weight of 93N, up and down the saw blade distance of 650mm,
feed speed of 15m / min, cutting under the premise of wood, in the five kinds of sawing wheel speed,
respectively, the crack is 1.68mm defective belt Saw blade and complete (intact) band saw blade for
data acquisition and analysis, get band saw blade illumination value curve shown in Figure 2.
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Figure 2. Uunder the load of different saw blade spindle speed on the full saw blade and crack defects
in the band saw blade illumination value
It can be seen from Figure 4, the saw wheel spindle speed on the band saw blade illumination value
is very obvious, saw wheel spindle speed before 1000rpm with the saw wheel speed increases when
the saw blade illumination value increases smaller, saw wheel spindle speed after 1000rpm , With the
saw wheel speed increase band saw blade illumination value also increases; intact band saw blade
illumination value 26.1LUX-36.8LUX, defective saw blade illumination value between 612LUX ~
1800LUX.

Illuminance values/LUX
/LUX

3.3. Load under different crack band saw blade's influence on the band saw blade illuminance values.
Saw in saw blade tensioning force of 8320 N, rotation number is 1000 RPM, the feed speed of 20
m/min and saw cutting elm card a distance of 600 mm, under different crack length of band saw blade,
band saw blade transverse vibration displacement signal sampling got crack length with the band saw
blade transverse vibration displacement curve as shown in Fig. 3.
The Fig.3 shows, under the load with the band saw blade saw blade transverse vibration
displacement when the increase of crack length is less, the sawing machine to achieve the best work
state, defective blade illuminance values between 657 LUX ~ 1325 LUX.
1400
1200
1000
800
600
400
200
0

Illuminance values/LUX

0

2

4
6
8
Crack length/mm

10

12

Figure 3. Different crack length band saw blade and the band saw blade the relationship between the
illuminance values
3.4. Influence of Weight on the Radius of Saw Blade
The speed of the saw blade is 1000rpm, the distance between the upper and lower sides of the saw
blade is 600mm, the feeding speed is 20m / min, under the premise of cutting the color wood, change
the weight of the five times, respectively, to the full saw blade and the crack length is 1.68 Mm defect
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band saw blade for data collection, now with the pressure lump weight increases the band saw blade
illumination value of the collected data drawn into a curve shown in Figure4.
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Figure 4 .Under the load of different pressure Tuo weight on the full saw blade and the occurrence of
crack defects saw blade illumination value
It can be seen from Fig. 4 that the band saw blade increases with the weight of the pressure mound,
and the illuminance value of the band saw blade increases with the increase of the weight of the
pressure mound. After the weight of the weight is 93N, the load With the increase of the weight of the
pressure mound, the band saw blade illumination value also increases. After the weight of the pressure
mound is 93N, the increase of the value of the band saw blade increases with the weight of the weight.
The influence is very obvious. Intact band saw blade illumination value 22.4LUX-33.4LUX, defective
saw blade illumination value between 711LUX-980LUX.
3.5. Influence of Upper and Lower Saw Card Distance on Illumination Value of Belt Saw Blade
In the band saw machine spindle speed of 900rpm, pressure Tuo weight of 93N under the premise of
band saw blade crack 1.68mm, change the distance from the top and bottom of the saw, respectively,
the complete saw blade and crack defects of the blade for data collection, Saw card up and down the
distance to get the band saw blade illumination value of the collected data drawn into a curve shown in
Figure 5.
It can be seen from Fig. 6 that the band saw blade is smooth with the increase of the distance
between the upper and lower saws. With the increase of the distance between the upper and lower
saws, the value of the band saw blade increases with the increase of the distance between the upper
and lower saws. Small, up and down saw the distance from 600mm, with the increase in the distance
from the saw blade, the illumination value increases greatly. This is due to the increase in the length of
the band saw blade, band saw blade vibration increased the reason. Intact band saw blade illumination
value 35.2LUX-44.6LUX defective saw blade illumination value between 721LUX-2690LUX..
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Figure 5. Influence of Upper and Lower Saw Card Distance on Illumination Value of Belt Saw Blade
3.6. Influence of Different Saw Height on the Illumination Value of Crack Band Saw Blade
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The saw blade tension force 8330N, the number of revolutions of the saw blade 900rpm, the feeding
speed of 15m / min, the distance from the upper and lower saws 650mm, the cutting oak, the
transverse vibration of the band saw blade was collected under different height conditions of sawing
and the crack length The relationship between the illuminance value and the band saw blade is shown
in Fig 6.
It can be seen from Fig. 6 that the band saw blade increases with the height of the saw blade. The
change of the band saw blade is smooth. The influence of the height of the saws on the saw blade is
very obvious. With the increase of the saw height, The increase. Intact band saw blade illumination
value 32.8LUX-58.4LUX, defective saw blade illumination value between 454LUX-1730LUX.
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Figure 6. Different band saw blade saw road height on the influence of the band saw blade transverse
vibration displacemen.
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3.7. Influence of Rotation Speed of Saw Blade on Belt Saw Blade 's Illumination Value
In the band saw machine pressure Tuo weight of 93N, up and down the saw blade distance of 650mm,
feed speed of 15m / min, cutting under the premise of wood, in the five kinds of sawing wheel speed,
respectively, the crack is 1.68mm defective belt Saw blade and complete (intact) band saw blade for
data acquisition and analysis, get band saw blade illumination value of the curve shown in Figure 7.
It can be seen from Figure 7, the saw blade spindle speed on the band saw blade illumination value
is very obvious, the saw wheel spindle speed before 1000rpm with the saw wheel speed increases
when the saw blade illumination value increases smaller, saw wheel spindle speed after 1000rpm ,
With the saw wheel speed increase band saw blade illumination value also increases; intact band saw
blade illumination value 26.1LUX-36.8LUX, defective saw blade illumination value between
612LUX ~ 1800LUX.
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Figure 7. Under the load of different saw blade spindle speed on the full saw blade and the occurrence
of crack defects band saw blade illumination value
From the test analysis shows that, for the MJ3310A sports car wood saws, the use of 120mm width of
the saw blade, band saw blade after the crack after the lateral vibration significantly increased, this
time to determine the saw blade is the replacement time. When the saw wheel spindle speed, pressure
lump weight, feed speed, the upper and lower saw the card distance are adjusted to the most
appropriate circumstances, the determination of lateral vibration displacement if more than 286LUX
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above, then the blade has produced at least one crack length of more than 1.68mm Of the crack defects,
the need to replace the band saw blade in time; in addition to the use of band saw blade lateral
vibration displacement changes can determine whether the band saw blade defects.
4. Summary
Through above MJ3310A type sports car woodworking band saw machine test and analysis, the
following conclusions:
(1)The illuminance value of the complete band saw blade is significantly lower than the defective
illumination value.
(2) With the increase of the feed rate, the illumination value of the band saw blade is increased and
the illumination value increases with the increase of the feed rate.
(3)Sawing white pine band saw blade illumination value than other wood illumination values are
small, the largest oak, white pine minimum: crack with band saw blade illumination value is generally
greater than the full band saw blade illumination value. White pine in the five kinds of tree species in
the hardness of the smallest, the largest hardness of oak, which shows that with the increase in the
hardness of wood cutting, the illumination value also increases..
(4) In type MJ3210A sports car woodworking band saw machine, using the 130 mm width of blade,
blade judge whether the need to change, can be judged from the change of the saw blade vibration
displacement, when saw wheel spindle speed, pressure tuo weight, saw card distance to adjust up and
down to the most appropriate cases, the determination of illuminance values if more than 286 lux, then
saw blade has had at least one crack length more than 1.68 mm crack defects, need to replace the band
saw blade in time.
Funding for the subject project
This topic by the Chinese national natural science fund project funding, its national fund name: based
on the analysis of time series of woodworking band saw blade tooth crack and damage formation
mechanism and prediction theory (31570556). Key scientific research project of jilin province
department (2015204038 NY). Lower level table plate laser cutting spelling solid mu fu joins a floor
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Abstract. Many materials such as alloys, composites find their applications on the basis of
machinability, cost and availability. In the present work, graphite (Grp) reinforced Aluminium
8011 is synthesized by convention stir casting process and Surface finish & machinability of
prepared composite is examined by using lathe tool dynamometer attached with BANKA
Lathe by varying the machining parameters like spindle speed, Depth of cut and Feed rate in 3
levels. Also, Roughness Average (Ra) of machined surfaces is measured by using Surface
Roughness Tester (Mitutoyo SJ201). From the studies it is cleared that mechanical properties
of a composites increases with addition of Grp and The cutting force were decreased with the
reinforcement percentage and thus increases the machinability of composites and also results in
increased surface finish.

1. Introduction
Composite materials play an important role in the field of science and engineering as well as advance
manufacturing in response to unprecedented demands from technology due to rapidly advancing
activities in aircrafts, aerospace, sporting goods, marine and automotive industries[1]. MMCs have
higher strength-to-density ratios, better fatigue resistance, better elevated temperature properties (such
as high strength and low creep rate), lower coefficients of thermal expansion, high thermal
conductivity, good damping characteristics, excellent wear properties and flexibility in design
attributes[2]. Some of the typical applications of these MMCs are bearings, automobile pistons,
cylinder liners, piston rings, connecting rods, sliding electrical contacts, turbo charger impellers, space
structures, etc. [3]. Several researches done experiments on machining of MMCs.[4] have investigated
the effect of machining parameters on the surface roughness and tool wear when turning 10% SiCp/Al
composites. Results indicated that higher cutting speeds result in relatively better surface finish, but
resulting in increased flank wear. [5] Developed the analytical model extending the classical
Merchants theory, Slip line theory and Grifith’s theory of brittle fracture to the machining of ceramic
particle reinforced MMCs. This model predicted the cutting forces and was validated experimentally.
They have concluded that the size of reinforcements in the composite material influences roughness of
the machined surfaces significantly when its magnitude is comparable to that of the feed rate and tool
nose radius employed during machining of the composite. [3] have studied tool wear and surface
roughness in machining of particulate aluminum metal matrix composite .it is revealed that the
formation of BUE significantly affects the tool wear at low speeds whereas thermal softening plays
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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important role at higher speeds and feed rates. However, no work addresses the machinability of Al8011–Grp composite produced by stir casting. Hence, the main objective of the present work is to
study the effect of reinforcement (2, 4, 6, and 8%) and machining parameters such as cutting speed,
feed rate, and depth of cut on surface roughness, and cutting force were analyzed during turning
operations.
2. Preparation and characterization composite material
Apart from iron, aluminium / aluminum is currently the next most widely used metal in the world.
This is due to the fact that aluminium / aluminum has a unique combination of attractive properties.
Properties such as its low weight, corrosion resistance, and easy maintenance of final product, have
ensured that this metal and its alloys will be in use for a very long time. In this work aluminum 8011 a
wrought alloy is used a matrix alloy Weighed quantity of Al-8011 was melted in electrical resistance
furnace to desired superheat temperature of 750 ± 200C in graphite crucible. After attaining the
required temperature degassing agent (C2Cl6 – solid hexachloro ethane) was added in order to degas
the entrapped gases in the melt. Then the molten metal was stirred manually at an average speed of
300 rpm for 200 Sec to form a vortex in the melt. Once the vortex is achieved the preheated (300±
200C) Grp was added by varying weight percentage of 2, 4, 6, 8 respectively. Prepared molten metal
then poured in preheated cast iron mould and allowed to solidify. The cast specimens were machined
as per the mentioned ASTM standards for measuring tensile and compression test in universal testing
machine having 0-20 tons of capacity as per the ASTM-E8M and ASTM-E09 respectively and
cylinder samples are polished as per the metallographic procedure to get fine surface before testing
their hardness. The hardness of prepared composite is measured by Rockwell hardness test.

Figure 1. Lathe Tool Dynamometer

Figure 2. Surface roughness tester

Table 1. Machining parameters
Sl. No

Speed (rpm)

1
2
3

175
263
395

Feed
(mm/sec)
0.067
0.111
0.167

Depth of Cut (mm)
0.2
0.4
0.6

The experiments were employed to study the effects of cutting parameters on surface roughness of
the materials when machining MMCs work piece. The lathe tool dynamometer which is attached to
BANKA-Lathe is used for measuring the cutting forces during the machining are shown in Figure 1.
The HSS Cutting tool which is used for machining has following geometry: Rake angle: 0° and
clearance angle: 7°, cutting edge angle: 85° and Nose radius: 0.8 mm. The machining parameters
which are used for experiments are listed in the table 1. ULI-15 model lathe tool dynamometer having
a capacity of 500kg in the X, Y & Z directions with 12mm tool holder and Strain gauge based 350Ω
bridge sensor is used for experiment
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Cutting forces are measured in each co-ordinate and collectively taken as multi-component forces.
The average surface finish (Ra) in the direction of the tool movement was measured in five different
places of the machined surface using a surface roughness tester- Mitutoyo SJ201, surface mean
roughness (Ra) in microns value of the five locations was considered for the particular trial. A
Inductive type Diamond cone Surface roughness tester (Mitutoyo SJ201) having a measuring speed of
0.25mm/s, 0.55 mm/s in forward direction and 0.8 mm/s in returning with a total gauge length of
12.5mm is used for measuring a roughness value of a machined surface.
3. Results and discussions
3.1. Mechanical properties
Machined composite materials are then tested for their mechanical properties as per the ASTM
standards. The average results of 5 specimens are tabulated in the table 2. From the results we can say
the capacity of withstanding applied tensile load is increased with the addition of weight percentage of
reinforcement, this is because of increased bonding between the matrix and the reinforcement. The
compression strength of a base alloy Al-8011 is 38.06 KN. The load bearing capacity of matrix
material will increased with the addition of reinforcement and the strength of the composite are also
implies in hardness test, the indentation resistance of the composite with 8% of Grp is increased to
52.1%.
Table 2. Mechanical properties of composite with different weight percentage of Grp
Composition

Tensile strength (MPa)

Al-8011
Al+2% Grp
Al+4% Grp
Al+6% Grp
Al+8% Grp

91.405
105.08
122.28
145.58
160.09

Compression Strength
(KN)
38.06
50.87
62.96
69.16
78.50

Hardness (BHN)
21.3
22.06
24.35
32.41
34.87

3.2. Surface roughness
The surface roughness (Ra) decreases as the cutting speed increases. At low cutting speed, the
temperature between the machining interfaces is more enough to create the unstable larger BUE (Built
up edge) and also the chips fracture readily producing the rough surface this may cause adhesive wear
on tool. As the cutting speed increases, the machining time will reduces and the BUE vanishes, chip
fracture decreases, and hence the roughness. Though these phenomena of improved surface finish at
higher cutting speeds can be observed in machining conventional materials also, the effect is more
pronounced here because removal of hard strengthen particles from the Aluminum matrix becomes
easier at higher cutting speeds. Figure 3 shows the effect of cutting speed and reinforcement on
surface roughness keeping feed rate and depth of cut constant. The influence of feed rate on the
surface roughness is shown in Figure 4. At same level of feed rate the surface roughness value
increased when increasing reinforcement wt. percentage. Figure 4 also shows that the increase in feed
rate increases the surface roughness (Ra). At the lower feed rates, the BUE forms readily and is
accompanied by feed marks resulting in increased roughness. With the increase in feed rate beyond
0.11 mm/rev, the rate of increase in surface roughness (Ra) is less due to the reduced effect of BUE.
The best surface finish was achieved at the lowest feed rate and highest cutting speed combination.
Figure 5 shows the effect of depth of cut and reinforcement on the surface roughness (Ra). It shows
that when higher depth of cut given its results in poor surface finish. As we known the shear angle and
HAZ (Heat affected zone) is depend on the depth of cut, has the depth of cut increases the HAZ and
shear angle, thus increase in Cutting force, friction and rise in temperature and causes deposition of
removed material on rake face of a tool. Hence, the surface roughness (Ra) increases along with
increase in depth of cut.
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Figure 3. Effect of cutting speed and
reinforcement on surface roughness (Feed0.11mm/Rev and Depth of cut-0.4 mm)
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Figure 5. Effect of Depth of cut and
reinforcement on surface roughness (Speed-263
Rpm and feed-0.11 mm/Rev)

Figure 6. Effect of cutting speed and
reinforcement on cutting force (Feed0.11mm/Rev and Depth of cut-0.4 mm)

3.3. Cutting force
The effect of an increase in reinforcement is evaluated under different speeds, at a constant feed rate of
0.11 mm/rev, a depth of cut of 0.4 mm, and a length of turning of 80 mm. When constant cutting
speed was considered, the cutting force is decreased as the reinforcement added. The presence of
reinforcement will minimize the build-up edge formation, which reduce the cutting force. It can be
observed that the increase in cutting speed will reduce the chip tool contact length therefore cutting
force is reduced. Figure 7 shows the trend of cutting force by considering constant Speed-263 Rpm
and Depth of cut-0.4 mm for length of 80 mm turning operation. When machining of Al-8011 alloy
with higher feed rates the friction win the machining interface will be high this requires high pressure
to shear the material thus the cutting force will be more. Figure 7 also reveals that addition of Grp in
the matrix material will decreases the cutting force this is because the Grp itself acts a lubricant to
avoid the friction in cutting tool and work piece interface. The same trend is followed when machine
the alloy and composite material by varying depth of cuts which is showed in figure 8. The contact
area of tool – work material interface will directly dependent on the cutting force.
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Figure 7. Effect of feed rate and reinforcement on
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Figure 8. Effect of Depth of cut and
reinforcement on Cutting force (Speed-263 Rpm
and feed-0.11 mm/Rev)

4. Conclusions
The results of plain turning studies of Al-8011 alloy and Al reinforced Grp composites using HSS-tool
by varying machining parameters at three different levels were presented. From the results obtained
following conclusions can be drawn:
 Mechanical properties like tensile, compression strengths of Al alloy can be tailored with the
addition of Grp by conventional stir casting route
 Higher cutting speed with lower depth of cut and lower feed rates gives good surface finish
when compare to lower speed
 Addition of Grp to alloy will gives more surface finish because of its lubricant property
 Increased federates and depth of cuts produces more cutting force and poor surface quality.
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Abstract. Cutting fluids are used in machining industries for improving tool life, reducing
work piece and thermal deformation, improving surface finish and flushing away chips from
the cutting zone. Although the application of cutting fluids increases the tool life and
Machining efficiency, but it has many major problems related to environmental impacts and
health hazards along with recycling & disposal. These problems gave provision for the
introduction of mineral, vegetable and animal oils. These oils play an important role in
improving various machining properties, including corrosion protection, lubricity, antibacterial protection, even emulsibility and chemical stability. Compared to mineral oils,
vegetable oils in general possess high viscosity index, high flash point, high lubricity and low
evaporative losses. Vegetable oils can be edible or non-edible oils and Various researchers
have proved that edible vegetable oils viz., palm oil, coconut oil, canola oil, soya bean oil can
be effectively used as eco-friendly cutting fluid in machining operations. But in present
situations harnessing edible oils for lubricants formation restricts the use due to increased
demands of growing population worldwide and availability. In the present work, Non-edible
vegetable oil like Neem and Honge are been used as cutting fluid for drilling of Mild steel and
its effect on cutting temperature, hardness and surface roughness are been investigated. Results
obtained are compared with SAE 20W40 (petroleum based cutting fluid)and dry cutting
condition.

1. Introduction
The application of conventional cutting fluids in machining operations is harmful and not eco-friendly.
In this context, the present work focuses on environmental friendly cutting fluids such as vegetable oil
based cutting fluids (VBCFs). The objective of this work is to determine the influence of vegetable oil
based cutting fluids (sesame and coconut oil) with extreme pressure (EP) additive on machining
performance [1]. This paper presents the effects of minimum quantity lubrication (MQL) by vegetable
oil based cutting fluid on the turning performance of AISI 316L stainless steel as compared to
completely dry and wet machining in terms of chip-tool interface temperature, chip formation mode,
tool wear and surface roughness [2]. Many researchers have investigated the effect of using different
vegetable oils as cutting fluid with different methods of lubrication on different metals for various
machining operations. Performances of palm oil and ground nut oil as cutting fluid was evaluated by
Sharafadeen Kunle Kolawale [3], and compared with that of mineral oil based cutting fluid during
machining operation of mild steel. Palm oil gave the overall highest thickness of 0.27mm probably
due to its better lubricating property. Based on these results, ground nut oil and palm oil are being
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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recommended as variable alternative lubricants to the mineral oil during machining of mild steel. M.
M. A. Khan [4], investigated the effects of minimum quality lubrication (MQL) by vegetable oil
based cutting fluid under turning operation of low alloy steel AISI 9310. The results were compared
with completely dry and wet machine in terms of tool- chip interface temperature, chip formation
mode, tool wear and surface roughness. Results show that MQL provides environmental friendliness
and improves the machinability characteristics. Jitendra Kumar Chandrakar [5] showed that lubricants
provide smooth operation between movable parts of all machines. It maintains the reliability of
machine functions and reduces the risk of failures. Vegetable bio lubricants are non-toxic, degradable,
and renewable also possess good lubricating properties. In his work, he reviewed papers on edible oils
as cutting fluids. While in few papers non-edible oils such as castor, karanja, mahua were used and
proved to have a great potential as lubricant for some of the machining operations. Vaibhav Koushik
A V [6] worked on metal working fluids that are widely employed to increase the machining
productivity and quality of metal cutting, but the usage poses great threat to the ecology health of
workers in industry. In this review paper an effort has been undertaken to provide highlights of
vegetable oils over petroleum based oils. The performance of the vegetable oils; palm, sesame, olive
and coconut oils were compared under minimum quantity lubrication (MQL) technique by Ahmad
Fairuz Mansor [7]. It was concluded that the coconut oil indicates the best machinability in term of
highest and uniform chip thickness and least wear on the drill bit under same condition with others.
These performances are followed by palm, olive and sesame oil. In additional, the viscosity
measurement indicates that coconut oil has the lowest value which can possesses better fluidity and
faster cooling capacity than other oils. Overall, coconut oil is recommended as viable alternative
lubricants during drilling of stainless steel. Effects of vegetable-based cutting fluids on the tool wear in
drilling of AISI 304 austenitic stainless steel with HSSE tool using crude sunflower oil, refined
sunflower oil, refined canola oil and commercial semi-synthetic cutting fluid was studied by
EmelKuram [8]. Experimental results show that canola based cutting fluid gives the best performance
due to its higher lubricant properties with respect to other cutting fluids at the constant cutting
conditions. EmelKuram [9], studied the Effects of the three different vegetable-based cutting fluids
developed from raw and refined sunflower oil and two commercial types (vegetable and mineral based
cutting oils), on thrust force and surface roughness during drilling of AISI 304 austenitic stainless
steel with HSSE tool. The results showed Lower thrust force values were obtained with SCF-I and the
least thrust force was achieved at spindle speed of 720 rpm. SCF-I generated the highest reduction in
thrust force when AISI 304 stainless steel drilled at a feed rate of 0.12 mm/rev and a drilling depth of
21 mm. When AISI 304 stainless steel was drilled, CVCF had low thrust force and the least thrust
force was achieved at feed rate of 0.08 mm/rev. The least surface roughness was achieved at spindle
speed of 720 rpm using CVCF. SCF-I was the most effective in reducing surface roughness as spindle
speed increased. SCF-II had the smallest surface roughness at feed rates lower than 0.12 mm/rev. The
least surface roughness was achieved at feed rate of 0.08 mm/rev using SCF-II.
In this work, non-edible oils like Neem and Honge oils are used as cutting fluids during drilling
operation of mild steel.
2. Experimental details
In this work Neem and Honge oils are used in their purest forms and their blends with different
percentages areused as cutting fluidsThe results obtained for these oils are compared with SAE 20W40
(Petroleum based oils) and at dry conditions. The proportions of these oils used ion this work are 50%
Neem & 50% Honge, 33.3% Neem & 66.6% Honge, 66.6% Neem and 33.3% Honge. The oils are
choosed based on their physical properties like flash point, fire point, specific heat, adhesiveness and
dynamic viscosity. Drilling of mild steel is carried out constant speed of 800 rpm, constant feed rate of
10 mm/rev. CNC machine is used for drilling, and the dimension of the hole is constant with
diameterof 13mm to a drilling depth of 30mm.
The temperatures of tool and work piece are measured using IR thermometer. The hardness of the
mild steel specimen before machining and after machining is measured using Rockwell hardness tester.
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The surface roughness of the specimen is measured for different cutting fluids using surface roughness
tester.

(a)
(b)
Figure 1. (a) CNC machine is used for drilling (b) continuous supply of cutting fluid during drilling.
Workpiece and cutting tool materials:
The workpiece materials used in with work is AISI 1014 Mild steel which is 75mm length with a
diameter of 25mm. The drill bit material is HSS with 10% cobalt with a diameter of 13mm
3. Results and discussions
3.1 Physical properties of cutting fluids

A good cutting fluid should have high flash and fire point so that it can retard the fire at cutting
temperature. The flash and fire points of are calculated by using Cleveland’s apparatus. The flash
point of blend of 50%Neem and 50%Honge is 2560C, which is very high compared to other cutting
fluids. Hence blend of 50%Neem and 50%Honge is best in resisting the flame. The blend of
50%Neem and 50%Honge has highest fire point of 290°C is good at resisting the flame, followed by
blend of Neem and with 285°c. It should also possess optimum viscosity i.e. if it is high then oils does
not carry away heat and chip from machining zone and it will stick the chip in the machining area
effecting machining efficiency.
Table 1. Physical properties of cutting fluids.
Sl.No
1)
2)
3)
4)
5)
6)

Type
fluid

of

Fire
cutting Flash point
point
(°C)
(°C)
248
285
220
245

Neem
Honge
50%Neem
50%Honge
33.3%Neem
66.6%Honge
66.6%Neem33.3%
Honge
SAE 20W40

Dynamic
Viscosity
(N-s/m²)
0.0345
0.0266

Specific
Heat
(KJ/Kg. K)
1.6817
1.6761

Adhesiveness
(g/m2)
687
412

256

290

0.01648

1.6991

359

228

256

0.0135

1.6703

257

228

264

0.011271

1.6789

367

210

215

0.02172

1.97

319

If it is low then it will just pass away from machining zone without lubricating the tool and work
piece. Viscosity of selected oils is measured by using saybolt viscometer .viscosity related to motion
of oils is important, dynamic viscosity plays an important role, from the table below is it seen that
Neem oil has highest value of 0.0345 N-s/m², least is 0.011271 N-s/m²for 66.6%Neem 33.3%Honge
and optimum is for 50%Neem 50%Honge with 0.01648 N-s/m². This indicates that the blend of
50%Neem 50%Honge has both cooling and lubricating property. The specific heat is the amount
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of heat per unit mass required to raise the temperature by one degree Celsius. A good cutting fluid
should have high specific heat, so that it can absorb max heat from the machining zone to rise its
temperature instead of allowing heat to transfer to tool and work piece. From the table it can be seen
that blend of 50%Neem 50%Honge has highest value of 1.6991 KJ/Kg. K followed by pure Neem
with value of 1.6817 KJ/Kg. K. This shows blend is capable of absorbing higher heat from the
machining zone or acts as good coolant compared to others oils used.
Adhesiveness is the property of cutting fluid referring to ability of fluid to stick to the surface of
work and tool during machining and maintain a later separating both elements, so that friction is less.
Adhesiveness should not be too high as the fluid will stick to surface along with chips formed. This
reduces the life of the tool and machining efficiency. If it is too low then the fluid cannot separate the
elements during machining resulting in higher friction and reduction to tool life. A good cutting fluid
should have optimum or moderate value of Adhesiveness, so that both the above problems can be
overcome. Neem has highest Adhesiveness with value of 687 g/m2, least is 257 g/m2 for blend of
33.3%Neem 66.6%Honge and the optimum is for blend of 50%Neem 50%Honge with the value of
359 g/m2. This shows that 50%Neem 50%Honge is best blend as it separates the machining elements
and carries away the heat.
3.2 Temperature of work piece and drill bit during machining

A good cutting fluid should absorb maximum heat from the machining zone, giving very less heat to
tool and the work piece, if not tool life will be less and the machining accuracy will be also be affected
along with varying the properties of work piece. Temperature measured for tool and work piece with
cutting fluid and at dry cutting condition are shown in figure 2. For dry condition temperature of tool
and work piece is 56.3°C and 68°C which is very high. This is due to transfer of whatever heat
generated to tool and work piece as no coolant is used and also due to high friction between tool and
work piece as no lubricant is used. For SAE 20W40 oil the temperature measured for both tool and the
work piece is 35.4 °C and 40.2°C, which is less compared dry cutting but higher than non-edible oils
used, this due to its lower adhesiveness and lower dynamic viscosity. For 50%Neem, 50%Honge
blend the temperature of tool and work piece is 36.2°C and 39.1°C very less value compared to other
conditions. This is due high specific heat, high adhesiveness and higher dynamic viscosity. Indicating
that, this blend has better cooling and good lubricating property.
3.3 Hardness test

Hardness refers to the resistance of a material to indentations and scratching. This is generally
determined by forcing an indenter on to the surface. The resultant deformation in steel is both elastic
and plastic. The hardness values of all the specimens before drilling and after drilling operation using
different cutting fluids are determined using Rockwell hardness tester and the results are shown in
figure 3.

Figure 3. Hardness of specimen before and after
drilling with different cutting fluids and at dry
condition.

Figure 2. Tool and specimen temperature with
different cutting fluids and at dry condition.
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Heat generated during drilling operation due to friction between the work piece and drill bit is
given out to tool, chip and work piece if no cutting fluid is used. If the maximum heat is given to work
piece then the mechanical properties will be affected and if it is given to tool, then the tool wear is
observed leading to reduction in tool life. The function of good cutting fluid is to absorb and carry
away the heat generated in the machining zone. In the above table it is observed that for dry condition
the hardness value is 78 HRB before drilling and it is 83 HRB after drilling which is very high
compared to hardness value before drilling, which indicates that the metal surface has absorbed more
heat during machining due to which it has become very brittle increasing its hardness. For petroleum
based oil, Neem the hardness value is initially 78HRB which got increased to 80 HRB very less
compared to Dry condition, indicating that maximum heat is absorbed by the cutting fluid and only
small amount of heat is given to the work piece resulting in lesser hardness value. For blend of 50%
Neem and 50% Honge, the hardness value before drilling is 78 HRB and 79.5 after drilling which is
very less difference. This may be because of effective cooling and heat absorption capacity of blend
used. For other combination of blends, the difference in hardness values are very high indicating that
heat absorption is not as effective as blend of 50% Neem 50% Honge.
3.4 Surface roughness of the machined work piece

Surface finish of machined part depends on temperature at machining zone, if the temperature is high
the work surface will become brittle and the force required to cut the metal will be high leading very
rough surface. Figure 4 surfaces obtained after drilling mild steel work piece with different cutting
fluids and at dry condition.

Neem

Honge

50% Neem&
50% Honge

33.3% Neem&
66.6% Honge

66.6% Neem&
33.3% Honge

SAE 20W40

Dry
Figure 4. Surface of machined Specimen with different cutting fluids and at dry condition.
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Table 2 shows Surface roughness measured with cutting fluid and at dry cutting condition. In dry
cutting condition, the chips were discontinuous due to the friction in the tool and work interface. As
the heat generated is high, the surface near the drill bit becomes brittle and due high cutting force,
machined is very rough with highest value of 4.157 µm .During the use of non-edible oil we found
that longer chips can be achieved due to the reduction. For Neem and blend of 50% Neem and 50%
Honge, the surface roughness measured 1.279 µm and1.16 µm which is very less compared to other
oils. This is due very low temperature at the machining zone and work surface will be ductile in
nature leading to lesser cutting force and smooth removal of metal. In case of SAE 20W40 oil as
cutting fluid the surface roughness measured is 3.5 µm, which is due to high friction between the drill
bit and work piece.
Table 2. Surface Roughness measured on machined surface for different cutting fluids and at dry
condition.
Sl. No
1)
2)
3)
4)
5)
6)
7)

Type of cutting fluid Surface Roughness (µm)
Neem
1.279
Honge
2.689
50%Neem
1.16
50%Honge
33.3%Neem
1.332
66.6%Honge
66.6%Neem
1.593
33.3%Honge
SAE 20W40
3.5
Dry condition
4.157

4. Conclusion
 Blend of 50% Neem- 50% Honge oil is good cutting fluid compared to other oils used as it the
highest flash point of 256˚C, highest fire point of 290˚C, Optimum viscosity of 0.01648 N-s/m²,
high specific heat of 1.6991KJ/Kg. K and optimum adhesiveness of 359 g/m2.
 The temperature of tool and specimen was very less when the blend of 50% Neem- 50% Honge
was used. The temperature of tool was 36.2˚C and the temperature of specimen was 39.1˚C.
 Due to friction the heat flows through the specimen and this heat should be less if the cutting fluid
is effective i.e. cutting fluid should absorb more heat. Properties of the specimen will vary
compared to parent work piece and this change in properties depends on the heat given to the
specimen during machining. For 50% Neem- 50% Honge, the hardness of machined
specimen(79.5 HRB) is very nearer to the value obtained with un-machined specimen(78 HRB)
 Surface roughness measured for Blend of 50% Neem- 50% Honge oil is 1.16 µm, which is less
compared to other cutting fluids used.
From the above results it was found that the blend of 50% Neem and 50% Honge is the best cutting
fluid compared to other cutting fluids used and it is environmental friendly, bio-degradable, nonhazardous and economical.
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Abstract. Aerosol jet is an additive manufacturing technique that writes electronic inks
directly onto the surface. The process has great potential for printed electronics as it is noncontact method that works well with variety of materials- metals, insulators, semiconductors,
epoxy and encapsulation materials for conformal writing. This paper explores the effect of
some parameters like ultrasonic power and atomizer flow on overall print quality, thus
establishing a process window.

1. Introduction
The growing complexity of devices and emergence of multifunctional structures has made research
and industrial community to look for alternate method of fabrication and material processing. Additive
manufacturing has emerged as the promising candidate for creating complex 3D structures with easy
processing [1]. Additive manufacturing builds an object through layer-by-layer deposition, and can
embed functional elements in every single layer [2, 3]. Aerosol jet is an additive manufacturing
technique that is based on droplet-deposition method and is widely explored for printed electronics.
There are only few reports available where authors exploit aerosol jet for printing polymers and
carbon based materials [4-6]. Seifert et al. do talk about differences between inkjet and aerosol jet [7],
but none of the reports delve on the parameter influences of aerosol jet. Studying various parameters
helps to establish guidelines for materials and contributes towards multi-material printing.
Understanding parameter processing also give users an idea on what dimensions can be realistically
printed.
This paper explores aerosol jet printing technique for printing silver electronic tracks on polyimide
substrate. Both qualitative and quantitative analysis is carried out to determine the process window
parameters to have controlled, repeatable and good line quality.
2. Aerosol jet printing
The basic schematic of aerosol jet printer is shown in figure 1. The Aerosol Jet process uses
aerodynamic focusing to precisely deposit inks onto the substrates. The ink is placed into an atomizer,
which creates a dense mist of material loaded droplets between 2- 5 µm in diameter. The aerosol mist
is then delivered to the deposition head, where a sheath gas focuses it. When the sheath gas and
aerosol pass though the nozzle, they accelerate and are focused into a tight stream of droplets flowing
inside the sheath gas. The sheath gas also serves to insulate the nozzle from material contact
preventing clogging. The resulting high velocity particle stream remains focused during its travel from
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the nozzle to the substrate over a distance of 2 to 5 mm maintaining feature resolution on non-uniform
and 3D substrates. The system is driven by standard CAD data.

Figure 1. Schematic of Aerosol jet printing process.
Aerosol Jet printing is fast becoming an alternative for screen-printing and direct write methods
like inkjet, as it allows smaller print resolution and deposition on non-planer surfaces [8, 9]. Such
features give aerosol jet added flexibility, scalability and to print conformal multifunctional features in
when compared to traditional technologies. Wide range of ink viscosities (1-1000 cP) and materials
like metals, polymers, ceramic powders, semiconductors and insulators can be printed using aerosol jet.
3. Experimental section
Commercial silver nanoparticle ink (PRELECT TPS 50, Clariant) was used to print desired tracks on
polyimide film substrate. Substrates were cleaned using ethanol prior to printing. The electronic tracks
were designed in CAD and printed using aerosol jet (Optomec). Silver ink was dried at room
temperature and later annealed at 200 ºC for 60 min. Contact angle measurement was done to
determine the wettability of silver ink on polyimide using an Attension Theta optical tensiometer and
accompanying Biolin Scientific software. Inverted microscope (Olympus CKX41) was used for
imaging the samples. Image J Software was used to quantify and measure the dimensions of printed
part. Scanning electron microscope (SEM, Joel JSM-5600LV) was employed to determine surface
morphology. All physical measurements were performed at least five times to achieve statistically
significant results.

4. Results and discussion

The surface roughness of the polyimide film is measured to be 0.6 µm. The measured contact angle of
the silver nanoparticle ink after printing is about 38°, indicating hydrophilic nature of the surface.
There are many factors that will influence the quality of the final printed lines. In particular, substrate/
ink combination, number of printed layers and print head speed are relevant to the printing quality.
The width control of the aerosol beam and thus the line width of the deposited line are controlled by
various parameters, but the most important of them are atomizer flow rate and ultrasonic power. This
work investigates the effect of these two parameters on the overall print quality achieved using aerosol
jet. The aim is to establish process window to allow printing close to designed values. It is to be noted
that sheath gas flow (0), ink temperature (30 ºC), platen temperature (70 ºC) and process speed (10
mm/s) are kept constant throughout the experiments.
Figure 2a shows how the line width of printed line changes with ultrasonic current at constant
atomizer flow of 14 ccm3. The thickness of the printed line increases with increasing ultrasonic
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current. It is to be noted that 0.65 A is the maximum current that can be achieved with this aerosol jet
printer. Also investigated is the change in line width with atomizer flow rate under constant ultrasonic
current of 0.5 A (figure 2b). The curve in figure 2b tells us that when flow rate is below 16 ccm3, very
less ink is deposited leading to discontinuous and breaking lines. For flow rate above 20 ccm3, excess
ink is dispensed leading to bulging features on the substrate.

Figure 2. Line width as a function of (a) Ultrasonic current at constant atomizer flow of 14 sccm and
(b) Atomizer flow rate under constant ultrasonic current of 0.5 A.
A good quality printed line is homogenous, continuous and adheres to the designed value. Figure
3a shows the process parameter combinations required to achieve a good printed line. Red, yellow and
green zones signify discontinuous line, bulging line and good printed line quality respectively. The
optical image of various printed lines is shown in figure 3. As discussed earlier, less ink in mist will
lead to broken and irregular features. An overspray will form swollen and expanded prints. The
overspray phenomenon is usually caused by the smallest droplets in the aerosol. However, changes in
atomizer flow rate have much higher impact on the print quality than ultrasonic power. This means a
small change in atomizer flow is enough to change the line width as against ultrasonic power. The
table gives an indication of parameters that need to be used to have good printability. Atomizer flow
rate between 15-20 sccm and ultrasonic current in range 0.4-0.6 A gives the best features for silver
nanoparticle ink on polyimide substrate. It is to be noted that these parameters will change if ink,
substrate and other parameters (that are kept constant) are varied.
Figure 4a shows a strain gauge pattern printed successfully on polyimide substrate. The aerosol jet
has an added capability to write on curved surfaces, as shown in inset of figure 4a. Same strain gauge
pattern is printed conformably on the dome shaped object using silver nanoparticle ink. The objective
of printing the design is to get good print quality and narrow line-width of around 20 µm. The printed
ink is further characterized using SEM to analyze the microstructure. Figure 4b shows sintered silver
ink parallel tracks on polyimide. The printed pattern of strain gauge containing parallel lines depicts a
good print quality as expected, with line width approaching 20 µm as desired. Such narrow and fine
feature size is highly desirable for microelectronic and Nanoelectronic applications. The higher
magnification image shows the particle size to be in the range of approximately 20-50 nm (figure 4c).
The deposited silver film on polyimide is homogeneous and crack-free. Figure 4d also depicts 2.5
dimensional (2.5D) image of the pattern depicting the consistency of the printed features.
Hence, it was observed that when ultrasonic current was kept in the range of 0.3-0.6 A and atomize
flow restricted to 16-20 sccm the print quality for silver is good. The deposited lines are close to
design value and homogenous. The established parameters can also be used to write directly on 3D
surfaces also, as shown for the dome structure.
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Figure 3. (a) Print quality determination for two parameters in aerosol jet printing. Red, yellow and
green zones signify discontinuous line, bulging line and good printed line quality respectively. (b), (c)
and (d) Optical image of the good and bad features of printed silver ink.

Figure 4. (a) Image of printed strain gauge on polyimide substrate. Inset shows the same design
written on a dome shaped object. SEM micrographs showing printed silver lines after annealing, (a)
low- and (b) high magnified image. (d) 2.5D image obtained using optical microscope.
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5. Future works
The future work may involve studying the effect of print passes and thickness variation for fabricating
functional devices like antenna, sensors and transistors.
6. Conclusion
Aerosol jet printing is a unique additive manufacturing technique for fabricating miniaturized
electronic circuits and components on various substrates for printed electronics. The process works
with wide range of materials to create functional components on 2d and 3D surfaces. This paper
investigates the effect of ultrasonic current and atomizer flow on the print quality of the silver tracks,
and establishes the best parameter combination for the material. For the ultrasonic current ranging
between 0.3-0.6 A, an atomizer flow of 16 sccm prints homogenous, continuous and crack-free tracks.
Optical microscope and SEM are used to ascertain the quality of printed lines. Aerosol jet capability of
direct-write is also demonstrated on a curved dome shaped structure.
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Abstract. Some literatures have been reported that the using bio coolant show better
lubricating and cooling performances and reduce the occupational health risks associated with
petroleum-oil-based coolant since they have lower toxicity. This paper investigates the effect
the cutting conditions on the surface roughness through turning of mild carbon steel using dry,
coolant and bio coolant. Measurement of surface roughness was conducted and then compared
with the change of the cutting conditions. The relationship between surface roughness and
cutting conditions was created in a curve for different of the cutting speed and coolant. The
results indicate that the surface roughness was reduced when the speed of cutting is set to the
highest level for all of coolant conditions (dry, coolant, and bio coolant) and constant of DOC
and feed. The surface roughness had better performance using bio coolant than coolant
conventional (mineral fluid).

1. Introduction
Nowadays, competitions in manufacturing industries continue to grow. In order to survive, the
manufacturing industry should strive to have run its operations effectively and efficiently. Besides, it
also consumer awareness of the importance of product quality also improved. The manufacturing
industry had to maintain the quality of their products to fit the needs of consumers. Environmental
issues (environment) as well as the safety and well-being are also factors that affect business activity.
Increasing public awareness of environmental issues, safety, and health and government regulation
caused the manufacturing industry will conduct its operations with due regard to environmental factors,
occupational safety and occupational health.
AISI 1018 mild carbon steel has excellent weldability and produces uniform. AISI 1018 mild
carbon steel offers a good balance of toughness, strength and ductility. Equipped with high mechanical
properties, AISI 1018 hot rolled steel also include improved machining characteristics.
Special manufacturing controls used for surface preparation, chemical composition, rolling and
heating processes. All these processes develop the highest quality products suitable for fabrication
processes such as welding, forging, drilling, machining, cold drawing and heat treating.
Machining process was an important process in manufacturing industries [1]. Machining process
was useful for removing unwanted material from the workpiece. Precise machining parameters needed
to make the machining process implemented efficiently and effectively and to produce a quality
product. One of the important parameters in the machining process is the use of cutting fluid.
Machining process was resulting in high temperature that caused by friction between the cutting tool
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and workpiece. It was affect the dimension and surface machined. The high temperature in machining
could be minimized by using a coolant.
Coolant and lubricants are usually employed in machining operations, including turning milling,
drilling or grinding. The increased concern for environment and sustainability are pushing industry
towards the new concept of sustainable production [2,3]. The use of liquid cooling was a simple way
which can be used as coolant and lubricant. On the other hand, the use of coolant can cause
environmental pollution and water for disposal [4,5]. Today, the using petroleum-oil based coolant is
being debated for reasons of economy, health, and environment. Bio coolant and minimum quantity
coolant have great potential, although still usage limited. Minimum quantity coolant has been used
widely in the literature [6-9].
The researcher of Technical University of Denmark was stated that the use of bio coolant (e.g.
vegetable oil) produce a better performance than other coolant [10]. The surface roughness is one of
essential requirements to be considered in machining parts by customer [11]. This paper presents the
influence speed of cutting and bio coolant on surface roughness.
The main goal of this experimental is to investigate the effect of the quantity of cutting fluid in
turning of mild carbon steel under method of dry and wet (oil coolant and bio coolant). Other objective
is to compare the parameters like workpiece quality of the machined surface under dry method and
flood coolant method.
2. Bio coolant
Bio coolant, also known as bio-based coolant or bio-lubricants, are made from a variety of vegetable
oils, such as rapeseed, canola, sunflower, soybean, palm, and coconut oils. The best application for bio
coolants is in machinery that loses oil directly into the environment during use, and in machinery used
in any sensitive areas, such as in or near water. Compared to petroleum-based coolant, use of bio
coolant:
 Produces a cleaner, less toxic work;
 Environment and fewer skin problems for those working with machining;
 Offers better safety due to higher;
 Highly biodegradable;
 Costs less over the product’s life-cycle;
 Due to less maintenance, storage and disposal requirements.
The increasing demand for biodegradable materials has opened the way for the use of vegetable
oils as an alternative to petroleum-based ingredients polymer [12,13], especially in the operation of the
machine. Awareness of the community on environmental issues has been continually evolving [14].
Vegetable-oils, especially canola [15] and rapeseed [16] are some of the more hopefully candidate as a
base material for lubricants. They are more easily biodegradable and less expensive than synthetic
base stocks. They frequently perform quite acceptable as a lubricant [17].
3. Experimental design
3.1. Cutting tools and materials
This paper was based on the experimental data which to assess the surface roughness in turning
process. Machining tests were performed on a PL1000G lathe machine with 10kW of horse power and
7000 rpm of maximum speed. The cutting tool was ceramic insert (Sandvik) which the cutting
parameters are shown in Table 1.
The material of experimental trials was AISI 1018 mild carbon steel round bar with 100 mm of
diameter and 300 mm of length. The composition of AISI 1018 is shown in Table 2.
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Table 1. The cutting parameters detailed
Parameters

Values

Speed of cutting (rpm)

500, 550, 700, 840, and 910

Depth of cut (mm)

0.5

Feed (mm/rev)

0.07

Coolant

Dry, Coolant and Bio Coolant

Table 2. The chemical composition of AISI 1018
Items

Composition

Carbon (C)

0.14 – 0.20 %

Iron (Fe)

98.81 – 99.26 %

Manganese (Mn)

0.60 – 0.90 %

Phosphorous (P)

≤ 0.04 %

Sulfur (S)

≤ 0.05 %

3.2. Experimental setup
The schematic of the experimental setup is shown in Fig.1. A Mitutoyo surface tester 301 was used to
measure the surface machined for each turning test.

Figure 1. The schematic of experimental setup.
4. Results and discussion
Surface finish produced during machining has a direct impact on the condition of the tool. As the tool
condition deteriorates, the surface roughness increases. It is accepted fact that the feed rate has a direct
bearing on the surface finish of the machined work surface.
The value of the experimental surface roughness parameters was gained by stylus instrument and
can be calculated theoretically, contemplating only the geometric component. The following equations
[18, 19] can be used for the calculus of theoretical surface roughness parameters (Ra and Rt) in μm:
Ra =

(1)

Rt =

(2)
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The experiment of turning on mild carbon steel shows that the surface roughness tends to decrease
for higher speed of cutting. It can be shown in Fig.2 which shows that the surface roughness was
proportional to speed of cutting also for using the coolant and bio coolant.

Figure 2. The graph of surface machined for different speed at feed of 0.07 mm/rev.

(a) Dry

(b) Coolant

(c) Bio coolant

Figure 3. The SEM views of flank wear after turning under dry, coolant and bio coolant at feed of
0.07 mm/rev
The decrease of surface roughness was affected by the use of coolant for the increasing speed. This
result was confirmed by Xavior and Adithan in their investigation, which stated that coconut oil had
greatest effect on the surface roughness and tool wear than compared to conventional mineral oil when
turning of AISI 304 austenitic stainless steel with carbide tool [20]. Krisnha et al. studied the
performance of SAE-40 and coconut oil when turning of AISI 1040 steel using cemented carbide [21].
It was reported that surface roughness initially minimized and then increased with increase in cutting
speed at all the lubricating conditions and increased with increase in feed rate. They concluded that
surface roughness decreased significantly with coconut oil-based nano-particle suspensions showed
better performance compared to SAE-40. Another investigation was by confirmed by Nur et al. with
different result. They present that surface roughness was only affected by changes in feed rate [22].
Sahin and Motorcu stated that the feed rate was main affecting factor on the surface roughness during
turning of mild steel with coated carbide tools [23].

5. Conclusion

Lubricant and coolant are essential in minimizing the severity of processing contact between cutting
tool and workpiece. Historically, the use of water was the main cooling materials due to the high of
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thermal capability and availability [24,25]. The aim of this investigation was to study the turning of
mild carbon steel using coolant, bio coolant and dry coolant for the surface roughness as resulting
performance. It concluded that bio coolant had better performance in surface roughness than compared
to conventional mineral oil and dry coolant. The increment of speed will be decrease the surface
roughness for all of coolant conditions.
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Abstract. In pass design of three-roll rolling process, accurate numerical model in deformation
region is very important. Thus, the numerical model of round rod in flat triangle pass in threeroll tandem rolling process was proposed by mathematics analytic method in this paper. The
parameters of numerical model, including arc length of the contact field, width of the contact
field, rolling reduction(maximum, point) and rolling piece dimension at the exit, were
established based on mathematical analysis.

1. Introduction
Three-roll mill is also called as Y-type mill, which is consisted of three dish-shape rollers, one of
which is inclined to the other at 120 degree. Three-roll mill stands compactly, and temperature
decrease is lower, which is benefit to control the rolling temperature [1]. The deformation in three-roll
pass is equal, and spread is lower, which is less than 5%. In addition, the restriction of rolling piece is
imposed from three directions by three rollers, which is propitious to low plastic, hard-deformed
materials, such as titanium alloy, tungsten.
Conventional, deformation region in three-roll tandem rolling process was transferred to that of
two-roll system, and mathematics model for pass design was the formulas written for two-roll system,
which leaded to low-precision. Few studies for mathematics models have been carried out in three-roll
sequence pass. Cao xifa proposed contact width in flat-triangle pass [2], J.H.Min, H.C.Kwon, Y.Lee,
etc. proposed to use the mathematics model of two-roll in three-roll pass system [3-4].
In this study, considering that the spread of three-roll system is 1/3 of two-roll system, which was
less than 5%, spread was ignored. The mathematics model was proposed by mathematics analytic
method, including include contact arc length, contact width, contact area, rolling reduction(point,
maximum), and cross-section area.
In this paper, formula derivation of mathematics model made the following assumptions: (i) ignore
the influence of roller elastic flattening and rolled piece elastic deformation, (ii) ignore spread. And
round rod in flat-round triangle sequence pass system was shown in Fig. 1.
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Figure 1. Round rod in flat-round triangle sequence pass system

R

2. Mathematics model
The parameters of round rod in flat triangle pass were shown in Fig. 2, The key parameters of round
rod in flat triangle pass were shown in table 1.
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Figure 2. Geometric model of round rod in flat triangle pass
Table 1. Rolling parameters of round rod in flat triangle pass
Parameter

Value

Round rod diameter

H0

Roller radius

R

Flat triangle Pass
inscribed circle radius

r

Ignoring spread, the contact points is M and M’, included angle between OM’ and coordinate axis
y is α.
Flat triangle pass curved surface equation in coordinate system XOY is calculated as Eq. 1:

[ y  ( R  r )]2  z 2  R
Round rod curved surface equation in coordinate system XOY is shown as Eq. 2:
H
x2  y2  ( 0 ) 2
2

(1)

(2)

2.1. Contact arc length
Ignoring spread in three-roll pass, the intersection curve between round rod curved surface and flat
triangle pass curved surface can be calculated by solving the Eq.1 and Eq.2 simultaneously, as Eq. 3.
 [ y  ( R  r )]2  z 2  R


H
x2  y 2  ( 0 )


2

(3)

Eq. 3 represents the curved boundary of deformation region of rolling piece. Overhead view curve
from Z-axis of deformation region can be determined by setting Eq. 3 plane projection to x-z plane of
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eliminating variable y, as shown in Eq. 4. And then set Eq. 4 line projection to z-axis of eliminating
variable x. Eq. 5 is the contact arc length in deformation region by definition of the contact arc length
[4-5].

H0

[ (

2

) 2  x 2  ( R  r )]2  z 2  R 2

(4)

Contact arc length:

l  z  R2  [

H0
 ( R  r )]2
2

(5)

2.2. Contact arc width
As shown in Fig. 2, line MM’ represents the contact width between rolling piece and roller. MM’ is
the intersection line between round rod curved surface and flat triangle pass curved surface of front
view in x-y plane of CS XOY.
So, the positions of M, M’ in coordinate system xoy are show as Eq. 6 and Eq. 7.

xm  (

H0 2 2
)  r , ym  r
2

xm '   (

(6)

H0 2 2
)  r , ym'  r
2

(7)

Therefore, contact width MM’ can be determined as Eq. 8.

k  2 (

H0 2 2
) r
2

(8)

2.3. Rolling reduction (point, maximum)
As shown in Fig. 2, line SC represents the maximum rolling reduction in deformation region, as
shown in Eq. 9. And the reduction for every point in arc MM’ can be calculated by Eq. 10.
H
hmax  0  r
(9)
2

hx  (

H0 2
)  x2  r
2

(10)

Where, x represents the x-position in arc MM’
2.4. Rolling piece dimension at the exit
Round rod before rolled in flat triangle pass was shown in Fig. 3 (a). The shape of round rod at the exit
of flat triangle pass has been reduced to sub triangular piece as Fig. 3 (b), ignoring spread.
MM’N’NQQ’ represents the profile of rolling piece rolled in flat triangle pass. M’N’, NQ, Q’M are
arc, and M’M, N’N, Q’Q are straight lines. So sub triangular piece dimensions are show in Table 2.
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Figure 3. a) Round rod before rolled in flat triangle pass; b) Sub-triangular piece exiting flat triangle
pass
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Table 2. Rolling piece dimension for arc M’N’, NQ, Q’M
Parameter

Center of arc Radius of arc

M’N’, NQ, Q’M

H0
2

(0,0)

Included angle
2  2  [60  acos （

2 r
]
）
H0

2.5. Cross-section area and contact area
As shown in Fig. 2, are M ' SMM ' are presents maximum cross-section area in deformation region,
x
x
S h   hdx  2 hdx . Combining with Eq. 10, the mathematics model of S h can be considered as Eq.
m

xm '

m

0

11.
Sh  2 [

xm
H
2
 ( 0 ) 2  xm 
2
2

(

H0 2
)
2  ar sin( 2  xm )  r  x ]
m
2
H0

(11)
__

Mean rolling reduction in deformation region can be considered as h 

Sh
, Where, k represents
k

contact width and S h represents cross-section area
As shown in Fig. 1, the geometric shape of deformation region can be reduced to rectangle.
Therefore, contact area S j can be calculated by multiplying the contact arc length l by contact width

k , as shown in Eq.12.
S j  2 R2 [

H0
H
 ( R  r )]2  （ 0 ）2 - r 2
2
2

(12)

3. Application of mathematics model in deformation region
In this paper, mathematics model of flat triangle-round triangle sequence pass system in three-roll
tandem rolling process has been proposed, which has solved the pass design of three-roll tandem
rolling process. In the case of the pass system for Φ25~Φ12 titanium alloy rod(TC4)product line, the
parameters in deformation region was calculated with mathematics model. Titanium alloy rod (TC4)
Φ25 was rolled to rod Φ12, and the eight-passes flat triangle-round triangle sequence pass system was
shown in Fig.4. The entrance velocity of the flat triangle-round triangle sequence pass system was
1m/s, initial rolling temperature of rolling piece was 950℃.

(1)

(5)

(2)

(6)

(3)

(4)

(7)

(8)

Figure 4. Φ25~Φ12 titanium alloy rod（TC4）eight-passes sequence pass system
3.1. Finite element analysis
Elastic-plastic finite element method was used in metal pressure process to predict shape and
parameters during deforming process. And the result of FEM simulation can get high precision, and
fits the practice results. Therefore, to prove the accuracy of mathematics model derivated in this paper,
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the eight-pass flat triangle-round triangle sequence rolling process of φ25~12 titanium alloy
rod(TC4)product line was simulated with elastic-plastic finite element software, as shown in Fig. 5 [67].

Figure 5. The finite element model of Φ25~Φ12 titanium alloy rod tandem rolling
3.2. Comparison of contact arc length between FEM simulation and mathematics model
As is shown in Table 3, error of contact arc length between FEM simulation and mathematics model
was below 10%, and the contact arc length of mathematics model was smaller, as the result of
ignoring the spread.
Table 3. Comparison between FEM simulation and mathematics model
contact arc
contact arc length Error
Pass
length with
with Mathematics （%
simulation(mm)
model(mm)
）
1

33.962

32.193

5.20

2

29.684

27.10919

8.67

3

31.755

29.08512

8.40

4

22.846

21.03437

7.92

5

26.073

25.33204

2.84

6
7
8

21.355
26.345
22.786

20.677
25.45635
20.87822

3.17
3.373
8.37

FEM simulation
mathematics model

34

Contac arc length:mm

32
30
28
26
24
22
20
0

1

2

3

4

5

6

7

8

9

Pass

Figure 6. Comparison of contact arc length between FEM simulation and mathematics model

180

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering 191 (2017) 012029 doi:10.1088/1757-899X/191/1/012029

3.3. Comparison of contact width between FEM simulation and mathematics model
As is shown in Table 4, error of contact width between FEM simulation and mathematics model was
mainly below 5%, and the contact width of mathematics model was smaller, as the result of ignoring
the spread.
Table 4. Comparison between FEM simulation and mathematics model
contact width
Pass with simulation contact width Mathematics model(mm) Error(%)
(mm)
1

17.95

17.4525

2.77

2

11.318

11.041

2.44

3

14.31

14.065

1.71

4

7.791

7.6535

1.76

5

11.836

11.29422

4.57

6
7
8

8.192
10.417
6.035

7.886542
10.08894
5.691089

3.72
3.14
5.69

FEM simulation
mathematics model

18

Contact width:mm

16
14
12
10
8
6
4

0

1

2

3

4

5

6

7

8

9

Pass

Figure 7. Comparison of contact width between FEM simulation and mathematics model
4. Summary
Mathematics model of round rod in flat triangle pass in three-roll rolling process was proposed in this
paper, including arc length of the contact field, width of the contact field, rolling reduction(maximum,
point) and rolling piece dimension at the exit. Therefore, Mathematics model of other pass system,
such as flat triangle-spherical triangle pass system, spherical triangle-round triangle, can also be
derivated by mathematics analytic method.
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Abstract. In order to ensure unbroken production in cup-shaped part deep drawing process
with diverse mould assemblage, a prediction model of limiting sheet diameter based on
response surface method (RSM) was presented. The simulated samples were used to fit the
sheet diameter RSM prediction model, and the multiple determination coefficient of RSM was
reached to 0.9. Setting the minimum sheet thickness to the critical value, the RSM will become
a limiting sheet diameter prediction model. It shows a close agreement with FE simulated
results through the test of examples. It can be concluded that presented RSM not only has
higher efficiency, but also has higher accuracy. It will provide an early quality forecasting
before actual deep drawing production.

1. Introduction
Sheet metal deep drawing is a widely used in manufacturing process, it is very suitable for mass
production. Efficacious parameters for the defects of different types, which may appear in the forming
parts can be divided into three main categories [1]: (1) material properties such as yield stress, work
hardening coefficient, anisotropic coefficient, blank dimensions, and thickness of blank; (2) tool
properties such as punch radius, die radius, and clearance; (3) process parameters such as blank holder
force, friction coefficient, type and position of lubricant, strain rate, and pressure.
To achieve a desirable quality with a minimum cost, traditional process design has been performed
in a time-consuming and costly way [2], usually involving a series of design modifications and test. As
an efficient engineering tool, finite element (FE) simulation has become more and more prevalent, it
allows us to precisely predict a forming process by detecting defects such as wrinkling and fracture in
an early stage, thereby, reducing design and test costs to a considerable extent [3]. Utilization
surrogate approximate model to map the relation between analysis results and input variables to
replace the FE analysis is an efficient and convenient method, it cost less analysis times than direct
simulation. Many kinds of surrogate model can achieve the approximation for the deep drawing
process, such as artificial neural network (ANN) [4], radial basis function (RBF) [5] and response
surface method (RSM) [6], et al.
In deep drawing process, the blank holder plays a key role in adjustment of metal flow in to the die
cavity. Moreover, the quality of drawn parts is extremely affected by this flow [7]. Srirat, et al. [8]
optimized the variable blank holder force (VBHF) trajectory and tools motion simultaneous by a
sequential approximate optimization with RBF network. Ehsan Karajibani, et al. [9] investigated the
formability of two layer (aluminum-st12 steel) sheets in the deep drawing process through numerical
simulations and experiments. Jae-Jun Lee and Gyung-Jin Park [10] optimized the structural
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
182

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012030 doi:10.1088/1757-899X/191/1/012030
1234567890

parameters and process parameters to avoid defects in sheet metal forming production. To observe
above articles, it can be found that the research is insufficient for limiting sheet diameter in
cup-shaped part deep drawing process.
At present, there are some moulds with diverse arc radius used in cup-shaped part drawing process.
The diverse arc radius is the only difference during the same type moulds. Using the diverse exchange
and assemblage of moulds, diverse cup-shaped parts can be produced. As we all know, in the deep
drawing process, the required process conditions for different assemblage of mould are not the same.
Users need to carry out a large number of repeated testing to determine the best drawing process for
the eligible product, the efficiency is lower. Thus, it is necessary to develop a speedy and accurate
prediction model to evaluate the drawing quality. In this paper, the precise FE simulation result was
used to obtain the initial training samples, and then, based on the RSM surrogate model, the sheet
diameter prediction model was established. Setting the minimum sheet thickness to the critical value,
the RSM will become a limiting sheet diameter prediction model. Through the test examples, the RSM
shows higher prediction accuracy. This prediction model can provide an early forecasting before
actual deep drawing production, reducing the rate of flawed products and labor consumption of
repeated testing, it is very helpful to improve the production efficiency and develop the numerical
control system.
2. Limiting sheet diameter, RSM and material
2.1 Limiting sheet diameter
The limiting sheet diameter is a diameter of just before an edge crack occurs. In a drawing process, if
the sheet diameter is more than the limiting sheet diameter, the drawing part will be occurred fracture
defect. The assembly method of cup-shaped part in a deep drawing process is shown as figure 1.

Figure 1. Schematic diagram of cup-shaped part deep drawing process.
The punch and die are installed on the bases respectively. In the deep drawing process, change the
punch with diverse radius and initial sheet with diverse diameter, will obtain diverse cup-shaped part;
change the die with diverse radius and blank holder force, will adjust the material flow condition,
avoiding winkling and fracture. The combination of blank holder force (BHF), sheet diameter (D),
punch radius (Rp) and die radius (Rd) in every group is corresponding to a drawing process; different
drawing process will produce the parts with different quality. Thus, to develop a prediction model
which can speedily and accurately evaluate the limiting sheet diameter, will reduce the repeated
testing before drawing, it is significant to improve the production efficiency. In this paper, the BHF, D,
Rp and Rd are considered as the research parameter, and their ranges and levels are shown in Table 1.
Table 1. Variable parameters with their levels.
levels BHF(kN) D(mm) Rp(mm) Rd(mm)
1
1
50
3
3
2
4
53
4
4
3
7
56
5
5
4
10
-------

183

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012030 doi:10.1088/1757-899X/191/1/012030
1234567890

2.2 RSM
RSM provides an approximate relationship between the input variables x and their response y. In this
paper, the approximate function of the response y is considered as second order polynomial:
k

k

k

y=
β 0 + ∑ βi xi + ∑ βii xi2 + ∑ βij xi x j + ε
=i 1 =i 1

i< j

In this paper, the accuracy of RSM was evaluated by multiple determination coefficients ( R 2 ):
n

R2 =
1 − ∑ ( yi − %
yi )

n

∑ ( yi − y )

2

2

=i 1 =i 1

where n is the number of the samples, y is the response of RSM model, %
y is the actual value of
the sample outputs, and the y is the mean value of these actual outputs.
The more close to 1 the R 2 is, the higher the RSM prediction accuracy is.
2.3 Material and fracture criterion
In this paper, the low carton steel DC06 with 0.6 mm thickness was used to deep draw, the mechanical
properties of material are obtained from a series of tensile tests and shown in Table 2, where E and
υ are young’s modulus and poisson’s ratio respectively. In general, the true stress - true strain curve
is fitted to exponential function type, in this paper, it was considered to the formula
=
σ k ( ε 0 + ε ) (ε 0 = 0.02) . Material anisotropic property uses the barlat’89 criterion [11,12].
n

Table 2. Mechanical properties of low carton steel DC06.
E ( GPa )

207

υ
0.28

k ( MPa )

n

r0

r45

r90

530.0

0.24

2.21

1.77

2.76

In the deep drawing process, the fracture is a very important failure type. It is used to measure the
drawing quality as the criterion. In this paper, the maximum permit thinning was used to judge and
measure the fracture. Usually, a maximum thinning of 25% thickness is used as the critical fracture
criterion [4]. Because the initial blank thickness is 0.6 mm, the maximum allowed thinning is 0.15
mm.

Figure 2. Mesh of the blank and drawing moulds.
3. FE model of deep drawing process
3.1 FE model
In this paper, the deep drawing process was simulated by the FE software Dynaform. The drawing
depth was set up to 35 mm, in this drawing depth, if the fracture don’t occurred, the final cup-shaped
part will have not any flange section. The element type was chosen as a quadrilateral shell element
(Belytschko-Tsay). The punch, die and binder were considered as rigid body, the drawing speed of the
punch was set to 50 mm/s, friction coefficient was set to 0.1 as an ordinary scale of metal contact, and
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the mesh size of the parts was set between 0.5 and 1, with the mesh density in the arc region and
planar region more dense and sparse, respectively. The mesh of blank and moulds was shown in figure
2, and the rest of the model parameters were set to the default values of the software.
3.2 Verification of FE model
For the verification of FE model, it is unnecessary to verify each FE model in the variable space of
Table 1. In this paper, a set of process parameters within the variable space was chosen randomly to
implement the FE simulation. When the BHF=10 kN, Rp=3 mm, Rd=3 mm, the FE simulated results
for D=54.6 mm and D=54.3 mm were respectively shown as figure 3 (a) and (b).
It can be found that the minimum sheet thicknesses of D=54.6 mm and D=54.3 mm are 0.419 mm
and 0.453 mm respectively. Therefore, the limiting sheet diameter must be a value between 54.6 mm
and 54.3 mm, take the average value 54.45 mm as the FE simulated limiting sheet diameter of this
drawing process. In the article of Zhang, et al[13], the drawing experiments with same process
condition as the FE simulation have been done. The experimental limiting sheet diameter is 55.3 mm.
The deviation between the EF simulated and experimental limiting sheet diameter is only 0.85 mm,
the relative error is 1.5% at the same time. Thus, it is an indication that the FE model is capable to
precisely simulate the drawing process under diverse process conditions.

(a)

(b)

Figure 3. FE simulated results for (a) D=54.6mm; (b) D=54.3mm.
4. RSM prediction model for limiting sheet diameter
4.1 Training samples
To further reduce the numbers of simulation, we implemented an efficient experimental design, which
includes an orthogonal experimental design with 16 numbers and extra 24 random experiments, here
only 40 samples need to simulate, and they are needful and sufficient to generate the required data for
fitting RSM. In Table 3, the last column is the simulated minimum section thickness under each FE
variable samples. If minimum thickness is less than 0.45 mm, the fracture has been occurred in deep
drawing process.
Table 3. Experimental samples and their FE simulation results.
Num BHF(KN) D(mm) Rp(mm) Rd(mm) t(mm)
1
1
50
3
3
0.522
2
1
53
4
4
0.523
3
1
56
5
5
0.501
4
1
53
3
3
0.505
------39
10
56
4
4
0.277
40
10
56
5
3
0.047
4.2 RSM prediction model
Taking the BHF, Rp, Rd and final minimum sheet thickness t as the inputs, the initial sheet diameter D
as the output respectively, the sheet diameter RSM prediction model was established by the samples of
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Table 3. Then, the RSM is an approximate model for predicting the sheet diameter D. Fitted RSM
function was shown as equation (1), the compared results between initial and predicted sheet diameter
were shown as figure 4, and the statistical histogram of deviation was shown as figure 5 respectively.
D ( BHF , Rp, Rd , t ) =
88.58 − 3.95* BHF + 2.61* Rp + 0.46* Rd − 60.03* t + 0.015* BHF 2 − 0.278* Rp 2 + 0.023* Rd 2
−52.56* t 2 − 0.098* BHF * Rp − 0.031* BHF * Rd + 7.956* BHF * t + 0.196* Rp * Rd + 0.214* Rp * t − 1.05* Rd * t (1)
Initial value
Predicted value

59

6

57

5

56

4

55

Count

Sheet diameter (mm)

58

54
53

3
2

52
51

1

50

0
0

10

20

30

40

The serial number of sample

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Error between initial and predicted sheet diameter

Figure 4. Initial and predicted sheet diameter.

Figure 5. Statistical histogram of deviation
between initial and predicted sheet diameter.

From the figure 4, it can be found that the maximum diameter deviation is 1.57 mm at the sample
serial number 15, still in the acceptable range. Form the deviation statistical histogram of figure 5, it
be clearly shown that there is only one diameter deviation more than 1.5 mm. Therefore, it can be
declared that fitted RSM prediction model can provide a better approximate sheet diameter value.
R 2 of RSM was reached 0.9. The RSM is capable to map the complex and non-linear relation
between sheet diameter and multi-parameter inputs. For the limiting drawing state, the sheet thickness
has been reached to the crack edge. In this case, the minimum sheet thickness was equal to 0.45 mm.
Therefore, setting the value of t in equation (1) to 0.45, the equation (1) will become a limiting sheet
diameter prediction model. From this model, the user needs not to simulate the complex deep drawing
process anymore by FE, the limiting sheet diameter can be obtained immediately when others input
parameters are entered.
4.3 Test examples and discussion
In order to test the applicability and accuracy of limiting sheet diameter RSM, four groups of drawing
process parameters were selected randomly, and their minimum sheet thickness, simulated and
predicted sheet diameter were shown in Table 4.
Table 4. Process parameters and results of test examples.
Num BHF(KN) Rp(mm) Rd(mm)
1
2
3
4

10
8
4
7

3
3
3
5

4
4
3
3

D(mm)/t(mm)
RSM
Unbroken
Broken
52.8/0.45 53.3/0.49 53.6/0.44
53.86/0.45 53.6/0.46 53.8/0.448
55.7/0.45 55.2/0.48 55.6/0.38
54.66/0.45 55.2/0.49 55.6/0.23

The procedure for obtaining the limiting sheet diameter on FE simulation as the following:
For one test example, FE was used to simulate two different deep drawing processes respectively,
whose sheet diameter sizes must be different and very close. If one of the two sheet diameters is
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broken, and another one is unbroken, then, the limiting sheet diameter on FE simulation must be a
value between these two sheet diameters. The comparisons were shown in figure 6.
From the figure 6, it can be found that the maximum limiting sheet diameter deviation is at the
serial number 4, because the limiting sheet diameter is a value between the unbroken and broken sheet
diameter, here, the average value 55.4mm was treated as the limiting sheet diameter, the deviation
between predicted by RSM and simulated by FE is 0.74mm, the relative error is only 1.4% at this time.
Thus, the limiting sheet diameter prediction RSM model has higher prediction accuracy. Because the
RSM model has fast calculation speed and higher accuracy, it could provide a guidance to prevent
fracture at the early stage of deep drawing process.
Limiting(RSM)
Unbroken(FE)
Broken(FE)

Sheet diameter (mm)

56

55

54

53
1

2

3

4

The serial number of test example

Figure 6. Drawing quality of initial and predicted sheet diameter.
5. Conclusions
In this paper, an efficient and accurate approximate model based on RSM was developed to predict the
limiting sheet diameter in the cup-shaped part deep drawing process with diverse mould assemblage. It
can be found that the limiting sheet diameter RSM prediction model in this paper not only has higher
efficiency, but also has higher accuracy. It is very suitable to provide a guide for mould assemblage
and parameter setting in the early stage of deep drawing process, and is also very suitable to be
integrated in the numerical control system. In the future, we will use RSM model to predict the actual
drawing production to improve the production efficiency.
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Abstract. An adaptive laser head was designed for microscale patterning and welding
applications. An optical design for laser head was performed by using ray tracing technique
with commercial software. Setting the focal length of the lens at 100mm the calculated focus
beam diameter was offset to be 10μm for the CFRP welding applications. To perform an autofocusing calibration an LRF(Laser Range Finder) distance sensor was used to measure the
distance to the target surface. Using a DC Motor with PID control loop, the distance was kept
at constant between the laser head and the target material. In this paper, we propose an
algorithm for auto-focusing calibration function and detail schematics of laser head design..

1. Introduction
Recently, many researches have been carried out new ways of machining using laser processing. In
modern machine tool market it is required to shorten the time of the machining processes and improve
productivity and quality of the product. Many efforts have been made in manufacturing process to
combine a cutting process and a non-cutting process such as a laser [1-3]. The conventional machining
processing requires tools which have friction between the tool and the material, and it takes up
unnecessary load on the tool and material. In results, machining process is not energy efficient and
sacrifices the precision of machining. However, when a non-contact tool is introduced, it is possible to
process materials such as alloys and ceramics which are difficult to process by cutting regardless of
hardness and rigidity [4].
In this paper, using a specially designed laser head we present a non-contact processing method,
and propose a method for more precise processing using a laser head with an auto-focus correction.
All the processes are designed to perform in a single machine without any additional equipment.
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Figure 1. PKM (Parallel Kinematic Machines)
2. Laser head device development
2.1. Laser head design
In general, 5-axis machining is evaluated to be more efficient and flexible than 3-axis machining. It
can be applied to various products such as aviation parts, blades, molds, etc., which cannot be
machined in conventional 3-axis machining [5]. The laser head is optimally designed to be applied to a
5-axis processing machine in PKM (Parallel Kinematics Machine) Fig. 1.
Fig. 2 is an example of beam delivery system that can separate the visible light spectrum from the
mixed spectrum of lights. In addition, focal length was set at 100mm and the optical design was
optimized to flexibly work near 100mm. To minimize the chromatic aberration, achromatic lenses
were used for various wavelengths. As a distance control hardware with DC Motor, the system was
designed to perform an auto-focusing calibration and a pulley system was used to transmit the power
from the motor to focusing unit. We modified several design alternatives and confirmed the possibility
of prototyping using 3D printing. The final version was completed and the prototype was completed.

(a) 3D modelling of driving system
(b) Beam delivery system
Figure 2. Laser Head Design and Beam Delivery System Diagram
In Fig. 3, a schematic diagram of distance measurement system was described and it uses an LRF
based on the triangulation method. After measuring the distance from the optics to the target object by
using the LRF, the predefined position of the laser head to the motor was controlled by using the
analog data from LRF.
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(b) Theory of triangulation method
(a) Distance measurement range
Figure 3. Laser range finder using triangulation
To calculate the position of laser focusing head, it is necessary to define the size of the focus of the
laser in the designed optical system. The spot size of the laser focused on the target material is
approximately 13μm according to Equation 1, assuming that the Beam quality factor M^2 = 1, the
laser wavelength λ = 1064nm, the focal length of the lens f = 100mm and the entrance pupil D =
10mm (Fig. 4).
Spot size =

4𝑀 2 𝜆𝑓
𝜋𝐷

(1)

Figure 4. Laser beam spot size diagram
2.2. Position control algorithms
The laser head introduced in this paper should be compatible with the machine tool regardless of the
noisy environment. Therefore, it is necessary to use minimum apparatus for the reduction of control
time. Using the analog control data from the LRF, the PWM signal was generated for the Motor
control which compensates the distance between the laser head and the target (Fig. 5). Based on the
developed control method, it was proved that the system always keeps the distance at a certain
distance neighboring the focal length. As shown in Fig. 6, the distance is always maintained at the
predefined constant location and the current position data is transported along the direction of the laser
head.
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Figure 5. Step measurement using LRF

Figure 6. Diagram of position control
The feedback control algorithm measures the current location and compares it to the measured
tolerance in LRF to reach the target value of “0” in real time. This control logic is applied to the
embedded system, ARDUINO in Fig. 7. The ARDUINO is an open-source project controller that
creates microcontroller-based kits for building digital devices and interactive objects with very
compact control system design.

Figure 7. Positon Control Algorithm
3. Prototype productions and testing
The prototype laser head designed as shown in Fig.8 was completed. To maintain the focus of the
optical system precisely, the backlash in all drive parts is designed to be close to zero. Based on
precision machining with minimum backlash, the system response was proved to be fairly high which
is suitable in this project. Even though there is some backlash, the gravity always helps to mesh the
gap in the downward direction.
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Figure 8. Prototype of laser head
For the optimum motor driving system design, we tested the stepping motor and a DC motor as the
basic test motors. First, a stepping motor that moves 1.8 degrees per step was used for the motion. The
designed laser head has a driving ratio of 1:2, and the lead of the head part screw is 3mm. In this case,
as shown in Equation 2, the vertical travel distance of the head per pulse is about 7.5μm. The change
in diameter of the beam per pulse was calculated to be about 0.76μm.
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑃𝑢𝑙𝑠𝑒

=

𝑑𝑒𝑔/𝑠𝑡𝑒𝑝
360°

∗ 𝑙𝑒𝑎𝑑

(2)

Second, we tested a DC motor for faster response than the stepping motor in real time. As shown in
Fig. 9, the response time between the output of the PWM to the DC motor and the analog data coming
from the LRF in the embedded system was measured. As a result, the response time was measured to
be about 10ms. It is a time that can be ignored when machine tool is transported with constant feed
rate in real environment. Since typical traveling speed of PKM is 1,000mm/min, the system can move
only 0.16mm in 10ms which may be negligible.

Figure 9. Reaction time of embedded system
When the analog data of the LRF reaches the desired target distance value of “0”, the DC motor
was slightly unstable or vibrating. By optimizing the PID controller parameters, it was possible to
reduce the vibration of the DC motor near the target value. Tuning the PID gain value, the motor’s fast
response speed can be obtained while reducing the error value
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4. Applied tests on machine tools
After completing the basic tests, we conducted test on the machine tool, which is a real environment.
The experimental setup was constructed as shown in Fig. 10.

Figure 10. Test equipment setting
The diode laser used in the experiment has wavelength of 980nm and the maximum output power
of 30W. In order to perform the auto-focusing function, an artificially bent specimen was prepared on
the table of CNC system as shown in Fig. 11.

Figure 11. Curved specimens
The test performed with a range of laser output power of 5 to 10W on a CFRP work piece. The
range of laser power selected so that the CFRP material is not bunt by the laser power. As a scanning
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speed, the feed rates of the machine tool were set as 1000, 2000 and 3000mm/min. From the visual
inspection of the laser head motion, the auto-focusing function was normally functioning at the feed
rate of 1000 and 2000mm/min. However, if the feed rate is increased at 3000mm/min, the speed of the
DC motor tends to be unstable which cannot compensate the distance difference.

Figure 12. Auto focusing function test and sample results
Experiments using laser head with auto focusing function is depticted in Fig. 12. If the focal length
of the laser does not match with the predefined value, defocusing occurs. Therefore, some unfocused
parts will not burn which proves the unfocusing. However, the auto focusing function normally works,
all the curved surfaces are burned.
5. Conclusion
The laser head was developed in this paper and a prototype of laser head was used for the experiment.
However, instead of directly applying to the 5-axis machining centre, the test was first demonstrated
with 3-axis machining centre. The proposed system will be applied to the 5-axis machine in near
future. From this research, we found that it is possible to apply auto focusing correction to the
conventional 5-axis machining tool.
The developed system is expected to provide the machine tool be more stable, flexible and precise
with the non-contact advantages. By applying a laser heat source to a machining process of a general
machine tool in a hybrid form, the time of the machining process can be shortened and the quality can
be expected to be improved. In addition, the laser has advantages not only in processing but also in
processes such as marking, texturing, welding, cutting, and heat treatment. If the system is equipped
with auto focusing function, much more precise machining will be possible.
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Abstract. In this study, brake pad components in powder form such as miscanthus, cashew,
alumina, phenolic resin and calcite, were used to manufacture ecological brake pads. In the
brake pad applications trial and error method is often used to find the optimum proportion
providing the best characteristics of the component in composite. The evaluation process
became complicated and time consuming due to the number of components used for the
manufacture of brake pad, randomly selected mixing ratios, many samples produced with trial
and error method and a vast variety of results obtained from the measurements. Taguchi
method was utilized in order to determine how the compositions of the brake pad components
in the range of 5-20 wt. % had an effect on the properties of the brake pads. As a result of the
experiments such as density, hardness, porosity and wear rate, the characteristics of the brake
pad samples were more affected by the proportions of Miscanthus and phenolic resin in the
mixture.

1. Introduction
Brake pad lining materials mostly made of five ingredients such as, reinforcement, lubricant, abrasive,
binding agent and filler components. Each component has a specific function in composite structure
such as, to adjust the balance friction and wear properties, increase strength, improve lifetime, porosity
and noise. Different components and/or the proportion of the components in the brake pad formulation
are reported in the literature that may affect the physical and mechanical properties of the brake pads
to be developed [1-3].
Selection of components’ types for the manufacture of brake pad samples is a difficult task because
of affect the properties of brake pad samples. There are limited reports in the literature about the
investigations of the effects of the manufacturing processes and components of brake pad materials to
the mechanical and physical properties of brake pad materials. The physical and mechanical properties
of brake pad materials also depend on manufacturing process parameters and the characteristics of the
components used in production of brake pad [4].
Aleksendrić and Senatore [5] (2012) were investigated the effects of the manufacturing process
such as moulding temperature, time and pressure values, heat-treatment temperature, and heattreatment time to wear behaviour of the brake friction materials. They used artificial neural networks
as an appropriate modelling technique for development of a model representing the effects of the
manufacturing process on wear behaviour of the friction materials. In this article, moulding pressure
was determined the most influential factor on wear behaviour of the brake friction materials and it is
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expressed that wear behaviour of friction materials were strongly affected by the manufacturing
processes.
Kim, Kim and Jang [6] (2003), in their work, determined the best manufacturing parameters for 16
different manufacturing conditions via applying Taguchi method to manufactured brake pad samples
comprising 15 ingredients. Hardness, porosity, friction coefficient and wear properties of brake pad
samples were examined via Taguchi method and the best manufacturing parameters were suggested as
moulding time 6 minutes, moulding temperature 225°C, moulding pressure 27MPa, heat treatment
time 6 hours and heat treatment temperature 200°C for this particular formulation based on the S/N
ratio and ANOVA analyses of tests results. It was expressed that there is no apparent relationship
between the physical properties and tribological performance of a brake pads.
The effect of brake pad samples produced with different periwinkle shell particle size on the wear
behaviour has been investigated by Amaren, Yawas and Aku [7] (2013). Pin on disk machine used to
perform the wear tests under different test conditions such as periwinkle shell particle size, sliding
speed, applied load and temperature. The results of the study showed that the wear rate increased with
increasing the periwinkle particle size, sliding speed, load and temperature.
Pujari, Ramakrishna and Kumar [8] (2014) were discussed in detail about the applications and
advantages of jute and banana fibre composites. They expressed that natural fibres are an alternative
resource to synthetic fibres, as reinforcement for polymeric materials for the manufacture is cheap,
renewable and environment friendly and when compared to glass fibres, natural fibres offer both
reduction in density and cost.
Zaharudin, Talib, Berhan, Budin and Aziurah [4] (2012), designed the manufacturing parameters
such as moulding pressure, moulding temperature and moulding time to analyse their effects on the
physical and tribological properties of the friction materials according to Taguchi’s L8 OA. The
optimal parameters were determined as 50 tonnes moulding pressure, 150°C moulding temperature
and 600 seconds moulding time. It was expressed that there is no relationship between the hardness
and specific gravity or wear properties of the friction materials.
In this study, Taguchi method was utilized for determining the effect of the brake pad components and
production parameters on the some properties of the brake pads. Therefore, reinforcement, lubricant,
abrasive and binder components of the brake pad were chosen as the factors with four-levels and then
experiments were conducted to L16(44) Taguchi orthogonal array design. 16 brake pad samples with
different proportions were produced for experiments in accordance with L16(44) Taguchi orthogonal
array design.
2. Materials and method
All powders were mixed with a 1000 W electrical mixer for 10 minute and then compacted at 170°C
under a double acting hydraulic press machine. Brake pad samples were compacted with 175MPa for
10 minutes holding time. The production parameters were determined based on the understanding
gained from the previous works and in accordance with literature. Finally, produced specimens were
rubbed against an abrasive paper of grade 180, 320, 400 and 800 grit for make them ready to
experiments. Specimens were produced in the mould which is designed by authors in Figure 1 and
samples produced are dimensioned as diameter 12mm, height 25mm.
Density of produced specimens was calculated by a precision scales that can operate according to
the Archimedes’ principle (equation (1)) in accordance with the ASTM C-20 [7, 9] (Figure 2). Where
ρw is density of pure water (22.5°C, ρw=0.9977 g/cm3), ρs is sample density, (g/cm3), and m1 and m2
are sample weight in air and water (g), respectively.
s 

m1
m1  m2

 w

(1)

Hardness values of all specimens were determined at Rockwell Hardness R scale (HRR) with
12.7mm spherical steel ball and 60kg.f the applied load by a hardness test machine (DIGIROCK-
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RBOV). Five positions which were along the radial direction of the specimen were tested for each set
of samples.
Porosity affects the properties of composite materials. Generally, for the same material, the lower
the porosity is, the less the connected pores are. Thus, composite material has higher strength and
thermal conductivity values and lower water absorption values. The porosity values of the brake pad
samples were determined by equation (2) [10]:

P = (1- E )x100
(2)
T
where P is porosity (%), ρ is density (g/cm3), E refers experimental and T refers theoretical.

Figure 1. The mould used in the production of brake pad samples

Figure 2. Density calculation kit according to the Archimedes’ principle
Wear rate tests were carried out using a pin-on-disc type tribo-test machine. The pin-on-disc test
apparatus with disc made of grey cast iron of hardness value 195HB (62.5kg.f, 5mm ball) and 180mm
track diameter was used to investigate the dry sliding wear rate of the brake pad specimens in
accordance with ASTM:D792 standard. The pin was pressed against the rotating cast iron disc of
counter surface at a load of 1MPa, sliding speed of 1m/s and sliding distance of 1000m. All tests were
conducted at room temperature. The differences in weight measured before and after tests give the
weight loss of the samples. The equation (3) used to convert the weight loss into wear rate (W, mg/m).
Where ΔW is the weight difference of the sample before and after the test (mg), S is total sliding
distance (m) [11, 12].
W=ΔW/S

(3)

The weight percentage of components such as miscanthus (A), cashew (B), alumina (C) and
phenolic resin (D) used for production of ecological brake pad samples were chosen in the range of 520wt-% increased by 5wt-%. Calcite used as filler (in the range of 35-80wt-%) was preferred as a
complement component for the brake pad mixture, because it had no effect on the characteristics of
the brake pad sample as reported in the literature. 256 units brake pad samples can be manufactured
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considering these mixing ratios. But it is impossible because of the performing production,
experimentation and evaluation processes of the brake pad samples. For these reasons, design of
experiment is an important tool for designing processes and products. Instead of having to test all
possible combinations like the factorial design, the Taguchi method tests pairs of combinations.
Signal-to-Noise ratios (S/N) are used as the quality characteristics of choice on Taguchi Design. In the
Taguchi method, the term ‘signal’ represents the desirable target for good products and the term
‘noise’ represents the undesirable value. The experimental observations are transformed into signal-tonoise (SN) ratios and the goal of the experiment is to improve the relationship between the signal
factor and the response. The signal-to-noise ratio measures how the response varies relative to the
nominal or target value under different noise conditions. SN ratios are available depending on the type
of performance characteristics and can be characterized into three categories; Larger is better, Nominal
is best and Smaller is better. The SN ratio category selected is important for the goal of the
experiments. The parameter level which has the highest S/N value is the best result for the
experiments regardless of the selected category of performance characteristics. Therefore, the optimal
level of the parameters is the level with the greatest S/N value [13, 14].
According to the ANOVA results, in multiple linear regression analysis, R2 is the regression
coefficient (R2>0.90) for the models, which indicate that the fit of the experimental data is satisfactory.
In this work, to evaluate the statistical data, the larger-is-better quality characteristic (equation (4))
was chosen for density and hardness and the smaller-is-better quality characteristic (equation (5)) was
chosen for porosity and wear rate values of brake pad samples. The quality characteristic was chosen
in accordance with the previously conducted studies made by Zaharudin, Talib, Berhan, Budin and
Aziurah [4], Kim, Kim and Jang [6], Ibhadode and Dagwa [15]. These formulas were used to calculate
SN ratio:
Larger is better S/N= -10.log[Σ(1/Y2)/n]
(4)
2
Smaller is better S/N= -10.log(ΣY /n)
(5)
Y= measured value,
n= Number of tests.
Table 1. The mean values of physical properties in accordance with Taguchi design.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

A
1
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4

B
1
2
3
4
1
2
3
4
5
2
3
4
1
2
3
4

C
1
2
3
4
2
1
4
3
3
4
1
2
4
3
2
1

D
1
2
3
4
3
4
1
2
4
3
2
1
2
1
4
3

d
1.459
1.485
1.583
1.563
1.528
1.491
1.489
1.527
1.563
1.543
1.408
1.407
1.538
1.46
1.435
1.401

H
105.2
104.9
109.4
112.3
105.6
104.6
111.7
106.9
108.9
111.5
100.9
104.7
108.1
105.8
102.9
95.5

Pr
0.15932
0.1559
0.15216
0.17273
0.16666
0.16522
0.21171
0.23704
0.16889
0.16526
0.22323
0.25289
0.17912
0.21977
0.21524
0.24556

WR
1.47E-06
1.35E-06
1.45E-06
1.59E-06
1.53E-06
1.47E-06
1.91E-06
1.70E-06
1.56E-06
2.86E-06
2.08E-06
2.12E-06
3.52E-06
3.35E-06
3.07E-06
2.74E-06

d: Density (g/cm3); H: Hardness (HRR); Pr: Porosity (%); WR: Wear Rate (cm3/N.m)

200

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012032 doi:10.1088/1757-899X/191/1/012032
1234567890

3. Results and discussion
Experiments are conducted in accordance with Taguchi's L16 orthogonal array to determine the degree
of influence of components and their ratios constituting brake pad samples to the physical properties
of brake pad samples. Experiments were carried out three times and average values of experiments and
mixing ratios of produced samples are given in Table 1. The resin was varying from 5 to 30wt% with
interval of 5wt%.

Figure 3. Mean value graphics of physical properties of brake pad samples

Figure 4. S/N value graphics of physical properties of brake pad samples
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Mean value graphs that are obtained from the data in Table 1 are given in Figure 3. When these
graphs are examined, miscanthus (A) and cashew (B) components exhibit similar behaviour for the
density, hardness and porosity properties of brake pad samples. While miscanthus and cashew
components’ ratios in the structure of the brake pad samples increase, density and hardness values of
the brake pad samples decrease.
While alumina (C) and phenolic resin (D) ratios increase, porosity values increase, and vice versa.
The wear rates of the brake pad samples are increasing in proportion to the ratio of miscanthus and
alumina. Cashew ratio is inversely proportional to the wear rates and it appears that the phenolic resin
ratios have no impact on the wear rate. Referring to the mean value graphics we can make comments it
this way. It could not be understood the effect of the brake pad components on the physical properties
of the brake pad samples by investigation of the mean value graphics. For this reason, SN ratio graphs
and ANOVA tables should be examined.
When the line is horizontal on the mean of SN ratio graphs, then there is no main effect present.
When the line is not horizontal, then there is a main effect present. Different levels of the factor affect
the characteristic differently. The greater the differences in the vertical position of the plotted points
are, the greater the magnitude of the main effect is. By comparing the slopes of the lines, we can
compare the relative magnitude of the factor effects. The S/N value graphics plotted to determine the
degree of influence of the brake lining components and ratios to the physical properties such as density,
hardness, porosity and wear rate of the brake linings are shown in Figure 4 and the ANOVA results
are given in Table 2-5. The ANOVA table shows the relative importance of the brake pad components
affecting the physical properties of brake pad samples. This can be evaluated from the contribution
(Cont.%) in percentage on the total variation indicating their degree of influence on the result. F test is
used to observe that the design parameters have a major effect on the quality characteristics. In the
analysis, the F-ratio is traditionally used to determine the significance of a factor. P (probability of
significance) values give the statistically significant factors affecting the property. The factors whose P
values are less than 0.05% (95% confidence levels) are generally regarded as statistically significant.
Based on this criterion, it is found that miscanthus ratio is not statistically significant for wear rate and
compression strength values [16-18].
Table 2. ANOVA for density SN ratios

0.1143

Cont.
(%)
18.69

0.1968

0.0655

C

0.9525

D

0.3141

Source

Seq SS Adj. MS

A

0.3431

B

Residual
Error

0.0295

Table 3. ANOVA for hardness SN ratios
F

P

0.1321

Cont.
(%)
20.49

9.21

0.05

0.0823

0.0274

4.25

1.91

0.304

C

1.3328

0.4442

68.89

30.98 0.009

D

0.0802

0.0267

4.37

1.86

Residual
Error

0.043

0.0143

Source

Seq SS Adj. MS

11.62 0.037

A

0.3964

10.72

6.67

0.077

B

0.3174

51.88

32.26 0.009

0.1046

17.11

10.64 0.042

F

P

0.0098

0.311

Table 2-5 suggest that alumina, miscanthus, phenolic resin and cashew components are significant
parameters for density values of brake pad samples and the contribution values in percentage 51.88,
18.69, 17.11 and 10.72, respectively. Alumina, miscanthus and phenolic resin components’ P values
are less than 0.05% for density property.
Hardness values of brake pad samples are more affected by alumina and miscanthus components.
Because alumina and miscanthus have 68.89, 30.98 and 20.49, 9.21 values of the contribution values
(%) and F values, respectively. Alumina and miscanthus components’ P values are less than 0.05% for
hardness property. Cashew, miscanthus and phenolic resin are more effective components because
their contribution values are 43.35, 38.92 and 13.51, respectively, and these components have less than
0.05% P values for porosity property. Miscanthus is a more effective component than others for wear
rate property of brake pad samples because of its higher contribution value and F value. According to
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ANOVA results, miscanthus and alumina have an effective influence on all the physical properties of
brake pad samples whereas others are not so effective. R-Sq values of SN Ratios of density, hardness,
porosity and wear rate of brake pad samples are 98.4, 97.8, 98.5 and 99.2 respectively.
Table 4. ANOVA for porosity SN ratios

4.6275

Cont.
(%)
38.92

15.465

5.1551

Source

Seq SS Adj. MS

A

13.883

B

Table 5. ANOVA for wear rate SN ratios
Source

Seq SS Adj. MS

26.44 0.012

A

110.34

36.78

Cont.
(%)
89.94

43.35

29.45

0.01

B

0.721

0.24

0.59

F

P

C

0.9818

0.3273

2.75

1.87

0.31

C

10.273

3.424

8.37

D

4.8199

1.6066

13.51

9.18

0.051

D

0.325

0.108

0.27

Residual
Error

0.5251

0.175

Residual
Error

1.027

0.342

F

P

107 0.001
0.7

0.611

10

0.045

0.32 0.815

4. Conclusion
Ecological brake pad samples were produced the first time using miscanthus as reinforcing component
of brake pad. As a result of this study which investigated the degree of influence production
parameters and the components constituting the brake pad samples on the physical properties was
obtained as follows:
When miscanthus component ratio in brake pad samples increase, density and hardness values of
brake pad samples decrease and porosity and wear rate values of brake pad samples increase.
When cashew component ratio in brake pad samples increase, only porosity values of brake pad
samples increases and others decrease.
When alumina component ratio in brake pad samples increase, only porosity values of brake pad
samples decrease.
When phenolic resin component ratio in brake pad samples increase, density and hardness values
of brake pad samples increase and porosity values of brake pad samples decrease. Phenolic resin
component has no effect on wear rate values.
The conclusion reveals that density and hardness properties are most affected by alumina
component of brake pad samples. Porosity property is most affected by miscanthus and cashew
components of brake pad samples. Wear rate property is most affected by miscanthus component of
brake pad samples.
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Abstract. The scaled boundary finite element method (SBFEM) and the precise integration
algorithm (PIA) are utilized to analyze the extended displacement field in clamped or simplesupported magneto-electro-elastic plates produced by external transverse loadings. There are
no limitation on boundary conditions and types of external forces. Only the in-plane
dimensions are divided into 2D elements. By introducing a set of scaled boundary local
coordinates, 3D governing partial differential equations are converted into the second order
ordinary differential matrix equation. By means of the internal nodal force, a first order
ordinary differential equation is obtained and its general solution is a matrix exponential. The
PIA is introduced to calculate the matrix exponential and any desired accuracy can be obtained.
Finally, several numerical examples are provided to validate the versatility of the proposed
technique.

1. Introduction
In the recent decade, magneto-electro-elastic plates due to exceptional nature to convert one form of
energy into another have been drawn considerable discussions. With the increase in the usage of
magneto-electro-elastic plates in engineering practices, an excellent understanding of their structural
behavior are needed.
Over the past few years, mechanics of magneto-electro-elastic plates have received considerable
research effort. Phoenix et al. [1] developed a finite element model based on the Reissner mixed
variational theorem to analyze the static and dynamic analysis of magneto-electro-elastic plate
problem. Built on the third-order shear deformation theory, Moita et al. [2] proposed a finite element
model to investigate the static and free vibration problem of thin and thick magneto-electro-elastic
plates. Liu [3] made use of the Kirchhoff hypothesis and classical thin-plate theory to study the
bending problem of the magneto-electro-elastic rectangular plate subjected to certain type of applied
loads acting on the top or bottom surfaces.
The purpose of this paper is to introduce the scaled boundary finite element (SBFEM) developed
Wolf and Song [4] and Song and Wolf [5] to explore the static response of magneto-electro-elastic
plates. The SBFEM method has its own attractive features. Recently, this method is extended to
discuss the plate bending problem [6, 7].
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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The paper is outlined as follows. The solution procedure of the fundamental equations in SBFEM is
presented in section 2. Subsequently, three numerical examples are provided to validate verify the
proposed approach as well as to highlight its performance in Section 3.
2. Solution procedure
In this section, only the necessary equations are introduced and further details are listed in Ref. [6, 7].
The 3D geometry of a magneto-electro-elastic plate is shown in figure 1.

Figure 1. The 3D geometry of a magneto-electro-elastic plate.
With the internal nodal force, the matrix exponential can be expressed as
uB    c1 



 FB   c2 
uT  
c1 

  exp    Z  t  

F
 T 
c2 

(1)

The PIA proposed by Zhong et al. [8] is utilized to solve the matrix exponential. The total thickness
t is divided into 2 N mini-layers of equal thickness.

 X T   exp    Z  t

2N 

2N

c  exp    Z   c  T2 c  T c
2N

N

(2)

Since  is an extremely small thickness, T is calculated as

T  exp  H   I  Ta H    Z 
Ta  H 

1
1
1
2
3
4
 H     H     H 
2!
3!
4!

(3)

The estimation of T is performed in the following way:

T   I  Ta 
in which

2N

  I  Ta 


2 N 1

2

  I  TN
r


Tri  2Tri 1  Tri 1  Tri 1 i  1, 2,..., N Tr0  Ta 

(4)
(5)

Substituting equation (4) into equation (1) and grouping the extended displacement field and
external forces, the stiffness equation can be acquired.

u   F 
 S   uB    FB 
 T   T  

(6)

in which



T12 1T11
T12 1 
1
1 
T21  T22 T12 T11 T22 T12 

S   

(7)

By applying boundary conditions, the extended displacement field of the magneto-electro-elastic
plate is obtained.
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3. Numerical examples
In this section, all examples are conducted with a material BF50%, whose material properties are listed
in Table 1 of Ref. [9].
3.1. Verification
Comparisons provided by Alaimo et al. [9] are under condition. From table 1, it is obvious that the
present results agree well with that from the reference.
3.2. Circular plate
It is meaningful to investigate the deformation of a circular magneto-electro-elastic plate as illustrated
in figure 2 under uniform electric displacement load on the top plane. Thickness to length ratios
t/l=0.01, 0.02 and 0.05 are selected, in which the characterized length is l=2R. Clamped boundary
conditions are given at the edge of the circular plate. The central transverse displacements under
different kinds of external loadings are demonstrated in table 2. Figure 3 delineates variations of the
electric and magnetic potential along the normalized thickness. From all tables and figures, a
conclusion can be drawn that the thickness-to-length ratio greatly influences the distribution of electric
and magnetic potential.
Table 1. Results of a square magneto-electro-elastic plate.
Element order
t/l=0.01
t/l=0.02
t/l=0.05
4

-1.574×10-9

-1.072×10-2

9.106×10-6

6

-1.570×10-9

-1.069×10-2

9.033×10-6

8

-1.567×10-9

-1.065×10-2

8.818×10-6

10

-1.560×10-9

-1.045×10-2

8.228×10-6

Ref. [9]

-1.507×10-9

-9.820×10-3

8.365×10-6

Figure 2. A circular plate meshed with fourth order spectral elements.
Table 2. Central transverse displacement for the circular plate.
Element order

t/l=0.01

t/l=0.02

t/l=0.05

4

1.287×10-13

-7.982×10-12

4.366×10-10

6

1.687×10-13

-1.505×10-11

4.592×10-10

8

2.204×10-13

-1.545×10-11

4.822×10-10

10

2.238×10-13

-1.612×10-11

5.220×10-10
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Figure 3. Variations of the electric and magnetic potential.
3.3. Square plates with four holes
In this example, a square plate with four holes are selected as a model as demonstrated in figure 4
under a sinusoidal mechanical load on the top plane. Simply supported boundary conditions are
prescribed as all four outer edges while the inner edges are free. Additionally, zero electric potential
and magnetic potential are applied on both the upper and lower plate surfaces. Table 3 reveals
deflections of an open-hole square plate at the center. Variations of the electric and magnetic potential
are displayed in figure 5. Similar findings on variations of the deflection in the previous example can
also be found in Table 3. It is obvious that central transverse displacements in the case of t/l=0.05 are
largest. Moreover, curves of the electric potential and magnetic potential are approximately parabolic
in figure 5.

Figure 4. An square plate model with open-holes.
Table 3. Deflections of an simply supported square plate at the center.
Element order
t/l=0.01
t/l=0.02
t/l=0.05
4

8.838×10-9

1.318×10-7

1.041×10-6

6

9.719×10-9

1.457×10-7

1.155×10-6

8

9.888×10-9

1.475×10-7

1.165×10-6

10

9.954×10-9

1.483×10-7

1.169×10-6
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Figure 5. Through-thickness variations of the electric and magnetic potential.
4. Conclusion
Based on the SBFEM and PIA, the magnitude and distribution of the transverse deflection, electric
potential and magnetic potential in a magneto-electro-elastic plate is discussed in the paper. Several
numerical examples are given to verify the proposed approach. In the circular plate, a conclusion can
be drawn that the thickness-to-length ratio plays an important role in determining the distribution of
electric and magnetic potential. As to the open-hole square plate, curves of the electric potential and
magnetic potential are approximately parabolic induced by mechanical loadings.
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Abstract. In manufacturing parts by molding method, temperature uniformity of the mold
holds a very crucial aspect for the quality of the parts. Studies have been carried out in
searching for effective method in controlling the mold temperature. Using of heat pipe is one
of the many effective ways to control the temperature of the molding area to the right uniform
level. Recently, there has been the development of oscillating heat pipe and its application is
very promising. The semi-empirical correlation for closed-loop oscillating heat pipe (CLOHP)
with the STD of 30% was used in design of CLOHP in this study. By placing CLOHP in the
copper plate at some distance from the plate surface and allow CLOHP to heat the plate up to
the set surface temperature, the temperature of the plate was recorded. It is found that CLOHP
can be effectively used as a heat source to transfer heat to copper plate with excellent
temperature distribution. The STDs of heat rate of all experiments are well in the range of
30% of the correlation used.

1. Introduction
In manufacturing parts by molding method, temperature uniformity of the mold holds a very crucial
aspect for the quality of the parts. Poor designed molds may lead to non-uniform temperature of the
mold cavity and core plates which lead to low quality parts and part rejection. Studies have been
carried out in searching for effective method in controlling mold temperature. Using of heat pipe is
one of the many effective ways to control the temperature of the molding area to the right uniform
level. Standard parts of heat pipe are cataloged in many cutting edge mold making companies.
Recently, there has been the development of oscillating heat pipe (OHP) and its application is very
promising. However, most applications of OHP, nowadays are concentrated in energy management of
air conditioner, refrigerator, heat exchanger, and in computer application. There are not many studies
of OHP in industry application such as molding. Since molding industry has been growing rapidly, i.e.
in plastics injection molding alone, the growth was anticipated to be increased by 40% within 5 years
[1]. In injection molding, rapid cooling and heating technique of cavity and core plates is of important.
There are two main categories of heating system used, surface heating and volume heating. Surface
heating, as its name implied, is heating of the cavity surface using different heating method such as
induction heat and infrared. Whereas in volume heating, channels are drilled and cartridge heaters are
placed evenly in the core side as shown in Fig. 1(a), where the center plate is the heating plate and the
right-hand plate is the cooling plate. Fig. 1(b) shows another design where water and heater could be
placed in the same channel.
The objective of this paper is then to adapt the volume heating concept by replacing the cartridge
heater and water with CLOHP. By this adjustment, the heating and cooling process can be combined
using just CLOHP and the system is much more simplified as there is no leakage problem since
CLOHP is a closed system with no moving parts. The basic characteristics of OHP is a capillary tube
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meandered into equally space-wise turns as shown in Fig 2. Inside of the tube is evacuated and partly
filled with working fluid. It can then be placed in between the mold plate to transfer heat into the
cavity with a more uniform temperature distribution. Moreover, the tube can be bent in any required
shape (Fig.3). For preliminary study, this research is concentrated on only heating of the copper plate
to the set surface temperature. The temperature distribution was then studies and reported as the
standard deviation value of the set surface temperature. For comparison, the same experiment but
using cartridge heater was also carried out. The results were as well compared with the result studied
with P-20 of the previous study.

Figure 1. Rapid Mold Heating/Cooling Process [2, 3]

Figure 2. Oscillating Heat Pipe Figure 3. OHP in Commercial Used [4]
Khandekar et al. [5] proposed the semi-empirical correlation which determine the maximum heat
transfer achievable for CLOHP (filling ratio of 50%) with the STD of 30%. The correlation together
with other dimensionless terms required in the design are as shown in Eq. 1 to Eq. 5 and Fig. 4.

(1)
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Figure 4. Semi-empirical correlation of CLOHP [5]
2. Experimental setup and analysis
CLOHP was designed for 300 Watts of heat transfer using Eq. 1 to Eq 5. Choosing water as working
fluid, the number of turns needed is 12 with the inner diameter of 2 mm. Fig. 5 shows dimensions of
CLOHP used in this study. Fig. 6 shows the experimental setup. Fig.7 shows locations of 16
thermocouples. Fig. 8 shows the recorded temperature from the experiment with standard deviation
(SD) at each point. The CLOHP was placed at 5 mm and 10 mm from the surface of the copper plate.
The surface temperature of interest in this study was 80C -130C, with the increment of 10C.

Figure 6. Experimental setup

Figure 5. Dimensions of CLOHP

Figure 7. 16-location of thermocouples

Figure 8. Recorded temperature with SD value

When the system was at steady state, the temperatures of 16 locations were recorded for 60 minutes.
With the data from 3 replications, the temperature at each location was reported as mean temperature
with SD value which was calculated by Eq. 6.
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Where SD is the standard deviation at each location
X is the measured temperature


X is the average measured surface temperature
N is sampling size
However, when refer to surface temperature of the whole plate, the standard deviation (STD) is


used, where X is set surface temperature and N is sampling size. However, for comparison, when 2 set
of temperature distribution results are considered, the relative standard deviation (%RSD), as in Eq. 7,
was used.
STD
(7)
%RSD 
x100
X

3. Result and discussion
The designed CLOHP can heat the copper plate to the desired set temperatures with acceptable
deviation. The results of set surface temperature of 100 C will be used as a representative for the data
at other set temperature as well since they all show the same trends. Fig. 9 shows 16-location of
surface temperature of copper plate at set surface temperature of 100 C. The deviation (STD) of the
whole plate from the set surface temperature was 0.28 C. The deviations (SD) at each 16-location
are also shown on the right side of the figure. It can be clearly seen that the temperature distribution of
the copper plate with CLOHP as the heat source is rather uniform. Fig. 9 also shows the result in the
case of using cartridge heater (HR) at the same surface temperature for 16-location as well. The
deviation in this case was 0.62 C. From Table 1, it can clearly be seen from the temperature
deviation that the copper plate with CLOHP as the heat source shows good temperature distribution
than those with cartridge heater (HR).

Figure 9. 16-location surface temperature of the copper plate at set temperature of 100 C with the
deviation (SD) at each location and deviation temperature of the whole plate (STD), comparison
between using CLOHP and HR as the heat source
Table 1. STD of surface temperature at 5mm and 10mm depth.
Set Surface Temperature (C)
80
90
100
110
120
130

STD ( C)
STD ( C)
at 5mm Depth at 10mm Depth
CLOHP HR CLOHP HR
0.64
0.50
0.64
0.51
0.45
0.59
0.52
0.59
0.28
0.62
0.47
0.62
0.25
0.58
0.43
0.58
0.22
0.48
0.48
0.48
0.24
0.53
0.55
0.53
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From the result above, it is found that the CLOHP can transfer heat to the copper plate with better
temperature distribution than HR, consequently, the discussion hereafter will be concentrated on using
only CLOHP as the heat source and comparing the temperature distribution of the copper plate to
those of P-20 plate from previous study [6]. Table 2 compares the result of the STD values of the
surface temperature of both plate using CLOHP at 5mm and 10mm deep from the surface of the plate.
The STD values of the copper plate, in all cases, are less than those on the P-20 plate. This suggests
that the temperature distribution of the plate using CLOHP as the heat source with copper plate is
more uniform than those with P-20. Fig. 10 and Fig. 11 compare the effect of specific heat and thermal
conductivity on the RSD, respectively. Copper which has lower specific heat shows less RSD than P20 which has higher specific heat. Lower specific heat material requires less thermal energy to raise
the temperature of material of the same mass up to one degree, as a result the temperature distribution
is undoubtedly more uniform. When considering the heat conductivity, copper shows less RSD than P20. Material with higher thermal conductivity allows thermal energy per unit area to transfer and
increase its temperature much faster. These results are in agreement with the study of Wang, G. et. al.
[7]
Table 2. STD of surface temperature at 5mm and 10mm depth.
Set Surface Temperature (C)
80
90
100
110
120
130

Figure 10. Effect of Specific Heat on RSD

STD ( C)
STD ( C)
at 5mm Depth at 10mm Depth
Copper P-20 Copper P-20
1.03
0.50
0.63
0.51
0.45
0.98
0.52
0.89
0.99
0.47
0.86
0.28
0.25
0.97
0.43
1.07
0.22
0.96
0.48
0.91
1.08
0.55
0.78
0.24

Figure 11. Effect of Thermal Conductivity on RSD

Table 3 shows the STD of the all the experiments. It is found that the STD of all the experiments
are well in the range of the STD of the correlation which is 30.0%. Consequently, the correlation can
be well used for this design.
Table 3. STD of the heat transfer rate from experiment
De STD of the Heat Transfer Rate
pth
Copper (%)
P-20 (%)
25.87
5 mm
29.48
10 mm
9.41
6.76
4. Summary
CLOHP can be effectively used as a heat source to transfer heat to copper plate with much better
temperature distribution. The STD of surface temperature from CLOHP is 0.22C to 0.55C while
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those used HR is 0.48C to 0.64C. Copper plate yields better temperature distribution than P-20.
The STD of surface temperature of copper plate is 0.22C to 0.55C while those of P-20 plate is
0.63C to 0.1.08C. The STDs of heat rate of all experiments are well in the range of 30% of the
correlation used.
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Abstract. For problems of environment protection and cost in uranium recycle, the process
flows of ion exchange and Eluex, which recovered uranium from low concentration leach
liquor of acid in-situ leaching, were studied. Although the flow sheet of ion exchange process
was simple, the Eluex process had an advantage over it due to large quantity of effluent and
high processing cost in ion exchange process by comparative studies.

1. Introduction
In northern China, because of low uranium amount per square meter, uranium grade is generally lower
(uranium grade is around 0.01%). The surrounding rock has good permeability (permeability
coefficient is from 7 m/d to 10 m/d) and low content of carbonate. The process of acid in-situ leaching
was employed in this ore block. However, the concentration of uranium in the leach liquor was low
(15-30 mg/L). So the difficult problem, which concentrated uranium from low concentration solution,
should be urgent to be resolved.
To get the high quality of uranium precipitation product and reduce the consumption of NaOH
during the process of hydrometallurgy, ion exchange process and Eluex process had been employed to
recovery uranium from acid in-situ leaching solutions. Comparisons of technique, economy and
environmental protection between these two methods showed that Eluex process is more suitable for
uranium recovery from the low concentration leach liquor in acid in-situ leaching. Finally, the
comparatively good process and parameters were determined, and the ideal effect was acquired too.
2. Ion exchange process
Ion exchange process [1-4] is the main technology used in recovery of uranium from in-situ leaching
solution, and it generally includes procedures of uranium adsorption from leach liquor, uranium
elution from saturation resin and resin transformation. In China, the process of adsorption with fixed
bed and elution with moving bed is employed by many uranium milling plants. However, this method
usually causes the problems of high cost and environmental protection. In this study, only adsorption
and elution process of fixed bed was discussed.
The pH value of the acid leaching solution is 1.62 and ORP is 315mV. The concentrations of U,
Ca2+, Mg2+, Fe2+, Al3+, SO42- and Cl- were 22,465,413,480,277,8453 and 488mg/L respectively. Strong
base anionic resin named D1 was used as adsorption material. The adsorption with three columns in
series, which are fixed beds, is employed. And feeding mode is upward. Adsorption temperature is
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from 10 to 20 ℃ with contact time 6 minutes. When uranium concentration of leach liquor was 20-30
mg/L, uranium saturation capacity of resin is 11-15 mg/mL, the breakthrough volume is about 600 bed
volumes, and the ratio of saturation volume and breakthrough volume is about 1.5.
The acidic NaCl solution is employed to elute U from the saturation resin in a single fixed bed
column. The eluent solution contains 90 g/L of NaCl and 5 g/L of H2SO4.The elution contact time is
about 45-60 minutes. When the bed volume of eluate reaches to 9, the uranium concentration of eluate
can drop to 50 mg/L. If the bed volume of eluate reaches to 3, the uranium concentration of eluate is
highest. The OK liquor can be obtained from the 2nd to 5th BV. When uranium concentration in leach
liquor is 25-30 mg/L, the saturation U capacity of resin is 10-13 mg/mL. Uranium concentration in the
OK liquor can be maintained between 4.5 to 5.5 g/L, while the average consumption of NaCl is about
4.63 t/(t·U) and the elution rate is higher than 97%.
After elution of uranium loaded resin, the barren resin will be converted to Cl type. So it is
necessary to convert the resin from the chloride form to the sulfate form before returned to the
adsorption cycle. After uranium adsorption, effluent contains 8-10 g/L of SO42-, which can be used to
convert the resin.
The conversion results show that at early stage of the transformation (0.25-0.5 BV), Clconcentration in the liquor is relatively high and such liquor can be used for elution. In the next 5 BV
of transformation solution, Cl- concentration becomes low enough to discharge into evaporation pond
to prevent Cl- from accumulation in the leaching system.
The primary product of yellow cake is precipitated by the method of circulation aging from OK
liquor. The precipitation reagent NaOH is put slowly into the OK liquor, and the pH value is adjusted
to 7.0-7.5. The agitation is carried for 20-30 minutes, and the time of settlement aging is 12 hours.
After multi-precipitations, the alkali consumption of 1 ton uranium product is relatively high. The
average amount of alkali is 1.33 t, while the U concentration in the mother liquor is about 5 mg/L.
3. Eluex process
The Eluex process is a combined technology which makes the processes of ion exchange and solvent
extraction to link together. Firstly uranium is extracted by the process of ion exchange from leach
liquor, and then the saturation resin is eluted by sulfuric acid. Secondly the uranium is extracted by the
process of solvent extraction from the acidic eluate, and then uranium and sulfuric acid are separated
from each other. Finally, the uranium is concentrated at high magnification.
The uranium is extracted by process of ion exchange from leach liquor, and the saturation resin is
eluted by 100 g/L of sulfuric acid. Under the condition of contact time with 40 minutes, uranium
content of barren resin is less than 0.1 mg/(ml·wsr), and uranium concentration of effluent is less than
0.1mg/ml after 9 BV of elution. Uranium concentration of OK liquor is 2-4g/L.
During the procedure of sulfuric acid elution, the anionic uranium complexes in the resin are
displaced by the rule of mass action due to high concentration of anionic bisulfate in eluent. The
complexes of UO2(SO4)22- and UO2(SO4)34- in the eluate are dissociated partly, and the resultants of
UO2SO4 and UO22+, which are not easy to be adsorbed by the resin with HSO4- type, are formed.
Elution rate is dependent on the concentrations of exchangeable anion and diffusion of two kinds of
exchanging anion due to simplicity of mass action. So the longer contact time and large amount of
eluents are needed during the elution.
As feed solution of solvent extraction [5-7], the OK liquor of elution is extracted by the organic
phase of 5% P204, 10% TBP and sulphonated kerosene. The size of the mixing chamber of
mixer-settler is 1m×1m×1.5m. The side ratio of the mixing chamber and settler chamber is 1:3. The
flow ratio of organic phase and aqueous phase is 1:2-1:4. The operating temperature is 18℃. After 4
stages of countercurrent extraction, the uranium concentration in the organic phase can reach to about
6g/L, and the uranium concentration in the raffinate is below 0.01g/L.
The loaded organic phase was handled by 2 stages of scrubbing and 3 stages of stripping. The flow
ratio of organic phase and aqueous phase containing 110g/L of Na2CO3 in scrubbing process was 10:1,
and the flow ratio of organic phase and aqueous phase in stripping process is 5:1-7:1. The operating
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temperature is 20℃. Stripping results indicated that under the condition of 6 g/L of uranium
concentration in loaded organic phase, the uranium concentration of OK liquor can reach to 50 g/L by
3 stages of stripping.
4. Comparison of 2 processes
4.1. Process flow
Compared with the processes of ion exchange and Eluex, the procedure of solvent extraction is
increased in the Eluex process, which is more complicated.
4.2. Comparison of environmental benefit
4.2.1. Effluent quantity of acidic NaCl elution process
1) Effluent of resin transformation
To avoid the accumulation of Cl- in leach solution, the amount of transformation effluent is totally 5
BV. If it is calculated by the 12 mg/mL of saturation capacity, the effluent quantity is 417 m3/t U.
2) Effluent quantity of discharged sodium sulfate
Generally, the production capacity of sodium sulphate is 3.9 t/tU in the process of acidic NaCl elution.
Assuming that the solution will be discharged by precipitation of the mother liquor when the
concentration of Na2SO4 is 100g/L, the effluent quantity is 39 m3/t U.
4.2.2. Effluent quantity in eluex process
1) Raffinate discharge
The barren organic phase contains Na+, of which 5% P204. The concentration of Na is around
0.149mol/L. The Na+ enters into aqueous phase by exchanging with UO2+ and H+ during extraction
process and then sodium sulphate is produced. Uranium capacity of saturated organic phase during
Eluex process is 6.16g/L, therefore, the yield of sodium sulphate is 1.74t Na2SO4/t U. Assuming that
the solution will be discharged when the concentration of sodium sulphate reaches to 100g/L, the
effluent quantity is 17.4m3/t U.
2) Effluent quantity of discharged sodium carbonate
During the recirculation of stripping feed solution in the preparation procedure of mother liquor,
sodium carbonate will be accumulated by the addition of sodium bicarbonate. If the amount of sodium
bicarbonate is 0.21 t NaHCO3/t U, then the accumulation amount of sodium carbonate is 0.26t
Na2CO3/t U. Assuming that the concentration of sodium carbonate is 110 g/L, the effluent quantity of
discharged carbonate discharge is 19.8m3/t U.
The effluent quantity in ion exchange process is much more than that in Eluex process, which is
456 m3/t U compared with 19.8m3/t U in total. By utilization of Eluex process, the effluent quantity is
reduced by above 95% of it.
4.3. Comparison of reagent cost
4.3.1. Reagent consumption of ion exchange process. The primary reagent consumption includes
sulphuric acid, sodium hydroxide and sodium chloride.
1) The consumption of H2SO4
The sulfuric acid concentration in the eluent is 5g/L. In the condition that the uranium concentration is
5g/L, the theoretical acid consumption is 1t H2SO4/t U.
2) The consumption of NaOH
The consumption of sodium hydroxide occurs in the procedure of precipitation, includes neutralization
of sulphuric acid and precipitation of uranium. The actual average consumption is 1.33t NaOH/t U.
3) The consumption of NaCl
The reason why sodium chloride consumes during production is that transformation solution and
effluent of sodium sulphate are discharged. The actual average consumption is 4.63t NaCl/t U.
4.3.2. Reagent consumption in Eluex process. The primary reagent consumption in this process
consists of the inorganic and organic reagent. The inorganic reagent includes sulphuric acid, sodium

221

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012035 doi:10.1088/1757-899X/191/1/012035
1234567890

hydroxide and sodium bicarbonate, and organic reagent includes P204, TBP and kerosene, etc.
1) The consumption of H2SO4
The primary consumption of sulphuric acid occurs in the elution and extraction process. During the
elution process, the decreasing portion of sulphuric acid enters the barren resin, and then it is returned
to absorption process, and recycles in the process of in-situ leaching, which has no acid consumption.
The sulphuric acid consumption in extraction is 0.38t H2SO4/t U.
2) The consumption of organic reagent
The primary consumption of organic reagent occurs in the extraction process. If the dissolution loss of
organic phase is calculated after oil removal, the concentration of organic phase in the raffinate is less
than 20mg/L and about 15% loss.The consumption of organic reagent is 0.66kg/t U.
3) The consumption of NaHCO3 and Na2CO3
In stripping process, besides sodium carbonate consumption in initial operation, the sodium
bicarbonate is added into mother liquor to prepare the stripping feed solution after recirculation, only
the sodium bicarbonate is consumed, and the consumption of it is 1.36t NaHCO3/t U.
4) The consumption of NaOH
The primary consumption of sodium hydroxide occurs in precipitation. Since the uranium
concentration of stripping solution is high, the alkaline consumption is low, which is 0.95t NaOH/t U.
Table 1. Consumption comparison of two processes
Reagent
type

Unit price
(CNY/t)

H2SO4
NaCl
NaOH
TBP
P204
kerosene
NaHCO3
sum

700
900
3000
25000
20000
9000
2000
—

Acid sodium chloride elution
Consumption
Cost
(t (t·U)-1)
(CNY(t·U)-1)
1
700
4.63
4167
1.33
4000
—
—
—
—
—
—
—
—
—
8867

Eluex process
Consumption
Cost
(t (t·U)-1)
(CNY (t·U)-1)
0.38
266
—
—
0.95
2850
0.0034
85
0.014
280
0.176
1584
1.36
2720
—
7785

Calculating by the current market price of reagent, the cost of these two processes is shown in table
1. From this table, it can be seen that the total cost per tone of uranium is 8867 CNY in ion exchange
process, while 7785 CNY in Eluex process.
5. Conclusion
The two process flows of acidic NaCl elution and Eluex are employed to recovery uranium from low
concentration leach liquor of acid in-situ leaching. Although there is no operation of extraction and
stripping in the process of acidic NaCl elution, the Eluex process flow is more economical and
environmental due to transportation operation of barren resin, large amount of Na 2SO4, large quantity
of effluent and high consumption of reagent in the process of acidic NaCl elution.
The further comparative work, includes investment of equipment, facility and construction as well
as operation staff, should be considered in the future.
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Abstract. Copper solvent extraction entrained and dissoluted organics (SX organics) in the
raffinate during SX operation can contaminated chalcopyrite ores and influence bioleaching
efficiency by raffinate recycling. The adsorption and bioleaching of A. ferrooxidans and L.
ferriphilum with contaminated ores were investigated. The results showed that, A. ferrooxidans
and L. ferriphilum cells could adsorb quickly on minerals, the adsorption rate on contaminated
ores were 83% and 60%, respectively, larger than on uncontaminated ores. However, in the
bioleaching by the two kinds of acid bacterias, contaminated ores presented a lower
bioleaching efficiency.

1. Introduction
Bioleaching-Solvent Extraction-Electrowinning technology (BL-SX-EW) for copper has been widely
used due to its advantages of low costs and environmental friendly [1]. However, low efficiency is a
key problem in bioleaching process. Many studies have shown that various factors greatly affect
bacterial growth and the bioleaching process [2]. Among which, the adsorption of bacterial on
minerals could be a more important one [3].
On the other hand, SX organics lost in the raffinate in forms of entrainment and dissolution, could
contaminate bioleaching system through the recycling use of the raffinate [4]. Studies have shown that
the LIX extraction reagent is harmful to the bacterials [5]. When exposed to different extraction
compounds, the bacterial activity and leaching ability of acidophilic bacteria were different. A.
thiooxidans and A. ferrooxidans were confirmed to be more sensitive than S. thermosulfidooxidans
and Alicyclobacillus spp [6]. A biochemical mechanism was speculated for the inhibition effect by SX
organics [7]. Most of the studies were from the view of bacteria growth and bioleaching efficiency.
The organics could contaminated minerals and bacterial by means of adsorption, which could finally
impact the leaching efficiency. Thus, we studied the adsorption of A. ferrooxidans and L. ferriphilum
on the contaminated chalcopyrite ores by SX organics, and its following bioleaching process, which
are of theoretical and practical significance.
2. Materials and methods
2.1. Materials
2.1.1. Minerals and extraction regents. The low-grade chalcopyrite ore (0.2% Cu, 3.4% Fe, and 5.1%
S) used in the experiments was provided by the Dexing Copper Group Company, Jiangxi, China. The
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copper extraction reagent, LIX 984N, was obtained from the BASF Chemical Co., Ltd. (Shanghai,
China). Commercial 260# kerosene was used as the diluent.
2.1.2. Bacteria and cultivation. Mackintosh (MAC) medium[8] containing 0.132 g/L (NH4)2SO4, 0.1
g/L KCl, 0.025 g/L MgCl2•6H2O, 0.027 g/L KH2PO4, and 0.147 g/L CaCl2•2H2O, pH 2.0 was used as
the culture medium. The inorganic salts were analytical grade. A. ferrooxidans and L. ferriphilum
(provided by the Biofilm Center, University of Duisburg-Essen) was adapted to 10% low-grade
chalcopyrite ore in the MAC medium. The cultures were incubated in Erlenmeyer flasks at 30 °C with
shaking at 180 r/min in a constant-temperature air-bath shaker (ZHWY-2102, Zhicheng Analytical
Instrument Manufacturing Co., Ltd, Shanghai).
2.2. Methods
2.2.1. Solvent extraction. MAC medium was mixed with an isopycnic organic phase in an agitating
tank. After stirring for 10 min at 400 r/min at room temperature, the MAC medium, which
contaminated by SX organics, was separated by a funnel. Low-grade chalcopyrite ore (washed with 75%
ethanol and rinsed with deionized water several times) was added to 100 mL of uncontaminated or
contaminated MAC medium. The mixtures were shaken for 2 h in Erlenmeyer flasks in air-bath
shakers at 30 °C and 180 r/min. The contaminated ore powders were filtered and air dried in a dustfree environment.
2.2.2. Microorganism adsorption. Microorganism adsorption on the minerals was investigated using
the contaminated mineral, with inoculation of 10% (v/v) culture. A microscope was used to examine
the bacterial cells. The adsorption rate was calculated as follows. Cells adsorbed on uncontaminated
minerals were used as a control.
(1)
where re is the adsorption rate, and ni and nt are the initial number of cells and the number of cells at
time t, respectively.
2.2.3. Bioleaching experiments. Bioleaching experiments were carried out in 250 mL erlenmeyer,
containing 150 mL MAC medium and 15 g contaminated/uncontaminated minerals in a shaker at
200rpm, 30°C . Each medium were inoculated with 5% (v/v) of bacterial culture (5×10 7 cells/ml).
Deionized water was supplemented for the evaporation losses.
3. Result and discussion
3.1. Adsorption of A. ferrooxidans and L. ferriphilum on chalcopyrite ores
Figure 1 reflected the adsorption of A. ferrooxidans and L. ferriphilum on low-grade chalcopyrite ores.
As Figure 1a shown, the adsorption on contaminated low grade chalcopyrite ores by SX organics had
an obvious improvement, the maximum rate was nearly 83%, double of that on uncontaminated ores.
In Figure 1b, the adsorption behavior of L. ferriphilum presented a same trend as A. ferrooxidans.
Cells of L. ferriphilum adsorbed fast on minerals in first 5 minutes and be stable after then. The
adsorption capacity (60%) on contaminated ores was larger than on uncontaminated ores (45%).
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Figure 1. Adsorption of A. ferrooxidans (a) and L. ferriphilum (b) on contaminated/uncontaminated
chalcopyrite ores

Figure 2. The fitting kinetic curves of the adsorption of A. ferrooxidans (a) and L. ferriphilum (b)
Table 1. Related parameters of fitting kinetic curves

A.f
L.f

uncontaminated
contaminated
uncontaminated
contaminated

first order model
k1
r1
R2
1.036 0.466 0.969
0.810 0.751 0.911
0.954 0.487 0.946
0.944 0.571 0.897

second order model
k2
r2
R2
2.942 0.504 0.976
1.377 0.822 0.966
2.657 0.523 0.966
2.128 0.618 0.959

It could be inferred that the SX organics adsorbed on minerals surface promote the adsorption of A.
ferrooxidans and L. ferriphilum cells. This could be explained by the hydrophobic interaction of the
bacteria and minerals. SX organics contain the major componds of LIX984N and sulfonated kerosene.
LIX984N was made up by hydrophilic polar groups and lipophilic nonpolar group [9], which was a
surfactant and could adsorb on minerals surface to enhance the hydrophobic. On the other hand, the
cytomembrane of gram-positive bacterias contains some proteins and lipids, which were related to the
adsorption on minerals [10]. Many studies have indicated that the bacterial trend to adsorb on the
hydrophobicity surface [11], and it was certified again in Figure 1. The adsorption process were fitted
by absorbing kinetic equations of the first order and second order in Figure 2. Comparing the data in
Table 1, the second-order kinetic equation fitted better for the cells adsorption.
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3.2. Bioleaching of A. ferrooxidans and L. ferriphilum on chalcopyrite ores
Since the adsorption of bacterials on mineral surface is a prerequisite for further interactions during
bioleaching process. A higher adsorption rate of cells means a more intimate contact between them
and will lead to a higher leaching efficiency. However, as shown in Figure 3, the bioleaching
efficiency of contaminated and uncontaminated low-grade chalcopyrite ores by A. ferrooxidans and L.
ferriphilum. It is obvious that the efficiency of contaminated minerals was smaller than that of the
uncontaminated ores, the highest rate was 15% and 25% for A. ferrooxidans, 7.5% and 6.8% for L.
ferriphilum. Higher cells adsorption does not result in higher bioleaching efficiency. SX organics
improved the cells adsorption but inhibited the final leaching efficiency.

Figure 3. The bioleaching efficiency of chalcopyrite ores by A. ferrooxidans (a) , L. ferriphilum (b)
4. Conclusions
A. ferrooxidans and L. ferriphilum could adsorb quickly on minerals and the adsorption rate were 83%
and 60% respectively on contaminated minerals, larger than on uncontaminated of 42% and 45%. The
second-order kinetic equation fitted better for the adsorption.
The efficiency of contaminated minerals was smaller than that of the uncontaminated ores, the
highest rate was 15% and 25% for A. ferrooxidans, 7.5% and 6.8% for L. ferriphilum.
Higher cell adsorption does not result in higher bioleaching efficiency. SX organics improved the
cells adsorption but inhibited the final leaching efficiency.
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Abstract. The phase transformation of the polymetallic sulfide ore is quite complicated,
especially the variety and diversity of the roasted intermediate. The mineralogy properties of
the ore particles were characterized by XRF, ICP and SEM-EDS. The thermal stability of the
complex ore was investigated using TG-DSC under different atmosphere (pure N2 and 1% O2–
N2). The phase changes and intermediates were revealed by the in-situ XRD in pure N2 and 1%
O2-N2 atmospheres with the temperature range from 25 to 800 oC. These results indicated that
the crystal transformation of the pyrrhotite from monoclinic to hexagonal at 320 oC, and the
pentlandite and chalcopyrite were decomposed into monosulfide solid solution in pure N2.
While the pentlandite and chalcopyrite were completely oxidized into M*xFe3-xO4 (M*=Fe, Ni,
Cu) and Fe2O3, which is also the final product of the ore sample oxidized under 1% O2–N2
atmosphere.

1. Introduction
The pyrometallurgical process of polymetallic sulfide minerals is relatively energy efficient compared
with hydrometallurgical extraction, which mainly due to the comprehensive utilization of the
exothermic oxidation of sulfide ores. The oxidation process of metal sulfides is particularly important,
besides, it is of much complexity and variability. Terkel Rosenqvist [1] has investigated and mapped
the phase equilibria in roasting and smelting complex sulfide, but these systems were relatively simple
compared with the nature sulfide minerals. Later, J. G. Dunn [2] has studied the oxidation behavior of
natural pentlandite using thermogravimetry (TG) and differential thermal analysis (DTA). The
oxidation process of the synthetic pentlandite under the 973K isothermal condition could be divided
into three steps: firstly pentlandite oxidized into Fe2O3, NixFe3-xO4, SO2, NiSO4, and NiO; secondly, a
nickel-rich phase and a sulfur-rich phase were generated; Also, NixFe3-xO4 and NiO were observed as
the final oxidation products [3, 4]. Lately, the oxidation mechanism of nickel concentrate was
investigated using TG-DTA and X-ray diffraction (XRD) by Dawei Yu [5, 6]. The thermodynamic
properties of chalcopyrite were performed by B. R. Conard [7] and the phase transition of chalcopyrite
under the oxidative roasting process was investigated by Bayer.G [8]. S.Prasad [9] summarized the
alternative processes to treat chalcopyrite and pointed out that the roasting of chalcopyrite was an
important step for the extraction of copper. By adsorbing and integrating the previous research results,
this paper mainly studied the application of the in-situ XRD and simultaneous thermal analysis (STC),
probing into the temperature programmed reactions of the complex nickel sulfides and the mechanism
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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of sulfides transition during the pure N2 and 1% O2–N2 atmosphere respectively. In-situ XRD pattern
provides unique information about important properties of phases under controllable non-ambient
conditions [10-14]. The application of in-situ techniques may lead to considerable advances in
understanding of phase decomposition and oxidation reactions in pyrometallurgical and
hydrometallurgical processes [15-17].
2. Experiments and characterization
2.1. Sample preparation and elements analysis
The collected sulfide nickel ore sample (Sinkiang, China) was dried at 100 oC for 24h and ground into
fine powder (-200 mesh) using an agate mortar. The fine powder was carried out for the identification
and quantification of chemical elements by the X-ray fluorescence (XRF) analysis (XRF-1800,
SHIMADZU LIMITED). Furthermore, the inductively coupled plasma atomic emission spectrometry
(ICP-AES) was measured to accurate analysis of several main elements on a PERKINE 7300DV.
2.2. SEM-EDS characterization
The cross section view of raw ore sample was prepared in an epoxy mount and polished. Subsequently
the mineralogical characterization was performed by a tungsten filament scanning electron microscope
(SU-1510, Hitachi, Japan), and the elements distribution was characterized by the energy-dispersive
X-ray spectroscopy (EDS) mapping features within the TEAMTM EDS Analysis System in a SU1510.
2.3. Thermal analysis
The effect of different atmospheres on the decomposition and oxidation processes of the fine powder
sample has been studied over the temperature range of 25-1000 oC using the STC (the simultaneous
application of TG and DSC to one and the same sample in a single instrument.) in a NETZSCH STA
449 F3 Jupiter.
2.4. In-situ XRD
In-situ high temperature XRD data were collected using a Bruker D8 Advance diffractometer with a
Bruker TC-DOME temperature stage and a platinum-rhodium heating strip with TCPU1 temperature
controller, in dynamic pure N2 and 1% O2–N2 atmosphere respectively. Cu-Kα radiation was used for
scans of 20 to 70°2θ with a step size of 0.02°2θ, a dwell time of 2 seconds/step and a heating and
cooling rate of 5°C/min. Diffraction patterns were collected at room temperature, then every 50 °C
between 300 °C and 600 °C and every 100 °C between 600 °C and 800 °C on heating with a holding
time of 30 minute prior to data collection on reaching the measurement temperature. The fine mineral
powder sample (-200 mesh) was deposited on a platinum foil substrate for heating, which was placed
on the Pt-Rh heating strip.
3. Results and discussion
3.1. The mineralogy properties of polymetallic sulfide ore
Table 1. Elemental analysis (wt%) of the mineral sample using XRF and ICP.
Fe

S

O

Si

Cu

Ni

Mg

Al

Ca

Na

Co

XRF 40.12 26.64 15.32 5.96 3.58 2.35 2.29 1.94 0.94 0.57 0.16
ICP

43.31

--

--

3.15 3.13 2.33 0.81 0.93 0.57 0.27 0.14
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The chemical composition of the complex mineral fine powder sample are showed in table 1 using
XRF and ICP-AES methods. The comparison of the data shows a good agreement between the XRF
analysis results and those obtained by ICP, although there is some deviation in some certain elements
(Mg, Al, Si,). The major elements of this mineral are iron, nickel and copper. As a result, this is a
complex nickel sulfide ore with rich iron.

Figure 1. a) SE and b) BSE image of the sulfide ore particles, and c) the element distribution of the
mineral particles’ cross section.
Figure 1 a and b show the secondary electron (SE) and backscattered electron (BSE) micrograph of
the cross sections of the ore grains. The elements distribution of the complex ore particles is shown in
Figure 1c. It is clearly revealed that the large particles mainly consist of iron sulfide, iron oxide or
silicon-magnesium oxide. And the nickel-iron sulfide and copper-iron sulfide were distributed
sporadically in smaller granule. The complex sulfide nickel ore is composed of pyrrhotite, pentlandite,
chalcopyrite, magnetite and gangue phases, which is detected by the XRD pattern in figure 2b.
3.2. The thermal stability of the complex ore sample in different atmosphere
In order to evaluate the effects of the atmosphere on the thermal stability of mineral, the TG-DSC
measurements were performed in pure N2 atmosphere and 1% O2–N2 atmosphere respectively for
comparison. As shown in figure 2a, an obvious weight loss peak appeared in both atmospheres, which
indicated that there is at least one weight-loss reaction in the temperature range of 450-800 oC. For
further study on the thermal events, the analysis of the DSC curves revealed that there are only two
endothermic peaks under pure N2 atmosphere. The endothermic reaction at 320 oC without any weight
changes, indicated that there may be a structure transition. The weak endothermic peak at 480 oC may
be a certain decomposition reaction of one or more phases, as the TG curve appeared a slight weight
loss at the temperature range from 450 oC to 800 oC under the pure N2 atmosphere. In 1% O2–N2
atmosphere, the DSC curve is much more complicated. The large exothermic peak broadened in a
temperature range from 400 oC to 650 oC, this might be the effect of a series of oxidative reactions by
micro-aerobic environment. And the two endothermic peaks appeared later at 680 oC and 710 oC, as a
result, it may be the decomposition of two or more kinds of intermediate products.
The final products, which were measured by TG-DSC test under different atmospheres, were
investigated by XRD shown in figure 2b. The tested sample consist of hexagonal pyrrhotite (Fe1-xS)
and magnetic ferrite (M*xFe3-xO4, M*=Fe/Ni/Cu) under the pure N2 atmosphere. However, the nickel
and copper sulfides were not detected, one of the reason is that such small amounts of the nickel and
copper phases that it could not be detected by XRD. But there is also the possibility, but
unsubstantiated and discussed using in situ XRD later, that the major elements (Ni/Cu) might
solubilize in hexagonal pyrrhotite and magnetic ferrite. Hematite (Fe2O3) and magnetic ferrite
(M*xFe3-xO4) were the main phases of the TG-DSC measured residuals in 1% O2–N2 atmosphere. It
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indicated that the nickel and copper have been oxidized into nickel ferrite and copper ferrite
respectively, and it was confirmed by previous work [5, 6, 9, 11].

Figure 2. a) TG-DSC curves of the nickel mineral at 10 oC/min in the different atmosphere condition
(1% O2–N2 and pure N2 atmosphere); b) the XRD patterns of the residuals of TG-DSC measured
samples compared with the raw ore powder sample.
3.3. The phase transition process of main phases
In order to investigate the phase transition process of the complex ore in detail, the in-situ XRD was
used to study the reactions during the high temperature under different atmospheres. Figure 3a shows
that pentlandite was stable below 450 oC, then turned into a monosulfide solid solution ((Ni0.8,
Fe0.2)0.96S) at 500 oC, and finally decomposed into monosulfide (NiS), which was confirmed by Zhu et
al [3]. However, chalcopyrite was more stable than pentlandite, and partially decomposed into bornite
(Cu5FeS4) beyond 600 oC under pure N2 atmosphere, as shown in figure 3b. The monoclinic pyrrhotite
(Fe7S8) transformed into hexagonal structure from 350 to 400 oC, and then grew into Fe1-xS (hexagon)
beyond 400 oC in pure N2 atmosphere. The changes of the pyrrhotite diffraction peak and interplanar
spacing with the changes of temperature were further investigated in figure 4. It is obvious that the
variations of different interplanar spacing (di) were non-negative values, besides there were two
maximum values at 300 oC and 400 oC, which results from the crystal lattice volume expansion and
structure transition of iron-sulfide phase with the rise in temperature during pure N2 atmosphere. And
the maximum value at 300 oC was reported due to the magnetic transition which accompanied by a
structural transformation from the monoclinic structure to hexagonal structure by Anthony V. Powell
[18]. From the transition of pentlandite and chalcopyrite, it is possible to suggest that the crystal lattice
volume expansion of pyrrhotite at 400 oC may be due to the monosulfide solid solution (Ni-Cu-Fe-S)
formed by the migration of nickel and copper atoms.

Figure 3. In situ XRD spectra of the nickel mineral sample from 25 oC to 800 oC (a. 25 to 450 oC, b.
500 to 800 oC) in pure N2 atmosphere.
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Figure 5a revealed that the structural transformation of pyrrhotite also appeared at around 350 oC,
however the magnetic ferrite increased with the disappearance of the pentlandite and chalcopyrite at
temperatures above 450 oC under the 1% O2–N2 atmosphere. As shown in figure 5b the hematite was
formed during the oxidation of pentlandite and chalcopyrite. As was reported by previous’ work,
nickel and copper atoms migrated to the crystal lattice of magnetic ferrite and transformed into solid
solution lastly [5, 6, 19, 20].

Figure 4. The calculating crystalline interplanar spacing (a) and lattice space variation gradient (b) of
the Fe-S phase as a function of temperature in the pure N2 atmosphere.

Figure 5. In situ XRD spectra of the nickel mineral sample from 25 to 800 oC (a. 25 to 450 oC, b. 500
to 800 oC) in pure 1% O2–N2 atmosphere.
4. Conclusion
The mineralogy properties of the complex sulfide ore were further investigated by means of XRF, ICP,
SEM-EDS and XRD. The thermal stability tested by TG-DSC suggests that the ore sample is more
active by micro-aerobic environment than that under pure N2 atmosphere as the temperature rises. A
further study of the phase transition was performed using the in-situ XRD in different environment. It
is demonstrated that the structural transformation from the monoclinic to a hexagonal structure
appeared in pyrrihotite phase with temperatures over 300 oC, while the pentlandite and chalcopyrite
turned into monosulfide solid solution with temperature increasing under pure N 2 atmosphere. In 1%
O2–N2 environment, the pentlandite and chalcopyrite transformed into magnetic ferrite solid solution
(M*xFe3-xO4, M*=Fe/Ni/Cu) and Fe2O3, as a result of the migration of nickel and copper. Meanwhile,
the pyrrihotite was gradually oxidized into Fe2O3 by temperatures above 400 oC. From these results, it
is possible to illustrate the phase transition process of the complex sulfide nickel ore and it may be a
fundamental one for the new process of nonferrous metallurgy in controllable products with gentle
conditions.
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Abstract. Bending superelastic NiTi archwire is indicated in some stages of orthodontic
treatment. The difference in bending techniques may affect corrosion resistance and nickel
release. The purpose of this study was to investigate the corrosion resistance and nickel release
after different bending techniques of NiTi archwires. Preform-curved NiTi archwires were
used as a template for bending and used as a control group. 0.016×0.022 inches superelastic
NiTi archwires were bent to curve-shape by cold bending, DERHT bending and cold bending
then DERHT technique. Potentiodynamic polarization technique was used to measure
corrosion behavior of the wires. Corrosion potential (ECORR), corrosion density (ICORR), and
breakdown potential of each wire were determined. In addition, the amount of nickel release in
the solution after the test was inductively coupled plasma mass spectrometry (ICP-MS).
Although, the results showed that ECORR and ICORR were not statistically significantly different
among all groups, the difference in breakdown potential and nickel release were observed.
Similar corrosion resistance and nickel release were presented in the preform-curved NiTi
archwires, cold bending, and cold bending then DERHT group. The DERHT bending group
showed the lowest breakdown potential and highest nickel release.

1. Introduction
Superelastic nickel titanium (NiTi) archwires are widely used in clinical orthodontics because of their
superelasticity properties, giving continuous and light force transmitted to the dentition over a long
period of activation. The constant stress allows the design of orthodontic archwires to communicate
through the brackets for leveling and alignment in the stages of tooth movement [1].
The best technique of bending NiTi archwires has not been clarified. There are two ways to alter
the shape of the archwires. Heat treatment, for example direct electrical resistance heat treatment
(DERHT), allows shape setting of superelastic wires. Without DERHT, NiTi archwires can be shaped
by mechanical force (cold bending) until it reaches to permanent deformation. Both techniques have
been recommended for using in orthodontic practice [2, 3].
Heat treatment at 500 ºC ranged from minutes to an hour can alter the surface structure of NiTi
archwires. Therefore, after heat treatment, the oxide layer in the form of TiO2 will increase. These
titanium oxides are important for protection of wire surface and increase the corrosion resistance. This
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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indicates that heat treatment may produce protective surface and favor of good biocompatibility of
NiTi archwires [4, 5].
On the other hands, mechanical bending can affect the surface of NiTi archwires. The influence of
surface roughness might be a reason for varying corrosion tendency. The corrosion resistance is higher
in the smooth surface of the NiTi archwires [6, 7].
During orthodontic treatment, orthodontic metallic appliances are prone to corrosion or degradation
in the oral environment. This degradation of metal has been demonstrated to adversely affect
biocompatibility, which considered a concern for clinicians due to the long period of orthodontic
treatment. The Corrosion of NiTi archwires raises a major concern because of their high nickel content
(47% to 50% nickel) [8, 9]. These individualized reports have indicated that insertion of NiTi alloys
may occasionally lead to formation of rashes, swelling, and painful erythematous lesions in oral and
labial mucosa [10].
Unfortunately, there is not much study about different modes of wire bending on corrosion
resistance and nickel release. Thus the purpose of this study was to investigate the corrosion resistance
and nickel release after different bending techniques of superelastic orthodontic NiTi archwires.
2. Material and methods
2.1. Sample preparation
0.016×0.022 inch superelastic NiTi archwires (Highland, USA) were used in this study and divided
into 4 groups with different bending techniques as illustrated in Table 1.
Table 1. Wire bending techniques
Group

Condition

Performing methods

1

As-received

2

Retrieve

Cold bending by mechanical force

3

Retrieve

DERHT bending using Bender soarer-X at
heat level 4

4

Retrieve

Cold bending then DERHT using Bender
soarer-X at heat level 4 for 3 seconds

Preform-curved NiTi archwires

2.1.1. Group 1. 0.016×0.022 inch NiTi preform-curved NiTi archwire (Highland, USA) was

used as a control. The template was made from preform-curved NiTi archwire with acrylic
resin.
2.1.2. Group 2. 0.016×0.022 inch NiTi plain archwire was bent by mechanical force from thumb and
index finger. The archwire was curved until the shape was similar to preform-curved NiTi archwires
(group 1) by using the template as a guide. Permanent deformation occurred after bending.
2.1.3. Group 3. 0.016×0.022 inch NiTi plain archwire was bent by using DERHT (Bender soarer-X
equipment) at level 4 (Figure 1). The pliers from DERHT were used to sweep the archwires. The
archwire was permanently curved until the shape was similar to preform-curved NiTi archwires (group
1) by using the template as a guide.
2.1.4. Group 4. 0.016×0.022 inch NiTi plain archwire was bent by mechanical force from thumb and
index finger. The archwire was curved until the shape was similar to preform-curved NiTi archwires
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(group 1) by using the template as a guide. Once the permanent deformation achieved, the wire was
DERHT (Bender soarer-X equipment) at level 4 for 3 seconds.

Figure 1. DERHT bending using Bender soarer-X equipment, Tomy Incor, Japan
2.2. Surface morphology examination
All groups were examined surface morphology with scanning electron microscope & energydispersive X-ray microanalysis type (SEM-EDS, JSM5410LV, JEOL LTD) at 400x and 800x
magnification and operating voltage at 20 kV.
2.3. Potentiodynamic polarization testing
The curved ends of the archwires were cut to a length of 30 mm. All samples were cleaned with
ethanol in an ultrasonic bath for 5 minutes and dried for 20 seconds. The corrosion behaviors were
examined by measuring potentiodynamic polarization measurements (Autolab PGSTAT302N - High
Performance, The Netherlands). Modified Fusayama artificial saliva with pH 5.3 was used as the
electrolyte. The compositions of saliva were listed in Table 2. Reference and counter electrodes were
Ag/AgCl and Pt, respectively.
Table 2. Composition of Modified Fusayama artificial saliva
Compound
KCL
NaCl
CaCl2.2H2O
Na2H2PO4.2H2O
Na2S.9H2O
Urea

Concentration
(g/L)
0.4
0.4
0.906
0.690
0.005
1

The wire samples were immersed in the electrolyte and were maintained at 37ºC. Open circuit
potentials (OCP) were run for 30 minutes. After that, anodic polarizations were run at a scan rate of 10
mV/min. Corrosion potential (ECORR), corrosion density (ICORR) and breakdown potentials of each
group were determined. The experiments were performed 4 ties for each group.
2.4. Nickel release testing
The amount of nickel release in solution after potentiodynamic polarization test was determined by
inductively coupled plasma mass spectrometry (ICP-MS, ELAN-6000) at Faculty of Science, Mahidol
University.
2.5. Statistical analysis
ECORR, ICORR and breakdown potentials were analyzed by Kruskal-Wallis Test and a Mann-Whitney U
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Test for the post hoc test at 95 % confidence interval (α = 0.05). All statistical analyses were
performed with IBM SPSS statistics 20 software.
3. Results
3.1. Surface morphology examination
Scanning electron micrographs of each group at 400x and 800x magnification were presented in
Figure 2 and 3, respectively

Figure 2. Scanning electron micrographs at 400x magnification: (a) group 1, (b) group 2, (c) group 3,
and (d) group 4.

Figure 3. Scanning electron micrographs at 800x magnification: (a) group 1, (b) group 2, (c) group 3,
and (d) group 4.
3.2. Potentiodynamic polarization testing
Polarization curves were shown in Figure 4. The passive current density of group 4 was lower than
that of others. (It should be noted that the experiment was assumed surface area as 1 cm2, however
actual exposed area was smaller approximately of 0.11 cm2.)
The means and standard deviations for ECORR, ICORR, and breakdown potentials for each group were
shown in Table 3. ECORR and ICORR were similar for all groups. Breakdown potential of group 3 was
statistically significantly less than that of the others (0.76±0.10 V, (Ag/AgCl)) (P<0.005, α = 0.05).
There were no statistically significantly different between group 1 and group 2 as shown in Table 4

237

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012038 doi:10.1088/1757-899X/191/1/012038
1234567890

Figure 4. Polarization curves of all groups
Table 3. ECORR, ICORR, and breakdown potentials for each group
ICORR

Group

ECORR
(V, Ag/AgCl)

Breakdown potential
(V, Ag/AgCl)

1

-0.09±0.02

1.59x10-7±8.5 x10-10

1.33±0.00

2

-0.15±0.02

1.30 x10-7±5.4 x10-9

1.35±0.01

3

-0.16±0.01

1.38 x10-7±3.05 x10-9

0.76±0.10

4

-0.09±0.01

1.18 x10-7±4.3 x10-9

1.28±0.00

2

(A/cm )

Table 4. Significantly different among four groups of breakdown potentials
Group

1

2

3

4

1

-

NS

*

*

2

NS

-

*

*

3

*

*

-

*

4

*

*

*

-

*Significantly different at P<0.005 and α = 0.05.
3.3 Nickel release testing
In Figure 5, the amount of nickel release in each group was shown. The amount of nickel release of
group 3 was higher than that of others (269±11.0 μg/L). There were similarities in the amount of
nickel in group 1, groups 2 and group 4. The mean nickel release was presented in Table 5.
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Figure 5. The amount of nickel release in all groups
Table 5. The amount of nickel release
Group Mean amount of Nickel (μg/L)

SD

1

2.65

0.65

2

4.35

2.25

3

269.00

11.0

4

3.45

0.35

4. Discussion
As a chair-side procedure, the manipulation of NiTi archwires can be achieved mechanically through
cold bending and forming from the heat sources [2, 3].
In orthodontics, DERHT is one of the methods to alter NiTi mechanical properties. DERHT
transformed electric current to high temperature and induced restructuring of the lattice. However, the
temperature received on the archwire was not as high as heat treatment by furnace in air or salt bath in
the laboratory [11]. In our study, the temperature received on the archwire in DERHT bending and
cold bending then DERHT group was 42.83±1.96ºC and 210.33±6.96ºC respectively.
The temperature used as a chair side heat treatment in orthodontics treatment should not reach
500ºC. Considering the mechanical properties, heat treatment will increase hardness and unloading
force of the wire. Moreover, transitional temperature range (TTR) will decrease. Thus, NiTi archwire
will increase its superelasticity. However, at a very high temperature, heat treatment will deteriorate
these mechanical properties [5].
From SEM, the surface of DERHT bending group was rougher than that others. In Figure 3,
DERHT bending group showed deep and wide spread area of corrosion as a result of the process of
wire bending. The DERHT-pliers (Figure 1) were used to sweep the archwire until the shape was set.
During sweeping, the beak of the pliers could scratch the wire surface. On the other hands, thumb and
index fingers were used to sweep the archwire in cold bending and cold bending then DERHT group.
This resulted in smoother surface than DERHT bending group and was similar to preform-curved NiTi
archwire.
The breakdown potential in our study ranged from 0.76-1.35 V (Ag/AgCl). The breakdown
potential of preform-curved NiTi archwire was 1.33 V (Ag/AgCl). This was not significantly different
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in cold bending group (1.35 V (Ag/AgCl)). Iljima previously studied the corrosion resistance of NiTi
archwire. The breakdown potential of as-received wire was similar to our study [12].
Heat treatment was applied in 2 groups: DERHT bending group and cold bending then DERHT
group. The heat treatment had an effect on corrosion behavior by affecting on surface structure. The
oxidization on NiTi surface depended on the temperature of the heat treatment. The increase in
temperature would increase in protective oxide layer [13, 14].
The passive current density was a measure of a protective oxide film. The more negative passive
current density, the more oxide film was presented. However, once the passive current density was
more positive, this oxide layer was breakdown. Thus corrosion occurred [15]. In our study, cold
bending then DERHT group received highest temperature in heat treatment. From polarization curve
(Figure 4), cold bending then DERHT group had lowest passive current density. This implied that this
group had greater protective oxide layer.
Recent studies from Shabalovskaya and Firstov found that the temperature that suitable for the
formation of titanium oxide layer (TiO2) was 500ºC [4, 9]. At this temperature, it would produce a
smooth protective oxide surface, nickel-free and favor of good biocompatibility of NiTi [4, 5]. The
increase in temperature would increase oxide layer leading to greater corrosion resistance. This oxide
layer serves two purposes. Firstly, it increases the surface layer stability and protects the surface from
corrosion. Secondly, it creates a physical and chemical barrier against nickel oxidation by modifying
the oxidation pathways of the nickel [13].
The amounts of nickel release of preform-curved NiTi archwire, cold bending, and cold bending
then DERHT group were similar (2.65, 4.35, and 3.45 μg/L respectively). Hwang studied Ni release
from simulated fixed orthodontic appliance and found nickel release of 17.03 μg/L, which was
greater than our study. The amount of nickel release increased in the first 3 months after that nickel
release decreased or stopped after the certain time [16]. However, the result of nickel release in this
study cannot be compared with that of Hwang because of different methodology.
In our study, DERHT bending group presented the lowest breakdown potential (0.76±0.10 V
(Ag/AgCl)) and highest amount of nickel release (269±11.0 μg/L). This may be because of the
process of bending the archwire by using DERHT-pliers, which could damage the surface of archwire,
resulting in surface roughness. The increase in surface roughness will decrease in corrosion resistance
[6, 7]. Moreover, the temperature received on wire during DERHT bending was relatively low. Once
the heat treatment is below 300ºC, the surface of NiTi will be modified in a different way. Titanium
and nickel-enriched will be formed at the surface. The coexisting NiTi archwire will invite galvanic
corrosion. The enriched matrix will serve as a reservoir for potential nickel release, especially when
the surface is damaged, for example by mechanical bend of the archwire [9].
Orthodontic appliances unlike to medical uses of nickel alloys because they are not implanted;
rather, they are placed in the oral environment and exposed to oral fluid. Many researches have
recognized the potential biological implications of nickel release, focusing on the rate of corrosive
products of alloys used in orthodontic treatment. The increase in corrosion rate might be at risk for
patient especially patient with nickel hypersensitivity [10, 17].
5. Conclusion
The results showed that similar corrosion resistance and nickel release were presented in the preformcurved, cold bending, and cold bending then DERHT NiTi archwires. The DERHT bending archwires
showed the lowest breakdown potential and the highest nickel release. The cold bending then DERHT
archwires showed the lowest passive current density and the greatest protective oxide layer. Therefore,
it is recommended that the cold bending then DERHT technique be used to bend a superelastic
orthodontic NiTi archwire.
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Abstract. This study was conducted with the aim to investigate the high temperature oxidation
behavior of Inconel 750 alloy, which has excellent high temperature corrosion resistance
among Ni-based super alloys. In the study, the temperature was set at 700°C, 900°C and
1100°C in the atmospheric environment; the heat treatment holding time was increased to 1
hour, 6 hours and 12 hours at each temperature to investigate the weigh increase behavior at
each condition; and the shape of the oxide layer formed on the surface and the distribution of
the elements were analyzed by scanning electron microscopy (SEM) and energy dispersive Xray spectroscopy (EDS).

1. Introduction
Ni-based superalloys have excellent corrosion resistance, oxidation resistance, strength and ductility
and weldability at high temperature, so they are widely used to manufacture the parts requiring high
temperature corrosion resistance and high temperature strength [1]. With the industrial development,
materials are used in the gas atmosphere which is highly corrosive at high temperature such as coal
gasification, petrochemical industry, or gas turbine. In this harsh atmosphere, Inconel 750 alloy among
Ni-based super alloys is used [2].
Inconel is a heat-resistant Ni-based alloy containing 14-17% of chromium, 5-9% of iron, 2.5% of
titanium, and less than 1% of aluminum, manganese, silicon and niobium. The Ni-based superalloy
containing high Cr and Al forms a protective oxide film such as Cr2O3 and Al2O3 to maintain
corrosion resistance even at high temperature [3, 4]. It also has excellent heat resistance, has oxidation
resistance in high temperature oxidation stream, and is not immersed in an atmosphere containing
sulfur. Its tensile strength, yield point and other properties do not change significantly until the
temperature reaches about 600°C, indicating excellent mechanical properties. In addition, it is also
resistant to organic and salt solutions. The inconel alloys are largely classified into four types:
martensitic, ferritic, austenitic and precipitation strengthening alloy depending on the structure [5].
The Inconel 750 alloy, the subject of this study, is an age-hardening alloy with excellent corrosion
resistance and oxidation resistance of Ni + Co> 70%, Cr 14 ~ 17% and Fe 5 ~ 9%. With high tensile
strength and returning ability at high temperature, it is widely used for making springs, bolts and parts
for turbine generator, plate spring, pressure tube, gas turbine, etc [5].
Although studies on the change of physical properties due to high temperature oxidation of Ni
superalloy Inconel have conducted continuously, there have been few studies conducted on the
recovery and recycling of the oxide scale generated by the oxidation of Inconel [6, 7, 8, 9, 10, 11]. The
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Inconel is very high value metal among the metals used in the industry. Therefore, if the scraps from
the inconel products can be recycled, it will yield very high returns. The recycling of Ni-based alloys
is conducted mostly through wet process and there are very few studies [12].
This study, a base study on the possibility of dry recycling of the inconel among Ni-based alloys,
investigated the high temperature oxidation behavior of Inconel 750 alloy in the atmosphere. When the
Inconel 750 alloy was used at high temperature of 700°C, 900°C and 1100°C, the formation and
deterioration process of the coating protecting the alloy base were observed according to the reaction
with oxygen depending on the holding time. Scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDX) were used to observe the oxide scale formation behavior and the
composition and structure of the oxide layer were investigated, was examined.
2. Materials
Table 1 below shows the chemical composition of general Inconel 750 and the material used in this
test was a commercially-available Inconel 750 alloy (Figure 1). Inconel 750 alloy was cut to a size of
20300.5 (mm3) and the cross-section in the thickness direction was observed using SEM.
Table 1. Chemical composition of Inconel 750 alloy
Inconel Ni
Cr
Fe
Nb
Co Mn Cu
X-750 70.0 14.0-17.0 5.0-9.0 0.7-1.2 1.0 1.0 0.5

Al
0.4-1.0

Ti
2.252.75

Si
C
0.5 0.08

S
0.01

Figure 1. Cross section of Inconel 750 alloy.
Figure 2 is a schematic diagram of the electric furnace used for testing atmospheric high
temperature oxidation of Inconel 750 alloy. The electric furnace was designed not to be blocked from
the outside to maintain an air atmosphere of 1 atm. An alumina crucible was placed inside the electric
furnace and Inconel 750 alloy was put into the crucible for oxidation test. The heater rod was
connected to the outside of the furnace to maintain high temperature, and the test conditions of 700°C,
900°C and 1100°C were maintained by adjusting the voltage using a controller.

Alumina crucible

SiC heater

Controller

Figure 2. Schematic diagram of electric furnace used in this study.
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Inconel 750 alloy was put into the electric furnace maintained at each test temperature, and the
oxidation was conducted for 1 hour, 6 hours, and 12 hours. The weight increase due to oxidation was
measured and the behavior of the formed oxide was observed and analyzed using scanning electron
microscopy (SEM / EDS). In order to observe the thickness direction during scanning electron
microscope observation, the sample was observed after fine mounting with a 0.1 μm diamond paste
after cold mounting.
3. Results and discussion
Figure 3 shows the heat treatment temperature and the weight increase with time of Inconel 750 alloy.
The temperature conditions were 700°C, 900°C and 1100°C, and the weight change at 1, 6 and 12
hours of holding time at each temperature were expressed. As the temperature and holding time
increased, the weight increase became significant due to oxidation. When the holding time was 12
hours at 700°C, the weight increase was greater than that measured when the holding time was 6 hours
at 1100°C, which indicates the oxidation behavior is greatly dependent on the holding time from
700°C to 1100°C rather than the temperature.

Figure 3. Changes in the weight increase of Inconel 750 alloy according to temperature and holding
time.
Figure 4 shows the oxide layer shape and compositional change of the Inconel 750 alloy oxidized
at 700°C for 12 hours through SEM / EDS. On the surface of cross-section, it was observed that the
oxide layer was formed to a thickness of about 9 μm. Looking at the line profile and the EDS results of
the oxide layer, the first oxide layer having a high Cr content was formed from the non-oxidized Ni
base and then the second oxide layer having a high Ti content was formed above it. It was confirmed
that Cr oxide and Ti oxide were formed on the surface in order to prevent oxidation at a high
temperature of 700°C where the inconel alloy is mainly used.

Figure 4. Inconel 750 alloy oxidized at 700°C for 12hours.
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Figure 5 shows the oxide layer shape and compositional change of the Inconel 750 alloy oxidized
at 900°C for 12 hours through SEM / EDS. It was confirmed that the oxide layer was formed with a
thickness of about 5 μm on the surface of cross-section. Looking at the line profile and the EDS results
of oxide layer, the Cr oxide layer exists from the Ni base but the Ti oxide layer is not remarkable,
differently from the test results at 700°C. Ti oxide layer was peeled off and removed at high
temperature, so it seems further researches are needed.

Figure 5. Inconel 750 alloy oxidized at 900°C for 12hours.
Figure 6 shows the oxide layer shape and compositional change of the Inconel 750 alloy oxidized
at 1100°C for 12 hours through SEM / EDS. On the surface of the cross-section, oxide layer is formed
to a thickness of about 14 μm. The line profile and the EDS results of the oxide layer are also similar
to the test results at 900°C, showing that the Cr oxide layer exists but the Ti oxide layer almost does
not exists. At a higher temperature of 900°C and above, the diffusion of Cr from the inside of the alloy
to the surface gradually occurs and the Cr oxide layer which became thick has brittleness. This
indicates that the oxide layer can be removed from the internal base.

Figure 6. Inconel 750 alloy oxidized at 1100°C for 12hours.
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4. Conclusions
In this study, heat treatment was conducted at 700°C, 900°C and 1100°C for 1 hour, 6 hours and 12
hours, respectively, to investigate the high temperature oxidation behavior of Inconel 750 alloy.
1. As oxidation temperature and holding time increased, the weight increased significantly. It was
confirmed that the oxidation behavior was more remarkable according to the change of the holding
time than of the temperature.
2. The high-temperature oxidation behavior of Inconel 750 alloy was observed through SEM / EDS.
It was confirmed that Cr oxide layer and Ti oxide layer were formed from the Ni base to resist
oxidation.
3. The Ti oxide layer was not formed at 900°C and 1100°C, and the thickness of the oxide layer
was found to increase with temperature rise.
4. At a high temperature of 900°C and above, the Cr diffusion was gradually increased to the
surface and the possibility of removing the Cr oxide layer with high brittleness formed on the surface
was confirmed.
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Abstract. In this study, sputter-deposited Cr3Si film was prepared by double cathode glow
discharge (DCGD) technique onto 304 stainless steel. The phase constituents, surface
microstructure and chemical compositions of the film were examined by using X-ray
diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). After the DCGD process, the hardness of Cr3Si film was 26 GPa, about 10 times of the
stainless steel, 2.5 GPa. The cavitation erosion resistance of Cr3Si film and stainless steel were
investigated by using an ultrasonic vibration cavitation erosion system. After 30 hours of
cavitation tests, the cumulative mass loss of Cr3Si film was only 60% of the stainless steel.
Compared with the untreated stainless steel, the cavitation erosion resistance of Cr3Si film was
improved. The cavitation mechanism of Cr3Si film is due to the delamination and spalling of
local surface layer derived from its inherent brittleness.

1. Introduction
Austenitic stainless steels are widely applied in many fields, such as fluid machinery, marine,
hydraulic machines, machine tool spindle, and as well as in nuclear industries because of their
excellent properties containing good mechanical properties, corrosion resistance and weldability, etc.
In addition, austenitic stainless steels are also chosen as candidate materials in water lubricated
bearings and seals [1-2]. However, the damage of cavitation erosion existed in these environments
under the combined action of corrosion and mechanical wear, inevitably, which leads to their
premature failure [3-6].
In the past decades, in order to enhance the cavitation erosion behavior of austenitic stainless steels,
several surface modification techniques, including thermal spraying, laser surface modification,
physical and chemical vapour deposition have been employed [7-10]. However, it is found that several
problems still need to be solved though some active effects have been brought through the surface
technologies. For example, TiN and CrN coatings are easier to generate microcracks and flake
away from the tops of micro folds of the stainless steel matrix although they have good corrosion
resistance and wear performance under cavitation erosion damage.
Among the transition metal silicides, Cr3Si has excellent combination of wear, corrosion and
oxidation resistance. In order to improve the cavitation erosion resistance of stainless steel, the Cr3Si
coating was prepared onto 304 stainless steel by DCGD technique. In view of this, the present work
aims at evaluating the cavitation erosion resistance of Cr3Si film, and attempts to reveal the cavitation
mechanism of Cr3Si film.
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2. Experiment details
2.1. Test apparatus
Figure.1 (a) shows an ultrasonic vibration system to estimate the cavitation erosion behavior of
specimens, Figure.1 (b) and Figure.1 (c) presents the schematic of this ultrasonic vibration system.
During cavitation erosion tests, the beaker was filled with tap water, and the ultrasonic vibration
cavitation erosion system has the amplitude of 6 μm and was ensured the frequency of 20 kHz with an
axial vibration by the vibration horn to generate the cavitation bubbles at the tip surface. In addition,
fresh water would replace the used water in the beaker in every half hour, and the temperature of the
medium was kept at 20±5 ℃.

(a)

(b)

(c)
Figure 1. The ultrasound vibration system
2.2. Test samples
Austenitic stainless steel 304 was used as the substrate. The specimens (10×7×5mm) were polished
with #5000 emery paper, and the surface roughness Ra < 0.2μm. Then, the Cr3Si film was prepared
onto 304 stainless steel by DCGD technique. Table 1 was the deposition parameters of Cr3Si film
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employed in this work. Figure.2 shows the cross-sectional micrograph of Cr3Si film with the thickness
of 5 μm. Figure.3 shows a distinctive XRD pattern of the films by using a Smartlab (3) X-ray
diffractometer (40kv and 30mA, Cu Kα radiation) with a step size 0.02° in the range of 20-80° and
Cr3Si phase can be seen from XRD pattern of the Cr3Si film through a series of broad peak. Figure.4 (a)
shows the TEM brighttield micrograph of the Cr3Si film. Figure. 4 (b) shows HRTEM image of Cr3Si
film.
Table 1. Deposition parameters of Cr3Si film.
Parameters
substrate temperature (℃)
treatment time (h)
target electrode bias voltage (V)
substrate bias voltage (V)
working pressure (Pa)
Ar flow rate (sccm)
parallel distance between the source
electrode and the substrate (mm)

Cr3Si
800
3
-900
-300
35
60
15

Figure 3. XRD pattern of the sputter-deposited
Cr3Si film

Figure 2. Cross-section SEM morphology of the
as-deposited Cr3Si film

(a)
(b)
Figure 4. TEM brighttield and HRTEM image
The nanohardness tester was used to measure the elastic modulus and hardness of the stainless steel
and Cr3Si film by using the method of Oliver and Pharr. Table 2 was the elastic modulus and
nanohardness of stainless steel and Cr3Si film.
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Table 2. Properties of Cr3Si film and substrate.
Properties

304 steel

Cr3Si

film thickness (μm)

-

5

roughness (μm)

0.2

0.2

hardness (GPa)

2.5

26

elastic modulus (GPa)

193

300

2.3. Experiment procedures
Cavitation experiments were carried out with 30 hours in an ultrasonic vibration system. An ultrasonic
cleaner (KQ118) was used to clean the cavitation samples with acetone, cavitation samples were
weighed every two hours and dried in drying basin. The digital analysis balance was used in the mass
changes of the samples at least three times and the precision of balance is 0.01 mg. The erosion test of
each specimen is repeated at least three times to verify the result. The optical photographs were shown
in Figure 5 for the specimens of 304 steel, Cr3Si film after 30 hours experiment.

(a)
(b)
Figure 5. Specimens after 30 hours of cavitation test, (a) 304 steel, (b) Cr3Si film
3. Results and discussions
3.1. Mass loss
Figure 6(a) shows the mass loss of the stainless steel and Cr3Si film specimens with the test time.
Figure 6(b) shows the erosion rate of the specimens by curve fitting and derivation method of the
mean mass loss. As shown in Figure 6, it is clear that distinct stages with four different erosion rates
for the tested samples can be observed. As the erosion process continuing, weight loss of samples
increases, accompanied by an increase in the number of erosion pits. The cumulative mass loss of the
Cr3Si film sample was 3.26 mg, which is only 60% of the stainless steel sample after 30 h of cavitation
erosion experiment.
Cr3Si
304 steel

6

Cr3Si
304 steel

0.08

erosion rate (mg/h)

mass loss (mg)

5

0.10

4
3
2
1
0
0

3

6

0.06
0.04
0.02
0.00

9 12 15 18 21 24 27 30 33

0

test time (h)

3

6

9 12 15 18 21 24 27 30 33

test time (h)

(a)
(b)
Figure 6. The test curves of Cr3Si film and 304 steel. (a) mass loss, and (b) erosion rate
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3.2. SEM discussion of the erosion surfaces
Figure 7 shows the SEM images of the stainless steel and Figure 8 presents the Cr3Si film after 30 h of
cavitation erosion experiment. After the cavitation erosion experiment, a lot of erosion pits could be
seen on the surface of the 304 specimen ranging from several microns to tens of microns in size in
Fig.7 (a-c). At the beginning, plastic deformation of the surface occurs, causing to yield hardening,
stress and fatigue cracks that result in the fatigue fracture of the stainless steel. Lots of slip band
agglomerated and some cracks formed on the surface after their cavitation test as in the Ref. [11, 12].
As shown in Fig.8 (a-c), a few erosion pits with the diameters of tens of microns are found on the
damaged area of the Cr3Si film after 30 h test. The result indicates that the Cr3Si film exhibit slight
surface damage in the form of material loss and increased particles removal at grain regions of the film
compared to the 304 stainless steel because of its higher hardness, wear, corrosion and chemical
composition which effectively improves the cavitation erosion resistance. Hence, the resistance of the
Cr3Si coating is higher than the stainless steel. The cavitation erosion mechanism of Cr3Si film is due
to the silicon compound brittleness and the poor adhesion to the substrate.

(a)

(b)

(c)
Figure 7. The SEM images of the specimen of 304 after 30 h test. (a) the damaged area (×1000), (b)
the damaged area (×5000), (c) the damaged area (×20000).
4. Conclusions
In this work, the cumulative mass loss of the Cr3Si film sample was only 60% of the stainless steel
after 30 h of cavitation erosion experiment and Cr3Si film has higher cavitation erosion résistance. The
better adhesion force can improve cavitation erosion resistance of Cr3Si film. The cavitation erosion
mechanism of Cr3Si coating could be attributed to not only the silicon compound brittleness but also
the surface grain spalling with poor adhesion.
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(a)

(b)

(c)
Figure 8. The SEM images of the specimen of Cr3Si film after 30 h test. (a) the damaged area (×1000),
(b) the damaged area (×5000), (c) the damaged area (×20000).
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Abstract. The mechanical properties and wear behavior of aluminum matrix reinforced with
steel machining chips was investigated. Pure aluminum was reinforced with 5, 7.5, and 10 wt%
steel chips with an average size of 100 μm using powder metallurgy technique. Aluminum
reinforced with 5 and 10 Wt.% SiC particles were manufactured for comparison. The
investigation showed clear evidence that the addition of steel machining chips resulted in
significantly low porosity levels in the aluminum matrix composites compared with the use of
SiC as reinforcement. The mechanical properties (tensile and hardness) as well as the wear
resistance were also observed to improve with the use of the steel machining chips as
reinforcement. The results demonstrate the capability of steel machining chips to act as
efficient reinforcing material and a reliable cost effective candidate in the development of
aluminum matrix composites.

1. Introduction
Although aluminum reinforced with ceramic particulates enhances the tensile strength, still suffer
from inadequate ductility [1, 2]. In order to achieve a higher strength and retain ductility of the
composite, nano-sized ceramic particles are often used resulting in a metal matrix nano-composite [3,
4]. Many applications require components to be made with materials possessing light weight, high
tensile and wear resistance as well as maintaining microstructure stability and high temperature
resistance. For such applications requiring these highlighted complicated blend of properties,
aluminum matrix composites have been found to be the most promising engineering material for
selection. The development of aluminum matrix composites has relied on the use of ceramic
reinforcements with silicon carbide and alumina the most commonly utilized due to their high
hardness and wear resistances, refractory nature, relative availability and adequate cost [5-7].
The choice of steel machining chips as reinforcement in the current research was based on
economic, environmental and metallurgical considerations. Steel machining chips is an industrial
machine shops waste with very low cost implications. From a Mechanics point of view, the high
deformation strains underlying chip formation causes chip microstructures to form an ultrafine
grained microstructure which imparts significantly high strength to the chips with several higher
magnitude than that of the bulk material [8-10]. Thus, it has the potential of improving the strength of
a relatively softer matrix through load transfer from the matrix to the dispersed chips. At present, the
use of steel machining chips as reinforcements in metal matrix composites has attracted very little
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interest. The present works evaluates the mechanical properties and wear behavior of aluminum matrix
composites reinforced with steel machining chips via powder metallurgy technique.
2. Materials processing
The composite powders were fabricated from pure aluminum 99.7% with particle size average of
75µm. The steel chips used were discontinuous chippings from milling of medium carbon steel.
Sieving of the chips was performed and chip size range of 100 μm was obtained to manufacture the
composites. SiC powder with an average particle size of 30 µm was used to manufacture the control
composites for good dispersion and mixing with the matrix material.
The powders were fabricated through mixing under argon atmosphere using a TURBULA Shaker
for 1 hour at 96 rpm. This was followed by ball milling of the mixed powders under argon atmosphere
in stainless steel jars containing 5 mm and 10 mm stainless steel hardened balls using the RETSCH
400MA high energy ball mill. The milling speed was maintained at 300 RPM. The ball-to-powder
ratio (BPR) was 15:1, while the milling time was 3 hours. Consolidation of the milled powders were
green compacted in a die under pressure of 475MPa for 1 hr at room temperature followed by
sintering at 500°C for 1hr and hot extrusion at 4:1 extrusion ratio as shown in figure 1. The produced
rods were air-cooled down to room temperature. The extruded rods were 10mm in diameter and
approximately 100 mm long, as shown in figure 2.
Density was measured using Mettler Toledo densitometer. The hardness of the composites
produced was evaluated on a Vickers hardness testing machine using 50 Kgf over dwell time of 15
seconds. Hardness of the pure aluminum and composites was measured on sections cut perpendicular
to the extrusion direction. Hardness value measurements were carried out at room temperature. Five
hardness indents were made on each specimen. The tensile properties of the composites were
evaluated at room temperature using an Instron universal testing machine. The test was conducted at a
strain rate of 0.1 mm/min. The testing procedure and basis for determination of the tensile properties
were in accordance with the specifications of ASTM E8M-04 standard [11], as shown in „figure 2‟.

Figure 1. Manufacturing Setup.

Figure 2. Billet, Extrudate and Tensile Test Specimen.
3. Density measurements
Table I, shows the theoretical and experimental densities for the manufactured composites as well as
the percent porosity. It is observed that the composite densities are generally higher than that of the
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unreinforced aluminum, and that density increases with increase in the weight percent of the steel
machining chips. This is expected as the density of steel (7.81 g/cm3) is higher than that of aluminum
(2.71 g/cm3). It is also clear that the addition of steel machining chips in aluminum minimizes the
porosity level in the aluminum matrix composites compared with the use of SiC as reinforcement. This
can be attributed to the ductile behavior of the steel chips compared to SiC (brittle ceramic material)
that incorporates high levels of deformation during the powder compaction, consolidation and hot
extrusion which increases the grain refinement levels for both the aluminum and steel particulates and
consequently reducing the porosity percentage.
Table 1. Density values and porosity percentage for the unreinforced aluminum and composites.
Sample composition

Theoretical density (g/cm3)

Experimental density (g/cm3) Porosity (%)

Al-0wt.% steel chips
Al-5wt%
steel chips
Al-7.5wt% steel chips
Al-10wt% steel chips
Al-10wt% SiC
Al-5wt% SiC

2.71
2.73

2.67
2.7

1.47
1.1

2.74
2.74
2.66
2.64

2.71
2.72
2.63
2.61

1.09
0.73
1.12
1.13

4. Mechanical properties
Table 2, represents the tensile properties of the composites derived from the stress–strain curves. It is
observed that the 10 wt.% steel machining chips reinforced aluminum composite has the highest yield
tensile strength with adequate percent elongation compared to the control samples. The increase in
tensile properties accounts for the good bond between the aluminum matrix and the steel machining
chips, which allows for the transfer and distribution of load from the matrix to the stronger (higher
yield and ultimate strength than aluminum) reinforcement. The improved ductility is due to the higher
plastic strain capacity which is significantly enhanced by the good matrix/reinforcement interface
bonding and the retained ductility of the steel chips reinforcements is also a clear phenomenon
accompanying powder metallurgy technique.
Table 2. Tensile properties of the unreinforced aluminum and composites.
Sample composition
Al-0wt.% Steel
Chips
Al-5wt% Steel
Chips
Al-7.5wt% Steel Chips
Al-10wt% Steel
Chips
Al-10wt% SiC
Al-5wt% SiC

Yield Strength (MPa)
110

Elongation (%)
28

176

25

220
260

20
17

161
134

10
13

Figure 3 shows the hardness of the different composites produced. The hardness of the pure
aluminum matrix composites is observed to increase with increasing the weight percent of steel
machining chips. The hardness of the pure aluminum reinforced with 5 and 10 wt.% SiC particles
serving as the control sample had hardness records slightly lower than that of the steel chips reinforced
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composite. This can be due to the relatively low percent porosity of the steel machining chips
composites compared with the SiC reinforced aluminum composites.

Vickers Hardnes s (VH)

35
30
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5

0
Pure Al

Al-5wt.% Steel Al-7.5wt.% Steel Al-10wt.% Steel Al-10wt.% SiC
Chips
Chips
Chips

Al-5wt.% SiC

Composites

Figure 3. Vickers hardness results of the unreinforced aluminum and composites.
5. Wear behavior
The wear behavior of the composites was evaluated using a rotary platform Taber abrasion machine.
The samples were placed on the abrasion machine rotary platform and gripped with a constant
pressure. The rubbing action between the sample and the abrasive wheel during the rotating motion of
the machine, results in the generation of loose composite debris from the sample surface. The wear
index is calculated by measuring the loss in weight in milligrams per thousands cycles of abrasion.
The lower the wear index, the better the abrasion resistance [12].

Wear Index

Wear Index = (Initial sample weight – Final sample weight) x 1000
Test cycle time
10
9
8
7
6
5
4
3
2
1
0
Pure Al

Al-5wt.% Steel Al-7.5wt.% Al-10wt.% Steel Al-10wt.% SiC Al-5wt.% SiC
Chips
Steel Chips
Chips
Composites

Figure 4. Wear index of the unreinforced pure aluminum and composites produced.
Figure 4 shows that the wear index increases with the increase in the weight percent of the steel
machining chips but highest with the SiC reinforced aluminum matrix composite. Iglesias et al. [10]
reported similar wear pattern in zinc aluminum based alloys reinforced with steel machining chips;
where a high integrity interface observed between the metallic matrix and the steel chips serving as
barriers to chip pullout and damage during wear. The high wear rate observed with the SiC reinforced
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aluminum matrix composites can be attributed to the relatively poor matrix/SiC particulate interface
bonding which may facilitate the abrasive wear of the composite. Also SiC is a very brittle (ceramic)
material that may suffer from fragmentation due to the rotational abrasive force applied.
6. Conclusions
1) The current work can underline the feasibility of incorporating steel machining chips as
reinforcement in aluminum matrix composites as well as holding promises to improved mechanical
properties.
2) The tensile, hardness and wear behavior of pure aluminum matrix composites reinforced with
steel machining chips have been investigated in comparison with that reinforced with 5 and 10 wt.%
SiC particulates.
3) The addition of steel machining chips in aluminum was found to minimize the porosity level in
the aluminum matrix composites compared with the use of SiC as reinforcement.
4) The pure aluminum matrix strength was observed to improve with increaseing the steel
machining chips wt.% as reinforcement with a retained ductility levels compared to that with the SiC
reinforcements.
5) The hardness values were also observed to improve with the use of the steel machining chips as
reinforcement.
6) The wear rate increases with the increase in the weight percent of the steel machining chips but
highest with the SiC reinforced aluminum matrix composite.
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Abstract. The recent increased importance of natural asphalt as an alternative binder for
sustainable road pavement has dictated that more knowledge should be acquired about its
structure and properties. Earlier, Carbon-13 NMR spectroscopy has been applied to very few
natural bituminous materials. In this work, two types of raw binders namely Gilsonite and
Trinidad Lake asphalt (TLA) have been subjected to an extensive investigation by using 13CNMR technique. Results have shown that valuable chemical data can be readily withdrawn on
aromatic ring structures and ring substituents in natural asphalts derived from different sources.
The chemical significance of these findings will be discussed.

1. Introduction
Asphalt chemistry is a complex field and poses a considerable challenge to the chemist. Asphalts are
known to be comprised of an exceedingly large number of organic molecules, ranging in size, mainly
composed of carbon and hydrogen atoms. A better understanding of their compositions and properties
is of utmost importance in the asphalt industries in order to apply adequate processing facilities.
The petroleum asphalt (PA) has been primarily used in road construction where it is employed as a
glue or binder mixed with aggregate particles to create asphalt concrete. Its other main uses are for
bituminous waterproofing products, including production of roofing felt and for sealing flat roofs [1].
It has been readily available, easy to handle, offers excellent performance, and has been the most
economical. Today’s environment however, has the asphalt industry searching for alternative asphalt
sources. Concerns of energy independence, the exorbitant increase in oil prices and growing
environmental concerns have invigorated the interest for alternative energy sources. The asphalt
industries and the highway agencies have escalated research in the area of alternative PAs in order to
meet the challenges presented today.
The use of alternative PA is not a new concept. Early in the 19th century, researchers investigated
various forms of natural asphalts throughout the development of new building products. Gilsonite and
Trinidad Lake asphalt (TLA) are among the fossil oils being evaluated as promising natural materials
for the construction of flexible pavements. They are the black or dark brown bitumens found in seeps,
veins, or permeating limestones or dolomites as a part of them. The Gilsonite of Utah is free from
impurities, while the asphalt in the Trinidad Pitch Lake contains sand, clay, and shells up to 30 wt. %
of the mass [2].
Gilsonite, originally known as "Uintaite", is found in commercial quantities in the Uinta Basin of
northeastern Utah, in Uintah and Duchesne counties. It is a hard, brittle, native bitumen of variable but
high softening point. Uintaite is uniform in purity, extremely low in sulfur, has a low specific gravity,
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a high content of volatile matter, a lustrous fracture varying from brilliant conchoidal to dull hackly or
pencillated form, a typical brown streak and characteristic odor [3, 4]. It is composed mainly of
aromatic asphaltite [5]. The low melting point, high solubility in oils, and near-perfect insulator
qualities of Gilsonite historically has lent it to a wide variety of uses. Gilsonite has been used in
manufacturing storage batteries, foundry forms, paints, varnishes, inks, and lacquers, and as a binder
for road pavement [6].
TLA was first reported for paving in the United States about 1874. Trinidad asphalt exists in a
number of deposits on the island of Trinidad, near the northeast coast of Venezuela. This asphalt has
been used for pavement constructions and other applications throughout the world. TLA has a
relatively uniform composition of 29 wt. % water and gas, 39 wt. % bitumen soluble in carbon
disulfide, 27 wt. % mineral matter on ignition, and 5 wt. % bitumen that remains adsorbed on the
mineral matter. The refined product averages 36 wt. % mineral ash with a penetration at 25 ºC of
about 2 (0.2 mm), a softening point of 99 ºC, a flash point of 254 ºC, and a sulfur content of 3.3 wt. %.
The mineral matter typically contains particle sizes from 40 wt. % finer than 10 µm to 10 wt. % from
the 30-75 µm range. Because of the influence of the fine mineral particles, many of them colloidal in
size, the viscosity of TLA is higher than that of normal bitumens [7-9].
The use of Gilsonite and TLA as raw materials for diverse fields of application requires an
immediate knowledge of their compositions and the existing molecular interactions. The molecular
composition affects directly the physical properties of asphalt, such as softening point and viscosity,
and in turn the performance of the final product. Therefore, in order to develop a rational approach to
the conceptual understanding and practical resolution of the structural ambiguity, one must start with
the study of natural asphalt itself. The molecular structure of this material has not yet been completely
understood and is still the subject of some conjecture. Apart from its pertinence to road pavement
technology, knowledge of the molecular structure of natural asphalt is the key to its possible future
commercial utilization, to the elucidation of its origin and diagenetic history, and may conceivably
shed some light on the history of the natural asphalt formations.
In our recent work on the "chemical characterization of Gilsonite bitumen" [10] published in the
Journal of Petroleum & Environmental Biotechnology, substantial efforts have been devoted to
elucidate the composition, structure, and properties of Gilsonite and TLA by using elemental analysis
(EA), thin layer chromatography-flame ionization detection (TLC-FID), Fourier transform-infrared
(FT-IR) and proton-nuclear magnetic resonance (1H-NMR) spectroscopies. The chemical study led
sucesuffully to the unravelling of the mystery of the source and origin of the asphalt formations in
Utah and Trinidad Island, the relation between the natural asphalt deposits and their interrelation with
conventional oil accumulations of the region. To provide further insights into the poorly defined
structures of Gilsonite and TLA, the 13C-NMR spectroscopy was carried out accordingly.
2. Materials and methods
2.1. Natural asphalts
Gilsonite was collected from Uintah Basin in northeastern portion of the state of Utah, the United
States. It is made up of predominantly of pure asphalt, mineral matter, and other minor constituents.
Gilsonite is a shiny, black substance similar in appearance to the mineral obsidian. It is brittle and can
be easily crushed into a dark brown powder (Figure 1 A). In order to enable a more comprehensive
discussion of the results, reference was made to other natural asphalt from the Pitch Lake at La Brea in
the Island of Trinidad known as Trinidad Lake asphalt (TLA). TLA is a dark-brown colored
cementitious substance. It is brittle and broke into small cellular glossy fragments (Figure 1 B). This
asphalt is approximately 63 wt. % bitumen and the remainder being mineral and organic material. All
asphaltic specimens were analyzed by the same 13C-NMR technique to provide directly comparable
chemical information.
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Figure 1. Gilsonite (A) and Trinidad Lake asphalt (B) specimens.
2.2. 13C-NMR spectroscopy
13
C-NMR spectra of natural asphalts were recorded on a VNMRS-400 spectrometer (Agilent
Technologies Korea Ltd., Seoul, South Korea). NMR experiments were performed using 20~50 mg of
bitumen dissolved in 0.6 mL of deuterated chloroform containing Tetramethylsilane as a chemical
shift reference. The NMR spectra were collected with relaxation delay of 10.0 s, acquisition time of
1.3 s, and 5,000 repetitions.
3. Results and discussion
3.1.13C-NMR analysis
The 13C solution NMR spectra of Gilsonite and TLA are displayed in Figure 2. The strong absorption
between 76.5 and 78 ppm is due to solvent CDCl3. The low field absorptions between 10 and 45 ppm
are due to aliphatic sp3 carbons, while the weak absorptions between 100 and 160 ppm are due to
aromatics sp2 carbons.

Gilsonite
x3

TLA
178

x3

200 180 160 140 120 100

ppm

80
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0

13

Figure 2. C solution NMR spectra of Gilsonite and TLA.
In the 13C-NMR spectrum of Gilsonite, the aromatic carbon band is very weak compared to that of
TLA. This suggests that Gilsonite contains the major part of aromatic moieties of pyrrolic ring with
limited mobility, while TLA has mainly the six-membered aromatic carbon rings with higher mobility.
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⑥ 29.8
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⑩ 39.4
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This fact corroborates FT-IR spectra and TLC-FID analysis [10]. TLC-FID analysis showed that
Gilsonite contains negligible amount of aromatics (~ 0 wt. %) and moderate quantity of resins (18.7
wt. %), while TLA contains 22.9 wt. % of aromatics and 37.4 wt. % of resins. The very small peak in
13
C spectrum of TLA appeared around 178 ppm is probably attributed to the C=O group of ester,
carboxylic acid, or amide groups.
Figure 3 presents the expanded alkyl portion of the 13C solution NMR spectra of Gilsonite and TLA,
respectively. Interestingly, Gilsonite spectrum of the current study shows the major 10 peaks reported
by Helms and his colleagues [5]. In this alkyl region, notable differences were detected between TLA
and Gilsonite spectra, especially at peaks number 2, 4, 5, 8, 9, and 10, which were much weaker in
intensity with TLA than Gilsonite. These differences could be used, of course, as marker bands to
differentiate Gilsonite from TLA. Referring to the assignments of Helms et al. [5], it can be admitted
that most of these peaks are ascribed to the carbons related to the side-chains, which illustrates that
Gilsonite has more side-chains than TLA. This feature is fully supported by the H/H ratio in 1HNMR spectra and by the higher saturates (4.1 wt. %) and resins (37.4 wt. %) contents in TLA [10].
Even though that Gilsonite appears poor in saturates (1.66 wt. %) and resins (18.7 wt. %) components
[10], it comprises a relatively large amount of alkyl portion. This alkyl portion is essentially involved
in the connection of pyrrole rings; basic constituents of asphaltene compound. This observation
correlates favorably with the proposed model structure of Gilsonite asphaltene by Helms et al. [5].
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Figure 3. Alkyl portion of 13C solution NMR spectra.
4. Conclusion
The present study enabled us to understand and compare in detail the chemical characteristics of
Gilsonite and TLA. The relatively easy and convenient method of 13C-NMR provided useful
informations to identify the chemical structure of natural asphalts with the help of elemental analysis,
FT-IR, TLC-FID, and 1H-NMR data. Gilsonite has a significant amount of aromatic moieties with
nonprotonated aromatic carbons as compared to TLA. The high content of asphaltenes (79.7 wt. %)
found in Gilsonite contains pyrrole N–H groups and aromatic carbons connected with an important
fraction of alkyl chains. TLA includes high concentration of oxygenated compounds and aromatic
moieties with protonated carbons. The alkyl chains in TLA are more oxidized and sulfurized than
Gilsonite; containing carbonyl, sulfide, and ether groups. Future work may involve the inclusion of
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additional techniques to characterize the natural asphalts such as X-ray diffraction (XRD), Raman
spectroscopy (RS), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), etc.
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Abstract. Wooden structure houses deteriorate over time due to environmental aging, fatigue,
and other reasons. In order to solve this problem, composite timber beams strengthened by
extra steel bars (rebar) and carbon fiber-reinforced plastic (CFRP) are studied experimentally
in this paper. Specimens with various strenghting, ie., rebars only, CFRP only, and a
combination of the two, were considered under four-point flexural tests. Failure, displacement
and strain response and ductility capacity were evaluated for the present tested models.
Dramatic enhancement of the capacity in addition to improved deflection and ductility were
gained for the strengthened beams relative to the plain specimens, indicating the effectiveness
of the reinforcement on the flexural strength of such composite beams.

1. Introduction
The Chinese have a long history of building wood houses, many excellent ancient architectures are
wood structure. However, lots of wooden structure houses deteriorate over time due to environmental
aging, fatigue, and other reasons. Traditional wood structure repair and reinforcement methods often
require extensive repair site, easy to destroy the original appearance of the structure or bring other
secondary effects.
Because of high geometrical plasticity, easy to cut and shape, high strength, light weight and easy
construction, CFRP has become the common reinforcement material in the field of building
engineering including wood structure [1-6]. In this paper, a new reinforcement method for timber
beam by rebar and CFRP is introduced. The method is that the rebar is embedded and bonded in the
timber beam by grooving at the bottom of the beam, and the groove is covered and by the CFRP cloth
bonding. In other words, the timber beam was reinforced by two different materials, CFRP and steel
bar. The synergy of timber, rebar and CFRP will determine reinforcement effects.
2. Experimental program
2.1. Test specimens and material properties
The timber used for the test beam is loblolly pine, an important tree species for afforestation and
industrial timber species growing in southern China [7]. The main physical and mechanical properties
of wood is shown in Table 1.
Carbon fiber cloth were made by Japanese carbon fiber silk, mainly for structural components of the
tensile, shear and seismic strengthening. They had a net thickness of 0.111mm and the width of
200mm. Its mechanical properties were tested, and the results is shown in Table 1.
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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The rebar of Grade HRB335 is used in this test, and it is widespread used in building construction
as reforcement, with good strength and plasticity. Because the tensile strength of steel is much higher
than the timber, wood failure will not be pulled off the steel bar, or even yield, so the selection of a
smaller diameter Φ10 screw steel, and the smaller diameter with a lower cost of steel. The steel bars
used in the program were tested in the laboratory, giving average yield strengths of 380 MPa. The
reinforcement is arranged in the tensile zone to be primarily subjected to tensile stresses. In this
experiment, the steel bar and wood were bonded by anchorage glue. It is an important aspect of this
study to observe the adhesive performance, and the researcher hope that the timber beams can work
together with the rebar by the anchorage glue. This experiment uses XK-360 anchorage glue. XK-360
anchorage glue has the advantages of acid and alkali resistance, low temperature resistance, aging
resistance, good heat resistance, no creep at room temperature, water logging resistance, long-term
load stability in wet environment, resistance to welding, good flame resistance, seismic performance
good and so on.
Table 1. properties of timber and strengthen materials
Flexura Flexural
tensile
Elastic
Bendin
Compressiv
modulus Thicknes strengt Modulu
l
g
Elongatio
e strength
s
species
of
strength
h
s
strength
n
/Mpa
/(mm)
elasticit
/Mpa
/MPa
/GPa
/MPa
y
lobloll
28.05
64.16
6.24
/Mpa
y pine
CFRP
0.111
3426
265
1.51%
glue
50
85.5
2.5%
rebar
380
2.2. Specimen design
Twenty-one timber beams were constructed for four-point bending. Table 2 summarizes the specimens
program. The cross-sectional dimension of all specimens was 80 mm(width)×150 mm(depth)×2000
mm(length), as shown in fig.1(a). These beams were categorized into eight different groups. The
variations from one group to another and beam designations are given in Table 1 and Figs.1. Seven
beams in case 1 acted as control specimen. Two beams in case 2-3 were strengthened with
10-mm-diamter deformed bars. Two beams in case 4-5 were strengthened with steel bars and carbon
wrap. Fig.1 shows the dimensions and reinforcement details. Two beams each in cases 6-8 were
wrapped with different longitudinal or transverse configurations or varying depths of wrapping, using
carbon fabrics.

Figure 1. Strengthening scheme used in cases 2-8
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Group
(1)
1
2

Case
(2)
1
2
3
4

3
5
6

4

7

8

Table 2. Beam designations
Designation
No. of beams tested
(3)
(4)
7
L-1,L-2...L-7(beams not strengthened)
2
1S-1,1S-2(The beam with one rebar)
2
2S-1,2S-2(The beam with two rebars)
1S-1C-1,1S-1C-2
2
(The beam with a rebar and carbon wrap)
2S-1C-1,2S-1C-2
2
(The beam with two rebars and carbon wrap)
1C-1,1C-2
2
(The beam with carbon wrap, width 80mm and length
1000mm)
2C-1,2C-2
2
(The beam with carbon wrap, Two layers CFRP with
width 80mm and length 1000mm, 1200mm )
3C-1,3C-2
2
(The beam with carbon wrap, Three layers CFRP with
width 80mm and length 1000mm, 1200mm, 1400mm)

2.3. Instrumentation, test set-up, and test procedure
The whole experiment was carried through on the electro-hydraulic servo controlled loading system in
Nanjing Forestry University, as shown in fig.2.

WYJ - Displacement meter; YBP - Strain gauges
Figure 2. Experimental set up and measurement
All the beams were tested under four-point bending with an effective span of 1.8m and a distance of
0.6m between the load points. Load was applied at a uniform rate (≈5kN/minute).and deflections and
strains were recorded at regular intervals (1Hz).The specimens were preloaded before loading [8].
Three displacement meters were installed at the supporting points and the midspan of specimens.
Five strain gauges were placed at the midspan of the beam. Two of them were used in the compression
zone, three of others were used for the tensile zone and neutral axis. The distributions of meters and
strain gauges are shown in Fig. 2.
3. Test results and discussions
3.1. Failure modes and analysis of observed mechanisms
The typical failure modes were identified as shown in fig. 3.
The failure in the plain timber specimens were quite abrupt with a sudden tensile rupture in the most
time. The failure was initiated in different areas in various plain specimens, which is believed to be
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generally the result of the existence of knots .Most of the specimens split at the bottom or the scar near
the middle of beam, however, a few of beams exhibition a large plastic deformation without fracture
phenomenon, as shown in fig. 3a, 3b, 3c.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)
(m)
(n)
Figure 3. Typical failure modes of tested beams: (a)L-7; (b)L-3; (c)L-2; (d)1S-2;
(e)1S-2(midspan); (f)2S-2; (g)2S-2; (h)1S-1C-2; (i)1S-1C-2; (j)2S-1C-1; (k)2S-1C-2; (l)1C-2;
(m)2C-1; (n)3C-2
In case 2, the failure mode of the strengthening beam is brittle bending failure. Several cracks are
found at the bottom of the beam with the load increasing, and one was developed into a main fracture.
The wooden beam could restore original state again soon after load released, however, the bending
deformation of rebar can not be restored into a straight line. A little steel slip observed in the beam
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groove at the end of the bar, and the central steel was protruding, as shown in fig.3d, fig.3e.
The reinforcement beam (In case 3) were damaged at shear bending region. Large deformation
occured during the later period of the test. In the end, beams were broken and Compression
deformation is very obvious in the top region. The rebars, however, there is no obvious deformation,
and the side slip at both end is smaller, as shown in fig3f, fig 3g.
In case 4, the failure phenomena of two beams was differentiated. One of the specimens was
cracked from the scar in the middle of the beam, and the carbon cloth broke suddenly and debonding
from the bottom. The crack of the other specimen beam is generated in the tension zone of the timber
beam, and the crack continues to develop with load increasing. When the beam damaged, the steel bar
at the bottom of the slip occurred, and the carbon cloth along the length of the groove cut into three
stripe, as shown in Fig. 3h and Fig. 3i.
In case 5, the failure mode of the strengthening beam is the compression deformation of the wood in
the compression area. The whole beam has a large bending deformation and no obvious cracks in the
tension end. The carbon fiber cloth is basically intact, as shown in Fig.3j and Fig. 3k.
In case 6-8, the failure mode of the beams wrapped with carbon fabric were characterized by the
stripping of CFRP and the fracture at the scarring of beams, as shown in Fig.3l and Fig.3m.
3.2. Ultimat load and elastic modulus
Table 3 and 4 presents the values of ultimate load and elastic modulus obtained in the test. As
compared with plain beams, most of all the strengthened specimens were significantly enhanced in
flexural strength. The ultimat load of beams in bars-strengthened increased by 28%. The
combination-strengthened (in case 4,5) possessed flexural strength 26%-32% larger than plain
beams(in case 1).

Species code
L-1

Table 3. Ultimate load and elastic modulus of timber beam
Ultimate
elastic
Average ultimate
Average elastic
load
modulus
load
modulus
/kN
/Mpa
25.35
6109

L-2

32.55

7275

L-3

24.86

6545

L4

30.66

5531

L-5

22.87

6035

L-6

34.71

6426

L-7

23.90

4826

Standard deviation

4.70

778

Coefficient of
variation

0.17

0.13

27.84

6107

3.3. Displacement vs load relationship
Fig. 4 shows the load versus deflection curves of all specimens. It can be seen from Fig.4a that the
strength and ductility of 7 contrast beams are quite different, which indicates that the mechanical
properties of the material itself are more discrete. Compared with the plain beams, the strength and
rigidity of the strengthened beams are generally higher, as shown in Fig. 4b and Fig. 4c, they exhibit
large plastic deformation at the later stage of loading, and the beams in the combination reinforcement
program show a stable high strength and a higher stiffness and large plastic deformation of the
mechanical characteristics, and the ductility phase strength remained unchanged, or even increased
slightly.
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Species
code

Table 4. Ultimate load and elastic modulus of reinforced timber beam
Ultimate load
elastic modulus
/kN
/kN
Enhancing ratio
(%)

Test Data

Average

1S-1
1S-2

30.40
24.94

27.67

-0.6

2S-1

40.58

2S-2

31.01

35.79

28

1C-1

32.68
34.98

25.6

1C-2

37.28

2C-1

35.85

2C-2

39.27

3C-1

28.43

3C-2

31.73

1S-1C-1

37.50

1S-1C-2

32.44

2S-1C-1

35.44

2S-1C-2

38.39

Test Data

Average

Enhancing ratio
(%)

6162
4794

5478

-10

9315

53

6986

14

7675

26

4825

21

6943

14

9679

58

9945
8686
5974
7997
6186

37.56

34.9

30.08

8.04

34.97

26

36.91

32

9146
4839
4812
6627
7259
7870
11488

(a)

(b)

(c)

(d)

Figure 4. Load versus deflection curve in four-point bending test
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3.4. Analysis of strain response in beam span
The five typical strain values of the strain measuring points at the midspan cross section of various
types of wood beams are shown in Fig. 5 which illustrates the strain distribution along the depth of the
cross section. Figs. 5 show the following conclusions.
During the linear loading process, the longitudinal strain at the midspan cross section showed a
linear distribution along the cross-sectional depth, indicating that the strain at the midspan cross
section approximately agreed with the plane section assumption. As the load increased, the strain
curve was not a straight line. The reason was that the glued connection, as one of the structural
connections, was damaged and/or the material was damage, accompanied by structural rigidity
changes.
The beam with rebar has an initial neutral axis of 15 mm below the center of the beam section,
which indicates that the steel bar starts to exert its effect to bear the large load from the initial stage of
the loading, which plays the role of reinforcement, as shown in fig. 5(b).
Both wraped beams and unwraped beams has its initial central axis in the center of the beam section,
which indicated that the bottom of the carbon fiber cloth can not significantly improve the strength of
the bottom of the beam. The tensile strain is relatively small at the later stage of loading, and the strain
of the strengthened carbon beam is smaller than that of the carbon cloth, which indicates that the
carbon cloth is not as good as the reinforcing bar. The initial neutral axis of the beam strengthened by
two-layer steel bar and carbon fiber sheet is about 18mm below the center of the section and slightly
decreased at the later stage, which indicates that the two type of strengthen material play important
role during loading . The strain response at all levels of load is small, indicating that the overall
stiffness was significantly improved.

(a)

(b)

(d)

(e)

(c)

(f)

Figure 5. Typical strain changes of six beams at the midspan cross section
4. Conclusion
Wooden structure houses are widely used in our country. Aiming at the characteristics of large
discreteness and low seismic performance of timber beams, a kind of new reinforcement technology
with embedded rebars and CFRP is put forward. By using 21 test beams, the flexural capacity test is
carried out, the experimental results show that.
(1) The timber beams with carbon or rebars are significantly better than the contrast beam. The
rebar and carbon fiber sheets can improve the flexural rigidity and flexural capacity of the timber
beams. The reinforced beams have certain signs before the failure. With the bending of the steel bars,
the whole member can still provide a certain bending capacity. The two rebars and a layer of carbon
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cloth can significantly improve the rigidity and strength of wood, and ductility better.
(2) In the linear loading process, the strain distribution all of beams were in accordance with the
assumption of plane section. Rebars can improve the stiffness of the bottom of the beam, causing the
initial neutral axis decreases, and improve rigidity greatly. However, the carbon sheet can do less.
(3) The results showed the interracial bonding was a decisive cause to influence the mechanical
properties. For the gule is not dedicated glue for rebar and CFRP，some CFRP cloths was separated
from timber beam, in the later stage of test, so as steel bar. So the effect of timber beam reinforcement
should be further enhanced through improving the bonding performance.
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Abstract. Carbon fiber-reinforced polymer (CFRP) sheets is used to strengthen RC members
widely. However, in the actual projects, premature separation of the CFRP sheet from the
concrete surface is observed frequently, key issue in CFRP application is the performance of the
connection between the CFRP sheet and the peripheral RC members. This paper presented the
results of an experimental study to investigate mechanical properties of carbon fiber (CF) anchor
dowels, a new CFRP anchoring method, and based on the experimental results, obtained the
bearing capacity calculation formula of concrete beam strengthened with CFRP anchoring by
carbon fiber anchor dowels .

1. Introduction
The carbon fiber reinforced polymer (CFRP) has a high tensile strength, light weight, strong corrosion
resistance, simple and easy to operate compared with other reinforcement methods, and the construction
process does not affect the duty of the structure. There have been quite a lot of studies report that
externally bonded CFRP could effectively improve carrying capacity and change failure mode of RC
members [1-3]. In order to improve bearing capacity of RC beams, the bonding strengthen between
CFRP and RC members must be strong enough to make sure the full use of tensile strength of CFRP
[4-6]. A study of behaviour of reinforced concrete beams strengthened with FRP found that CFRP sheets
debonded on average when suffering 50% of their tensile capacity [7]. So premature debonding failure
due to separation of laminates caused by excessive stress concentration at the end of laminate had been
agreed to be the main problem. The risk of Debonding at laminate ends could be minimized using
appropriate end anchors. Therefore, in order to more fully utilize the tensile capacity of the FRP sheet,
carbon fiber (CF) anchors which were originally developed by the Japanese Shimizu Corporation were
used as a new way to anchor FRP sheets.
2. Experimental study
2.1. Test program
In this study, two RC beams had been tested to failure by four-point bending method. Specimens had
cross-sections of 200 mm width by 270 mm height and length of 2,260 mm. One of beams strengthened
without anchoring as a control beam named L0, and the other beam named L1 was strengthened by
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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CFRP sheet and anchored by CF anchors at two ends. Beams strengthened with two steel bars of 12 mm
diameter with a clear cover of 35 mm. In the test program, all the beam specimens were tested in
four-point bending with an effective span of 1,960 mm and a shear span of 880 mm, as showed in Figure
1. Load was applied in displacement rate of 1.5 mm/min. the beam specimens were instrumented with
linear variable differential transformer (LVDT) and strain gauges installed to measure vertical strain at
the midspan of beams.

Figure 1. Load test setup
2.2. Settings of CF anchors
CF anchors were made as follow procedures: firstly cut a piece of CFRP sheets which as same as CFRP
sheet material bonded in the beam span. Then CF anchors were saturated with epoxy and installed
immediately into a predrilled and carefully cleaned holes in the beam face after CFRP sheet for
strengthening was bonded. The ends of the CF anchors were fanned out over the CFRP sheet, as shown
in Fig. 2.

(a) Drilling holes for anchors
(b) Inserting CF anchors into predrilled hole
Figure 2. The mounting process of CF anchors
2.3. Experimental phenomena and results analysis
2.3.1. Cracks and failure mode. The cracks of control beam L0 was wider than strengthened beam L1
while the amount of cracks was less than L1’s. Beam L0 shows a larger deflection than beam L1’s when
both of them was failed. It can be deduced that failure mode of beam L1 was the crush of concrete, which
means beam L1 had a greater stiffness. The failure mode of beam that was not strengthened was flexural
failure at the middle span, as shown in Fig. 3.

(a) Beam L0
(b) Beam L1
Figure 3. Fracture morphology of test beams
2.3.2. Distribution of strain. The readings of strain gauges mounted in the gauging points as shown in
Fig.1 are shown in Fig. 4.
There was an obvious linear distribution of strain along the altitude-direction of the section in the
middle span in the elastic stage, which basically agreeing with the plane section assumption. The
location of neutral axis of beam L0 was close to the center of the specimen, while the location of neutral
axis of beam L1 was lower than L0’s because of the CFRP’s high elasticity modulus.
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Figure 4. Strain distribution in the middle span of beams
3. Theoretical analysis
The calculation model of the ultimate bearing capacity of the beam strengthened with CFRP sheets was
deduced based on failure mode which is concrete crushing. Ultimate compressive strength of concrete
was used as a control parameter in the progress of deducing.
3.1. Basic assumptions
a) Hypothesis of plain section which had proved in the beam span strain analysis.
b) CFRP only bears axial tension and do not bear bending moments.
c) Take no account of the concrete resisting tensile effect.
d) Using elastic-all plastic type curve to describe the change of steel bar, regardless of the
strengthening phase; Using linear elastic stress - strain curve to describe the change of carbon fiber,
magnitude of stress is equal to the strain of CFRP multiplied by the modulus .
3.2. Ultimate bearing capacity under beams destroying
The sectional strain and stress distribution along the section height for CFRP strengthened beams
anchored by CF anchors was given in Fig.5.

Figure 5. Sectional strain and stress distribution along the beam height
Considering compressive strain was positive, the stress and the steel strain of CFRP sheet was
negative. According to the assumption of plane, the CFRP strain  f and the steel bars strain  s could be
calculated as follows:
 f  cf

x  df
x
,

s  cf

x  ds
x .

(1)

Where x was the distance between concrete compression zone edge and the neutral axis, d s was the
distance between concrete compression zone edge and centroid of steel bars, d f was the distance
between concrete compression zone edge and CFRP’s centroid. According to The Chinese Concrete
Design Specification (GB50010-2012), the concrete strain could be calculated:


0   c   0 , c  fc[1  1  c
0


n

 ,
 ]


n  2

1
(fcu ,k  50).
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(2)

 0   c  cu , c  fc ,  0  0.002  0.5(fcu ,k  50)  10 5 ,  cu  0.003  0.5(fcu ,k  50)  10 5 . (3)
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Where  c was concrete compressive stress, f c was the design value of concrete compressive strength,

 0 was the concrete compressive strain when the concrete compressive stress value was equal to f c , and
when the calculated value of  c was less than 0.0002, take it as 0.0002. f cu,k was the compressive
strength standard values of concrete cube. n was a given coefficient, when the calculating value of n was
greater than 2.0, take it as 2.0. In this paper, the concrete strength level was 30 MPa, so writer set the
value of  cu as 0.0033, n as 2.0.Concrete resultant compressive stress C was calculated as follows:



C  k 1fc bx , k1 

 cf
0

 c d c

f c  cf

.

(4)

  cf  cf2 

(5)
,
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Where b was the width of the beam, k 1 was the average stress coefficient. The static equilibrium
equation is:
n

k 1f c bx    si Asi   f A f  0 .

(6)

i 1

Where  si was the stress of steel bars,  f is the stress of CFRP, Asi , A f is a total area of the ith layer
and the sectional area of CFRP respectively. n is the total number of steel bars layers. The  si and  f
were calculated:

s 

fy

 s Es

,  si  E S  si ,

ss 

fy

 s Es

,  si 

 si f y
f
,  f  Ef f   f .
 si  s
f

(7)

Where Es , Ef was the elasticity modulus of steel bar and CFRP respectively. f f was the tensile
strength of CFRP, while f f was the yield strength of steel bar.  s ,  f was the material subentry
coefficient of steel bar and CFRP, and both positive.
If D was the distance between the resultant compressive stress and the edge of the concrete
compressive zone, and x was the height of compression zone, then:

D  k2x ,

k2  1
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CFRP achieving ultimate tensile strain or concrete compressive strain reaching to 0.0033(the ultimate
compressive strain) were failure signs of RC beam. When the failure mode was the concrete crush (  cu =
0.0033), from (1) CFRP sheet’s stress distribution  f could be got, and according to (5), the average
stress coefficient k 1 could be calculated.
Based on (1) to (8), the neutral axis depth x could be caudated:
 n
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Then the ultimate bending moment of CFRP reinforced concrete beams was calculated:
h
 n
h

h

M u  k1 f c bx  k 2 x     si Asi   d s    f A f   d f  .
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(11)

Where h was the height of the concrete beam. The right three parts of formula were the contribution of
concrete, steel and CFRP to the ultimate capacity.
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4. The comparison between the theoretical and the experimental value
The theoretical and the experimental ultimate bearing capacity of experiment beams was shew in Fig.6.
The ultimate bearing capacity of the beam’s theoretical value was 45.8kN, which was only 3.4%
higher compared to experimental value of 44.3kN. The error may be caused by the bond between
concrete face and CFRP sheet. The two kinds of values were very close this indicated that the theoretical
formula was corrected according to the hypothesis of the test.

Figure 6. the ultimate bearing capacity value of experiment beams
5. Conclusion
According to the experiment, the failure model of CFRP strengthened beam that was anchored by CF
anchors was crash of concrete, while failure model of beam that was not strengthened was flexural
failure at the middle of beam. In the process of loading, the measured beam strain along the section
height was the linear distribution and basically accord with flat section assumption. Based on the test
results, the formula of the bearing capacity of the beam anchored by CF anchors was established in this
paper. Compared the experiment and the theoretical analysis, we concluded that the theoretical
calculated value shew a good agreement with experimental data, which indicated that the theoretical
formula was relatively reasonable.
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Abstract. The article shows the problem of high volumes of energy use in Kazakhstan and
introduction of energy-efficient technologies, production and causes of the problem. To
improve the thermal comfort, needed primarily to improve the thermal insulation properties of
materials. This article examines the characteristics of thermal insulation materials and their
application in the construction process in Kazakhstan. The material properties are calculated
and shown as formulas, which can use in the future in the design of residential buildings. The
construction studied of passive technology in the residential area. By the design process and
the combination of design variables selected option.

1. Introduction
Technologies of energy 1 saving in cold regions for improvement of the inhabited thermal environment
throughout a long time were the primary objective of a research. The leading technologies of energy
saving consist use of the solar system, structure of thermal insulation.
A climatic feature of Kazakhstan characterized by a cold climate, which demands during the winter
period of heating burning coal that bears serious problems with environmental pollution. At the
introduction of energy saving technologies and improvement of thermal characteristics by the critical
moment are the protecting designs. A practical design in the green building is the use of resourcesaving way out the efficient use of the building during construction. The main principles in the
development and practice include the use of green materials, sustainable site development,
improvement of environmental quality in the room and improve the efficiency of energy and water
consumption. Reducing the impact on the environment, reduce the use of water and energy, as well as
contribute to a healthier workspace, which increases the level of comfort and performance of its
occupants is the main direction.
Green Building Rating System is the assessment, which is used to measure the environmental
performance of the building throughout the building's life cycle in order to quantify the quality of the
performance of buildings. This article attempts to consider in Kazakhstan the basic parameters of
green building technology for the next generation of guidelines and recommendations. Developers and
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designers can establish a platform for efficient energy and can guide the builders defend the stability
of the value by integrating construction quality strategies.
For this study, it is the area of Astana is the capital. Climate classification map is according to
Koppen-Geiger climate change in Kazakhstan, due to its vast territory and relevant to 4 different zones.
For Astana and the surrounding area, which is in the DFB region, characterized by snow, full of
moisture and extremely continental weather (cold and freezing winters and hot summers) [1].
Over the past few decades, Kazakhstan has experienced an upward trend in energy consumption,
mainly due to rapid urbanization and industrialization. In recent decades, energy consumption in the
residential and commercial sectors in Kazakhstan has increased significantly, according to the
statistics of Kazakhstan. In figure 1 indicates that the demand for energy is steadily growing [2].

Figure 1. Electricity supply about the previous year in Kazakhstan
2. Improve passive technologies
The purpose of the optimization and implementation of passive technologies improved thermal
comfort, a set of strategies to reduce energy consumption. For correct selection find the right balance,
which depends on the economic and environmental benefits of energy.
Improving the living conditions of thermal comfort and environmental influences new green
building materials. [3]
2.1. General evaluation
The assessment of Energy and Atmosphere category show with the commissioning of the building
energy systems and energy efficiency of buildings [4]. Initial construction of the energy system
requires an integrated delivery system in operation, which provided input to the authority granted by
the schematic design phase to the maintenance of the building [5]. This is intended to ensure that the
building energy systems are functioning well and as expected. Since this practice is not yet a part of
the construction practice and requires commissioning professionally, it needs to put much effort, work
and costs for the implementation of this entry tasks into operation. The energy efficiency requires the
building to develop by the standard 2.04-21-2004. The construction of the building has requirements a
very high level regarding insulation and energy-efficient features. However, it is not part of the
building design and construction practices in Kazakhstan. Today in Kazakhstan is used when
designing new software projects for energy modelling is another point for implementation. When
using an approach based on the international experience result, identify some characteristics to be
included in the base of the building to determine the energy budget.
2.2. External walls
Exterior walls play a major role in maintaining the heat inside the building. From the architectural side
of the wall does not bear the aesthetic component. Thermal insulation as schematically represented in
Figure 2. To identifies the optimal insulation of external walls admission energy-efficient properties of
materials one of the external walls.
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Calculation of thermal resistance coefficient attic floor should include: coloring concrete twice (not
involved in the calculation); screed of cement sand mortar М150, reinforced mesh 5V-carbon
Solid， surface waterproofing, reinforced concrete slab.
1.Coloring Concrete twice (not involved in the calculation);2. Screed of
cement sand mortar М150, reinforced mesh 5V-1, cell 200200 mm: 
=60 mm, p0=1800 kg/m3, р=0,76 W/m·
C 3.Carbon Solid 1000:  =300
mm, p0=38 kg/m3, р=0,032 W/m·
C ;4. Surface waterproofing =4 mm,
p0=1400 kg/m3, р=0,26 W/m·
C ;5. Reinforced concrete slab: =250 mm.
p0=2500 kg/m3, р=1,92 W/m·
C .
Figure 2. Thermal resistance coefficient attic floor
As for heaters, Bimetallic sectional radiators of the brand, as well as connectors, recessed into the
floor with forced convection. Doors piping and wiring horizontal pipe technical and commercial
facilities provide polyethylene reinforced pipes, laid in the floor construction. All pipelines, vertical
risers to cover ∅40 mm pipe insulation made of foam rubber, 9 mm thick and more ∅40mm - tubular
foam insulation 13mm thick. Distribution pipes (for each apartment heating systems), set up to the
floor construction, and insulated tubular foam insulation thickness of 9 mm.
In residential areas, the project provides for exhaust ventilation with mechanical prompting the
installation of internal axial fans. In the public areas of the project includes the supply and exhaust
ventilation with the mechanical drive. Air supplied to the loft insulated mats URSA, insulation
thickness - 50 mm, covered with foil, the cover layer of fiberglass. Mathematical analysis can be
performed using the following formulas [6], [7].
1.Masonry of aerated concrete block:  =300 mm, p0=600 kg/m3,
р=0,026 W/m·C .
2.Reinforced concrete (not involved in the calculation).
3. Mineral Plate Ecover Vent-Facade 80  =80 mm, p0=80 kg/m3,
р=0,039 W/m·C
4. Mineral Plate Ecover Vent-Facade 60  =100 mm, p0=60 kg/m3,
р=0,041 W/m·C;
5. Umbrella anchor the upper layer (not involved in the calculation

Figure 3. Calculation of the coefficient of resistance of heat exterior walls
Calculation of resistance to heat transfer coefficient on the ground floor (Elevator hall, staircase,
1st floor hallway) include: gres, cement-sand screed, monolithic foam concrete, concrete class,
compacted soil backfill, reinforced concrete slab.
1. Gres:  =15 мм; p0=2800 kg/m3, р=3,49 W/m·
C; 2. Cementsand screed  =50 mm; p0=1800 kg/m3, р=0,76 W/m·
C; 3.
3
Monolithic foam concrete:  =140 mm, p0=600 kg/m , р=0,22
W/m·
C ; 4. Concrete class В25:  =150 mm, p0=1800 kg/m3,
р=0,76 W/m·C ; 5 Compacted soil backfill:  =550 mm, p0=1600
kg/m3, р=0,47 W/m·
C ; 6. Reinforced concrete slab: =200 mm.
p0=2500 kg/m3, р=1,92 W/m·
C.
Figure 4. Reinforced concrete slab
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The coefficient of heat transfer resistance uniform transparent building envelope is calculated as
follows(1)[8]:

R∑ =

n
n δ
1
1
1
1
, m 2C° / W
+ ∑ Ri +
=
+∑ i +
i=1
i=1
α int
α ext α int
λi α ext

(1)

int, ext — heat transfer coefficients of the inner and outer surfaces of the building envelope;
Ri — thermal resistance of each layer of the structure;
i — the thermal conductivity of each material in the layer structure of settlement conditions.
The above non-uniform thermal resistance to heat opaque building envelope is determined by the
formula(2):

R∑0 =

j R *F
1
1
i
i
+∑
+
j=1
α int
F∑
α ext

(2)

Rj — thermal resistance of the homogeneous zone;
Fj — the area of each thermally homogeneous area;
FΣ— area of the building envelope
The calculated checked value of the thermal conductivity of the walls of resistance to limit the
temperature drop using the following relationship (3):

Δt0 =

n(tint − text )
R0α int

(3)

n - coefficient reflecting the dependence of the position of the outer surface of the partition
structure in relation to the outside air;
tint - the calculated average temperature of the internal air of the building;
text - the estimated temperature in the cold season;
in - heat transfer coefficient of the inner surface of the building envelope.
The heat transfer coefficient of resistance through the exterior building envelope is calculated as
follows(4):

A
A
A
Aw AF Aed Ac
+
+
+ r + n cl + n rf + rf 1
R
RF R ed R w
Rcl
R f R f1
K mtr = w
sum
Ae

(4)

Aw, Rrw— area and reduced resistance to heat exterior walls;
AF,RrF— fillings of light apertures (windows, stained-glass windows, lamps);
Aed,Rred— inside and outside doors;
Ac,RrC— combined coatings (including over the bay windows);
Ac1,Rrcl— attic floors;
Af,Rrf— basement floors;
Af1,Rrf1— ceilings over passages and under the bay windows;
Asume— the total area of the internal surfaces of external walling.

Qhy = (Qh − (QΔnt + Qs )⋅ υ ⋅ ξ )⋅ βh

(5)

v — reduce heat gain coefficient due to the thermal inertia of walling, are taken into account v = 0,8;
 — effectiveness ratio of auto heat supply in heating systems, are taken into account  = 0,95;
h — coefficient taking into account the additional heat consumption of the heating system, associated
with discrete nominal heat flow heaters, are taken into account h = 1,11.
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The construction process is necessary the use of local materials. At the initial stage of the project
help the developer to choose the right materials. The advantages of energy-efficient technologies are
especially popular in residential buildings. To improve the energy efficiency potential are encouraged
to increase the use of renewables. The primary objective of reducing the environmental and economic
impacts associated with energy consumption. The use of passive technology allows buildings to
achieve the lowest energy requirements by adjusting the heat gain and heat loss.
3. Conclusion
In conclusion, the green technology for energy efficiency in Kazakhstan (Astana) is possible only in
the case of applications with regulatory standards in Kazakhstan. Further research on the breakdown
of energy-saving and energy costs has indicated that dominated by the performance of the air
conditioning system, heat-insulating system, but the difference in the tariff systems between cities.
Additional savings achieved by energy efficiency measures were attractive.
The authors suggest a green building in Kazakhstan to develop a green building, which bases on
the context in Kazakhstan. The development of passive technology provided for region. However, the
criteria for the pre-conditions and credit should be based on local design and building construction
methods. The most significant result of discussions, among all stakeholders, and to discuss it architects,
engineers, ecologists, governments, communities and others.
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Abstract. This paper analyzes the defects and the causes of contemporary design solutions
with an example of overhead facade systems with ventilated air gaps and light steel thin-walled
structures on the basis of field experiments. The analysis is performed at all stages of work:
design, manufacture, including quality, construction, and operation. Practical examples are
given. The main causes of accidents and the accident rate prediction are looked upon and
discussed.

1. Introduction
Currently, the building market at all levels is overfilled with materials, technologies and design
solutions. The flow of research and developments in various areas is so huge that it is not always easy
even for a specialist to understand what is better to use for the object construction in this or that case.
Modern materials and design solutions must meet requirements of a customer such as longevity,
durability and strength, high thermal performance, environmental friendliness and cost effectiveness,
simplicity and speed of assembly, flexibility of structures, etc. All progressive methods and
technologies practically satisfy these indicators. But in fact it turns out that some structures ask for
more detailed, qualitative study and approach [1].
The authors of the monograph [2] have shown that accidents of buildings and structures occur due
to either human activities (violation of production technology, lack of discipline, inattention, etc.) or
natural hazards (earthquakes, hurricanes, floods, etc.). At that statistics shows that the accident is the
result of a number of complex reasons: poor funding of measures to ensure safe operation and timely
repairs, insufficient study of the causes of the occurred tragedies that often lead to repetitive errors
during design, construction and installation.
A study of the causes of accidents and disasters will enable us to better understand the patterns in
the structures, buildings and installations, as well as to attract the attention of scientists, planners and
builders to disadvantages, shortages, and drawbacks of materials, technologies and design solutions.
In this paper, the authors analyze two types of modern design solutions, which are used in practice.
Overhead facade systems (OFS) and buildings from light steel thin-walled structures (LSTS) are taken
as objects of research. These constructive solutions are characterized by the fact that, according to
manufacturers, they are easy and simple to be assembled. In advertising they are compared with the
children's toy design kit.
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2. Overhead facade systems
Facade systems of modern buildings are as popular [3,4], as complex in design, installation and
operation. Any technical mistake associated with their installation or operation becomes immediately
obvious, in contrast to defects of internal structures.
In the OFS design there appear the following defects, leading to their partial collapse: the lack of a
unified approach and the calculation method of the bearing and fastening elements, reliable data about
the real behavior of the structure, calculations of thermal effects and other factors.
In the analysis of defects, depending on the quality of materials and products one can mention: the
use of substandard materials or their replacement by materials of a lower quality, uncertified without
the consent of the manufacturer of facade systems.
For example, the replacement of clasps from stainless steel by low carbon steel has led to the fact
that some operation years later most of the façade elements have come out of its design position (Fig.
1), which has resulted in unpresentable appearance of the building.

Figure 1. Defects of façade systems: facing walls design inconformity
Replacement of composite cladding panels by a lower quality class of flammability led to the fire
of the facade of a multistory apartment building (Fig. 2) in September 2014 in Krasnoyarsk (Russia).

Figure 2. A residential building is on fire in Krasnoyarsk (Russia)
Inflammation of overhead façade systems is quite common fact.
In the researchers point of view the main causes of the façade system fires are the failure of fire
prevention measures and savings in all phases of construction. Unscrupulous construction participants
artificially create low cost structures design by eliminating unnecessary, from their point of view, trials,
studies, calculations, installation of additional fire nicks, etc.
One of the things that contribute to the fire danger is combustible materials, the spread of flaming
droplets during melting of materials and other factors [5]. One of the most flammable materials in the
design of facade systems is a hydro windproof film (membrane), which performs the function of
protecting the insulation layer against weathering. As a result of its burning, the fire spreads
throughout the structure of the facade (Fig. 3). Noncombustible membrane application leads to an
increase in the cost of the entire system.
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Figure 3. Membrane burning in the facade system design
To eliminate fires the builders have recently started to refuse its use. The result is that the insulation
is not protected from atmospheric influences, and after a while it begins to disintegrate into fibers, and
this leads to the fact that the fibers clog the air gap between the insulation and the system facing
material. Therefore, there is a violation of the functioning of the whole structure of the overhead
facade system with a ventilated air gap (Fig. 4). But the gap is required for effective removal of
moisture and vapors migrating from the premises through the outer wall to the street [6]. Its
application is clearly stipulated in the design of a façade system, and the size is calculated depending
on the main characteristics of the thermal protection enclosing structures (resistance to heat transfer)
[7].

Figure 4. Result of hydro windproof membrane refusal
On the basis of the above facts, we can conclude that while trying to solve one problem, we find a
new one. That is like going in circles. And so it will be as long as someone from the experts does not
suggest a new solution or a new material that will satisfy all the interested parties.
In construction one can mention such disadvantages as insufficient qualification of workers and
engineers, low degree or absence of control, violation in the sequence of operations ("chase" for terms).
Fig. 5 shows defects in overhead wall systems, resulting from poor quality of the installation. The
destruction of the cladding material occurs as a result of the fact that in the erection of the vertical
profiles temperature joints have not been provided, moreover, they were concreted in the pavement
around the building. As a consequence, thermal deformation of the profiles occurred, qualitative
changes in the design of calculating schemes of bearing elements and the values of the loads acting on
them took place.
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Figure 5. Destruction of the cladding material
Fig. 6 shows the defects in the installation of overhead facade system caused by the negligence of
the builders.

Figure 6. Defects in the process of overhead façade system installation
Having analyzing the defects, we come to the conclusion that the use of low-quality overhead
façade l systems does not meet requirements as for energy savings and presentable appearance of the
building as a whole. Overhead facade systems in the construction market have been used for more
than a dozen years, but for their reliable and safe use not only monitoring to identify and study errors
for their further elimination are require, but more accurate and strict control at all stages of work with
them.
3. Light steel thin-walled structures
One of the main problems in the LSTS construction is that the building is destroyed almost
immediately (brittle fracture) and fully, and the defective items cannot be applied again (for the second
time).
When designing this constructive solution it is possible to distinguish such aspects as the lack of
regulatory framework applicable on the territory of the Russian Federation, the overestimation of
mechanical characteristics, etc.. Manufacturers point out fire resistance, eco-friendliness and energy
saving as advantages. These indicators do not directly depend on the LSTS structures application and,
according to the authors, on the contrary do not show the use of thin-walled profiles. These indicators
depend on the quality of the insulating layer and the type of facing material for covering walls or
ceilings and surfaces [8]. Consequently, these structures must be viewed as a single system, and
manufacturers need not only to calculate load-bearing structures, but also consider other materials. For
example, builders use polystyrene as an insulation material in façade systems for the sake of economy,
but when it burns it emits not only harmful black smoke, but the styrene, causing respiratory organs
damage in humans [7].
Fig. 7 shows the alarm status of a corrugated frameless shell of the arched building with a span of
21 m in the period of installation. The deficiency of the design was the result of its delayed grouting
(fixing) in the foundation. Furthermore, experts proved overestimation of mechanical properties of the
steel in the certificate after the tests [9].
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Figure 7. Loss of local stability of a corrugated shell
The factors influencing defectiveness in the manufacture of structures are: low-quality production
and original manufacturing defects, failure to comply with the technology application of protective
coatings.
Stage of construction of buildings is partially characterized by the violation of rules of installation
and lack of proper control. For example, the collapse of LSTS structures (Fig. 8) resulted from
changing the cover disk and the loss of overall stability due to the neglect of the assembly process [9].

Figure 8. LSTS destruction
Examples of accidents of LSTC buildings testify to the need for a comprehensive approach using
structural measures in the development of this technology. Failure analysis of the considered structures
allows to establish the main causes of accidents:
- Defects and low quality construction works,
- Project non-compliance,
Use of the materials and structures of insufficient strength,
Replacement of structures or parts without the approval of design organizations,
- Overload of the bearing structures in the process of operation,
Lack of reliable means and methods of corrosion protection
Insufficient knowledge of the work of some structures under loads is also looked upon as one of the
causes of failure.
Predictions of accidents:
- Tendencies of reduction of accidents of buildings and structures are not being observed.
- Significant influence of human factor on the accident rate and the severity of the
consequences of the accident are not to be excluded.
- The severity of the consequences of accidents can be foreseen and the total number is
reduced by elimination of repetition of similar errors and the causes of the accident, the
"barbaric" operation and illiterate operation of maintenance work.
4. Conclusion
In conclusion we can say that each technology has its pros and cons. Having chosen "cheap, shoddy"
technology we can economize, but make a huge mistake at that, which will not be corrected. It is
important to have an adequate assessment of the real level of possible danger and severity of
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consequences of potential accidents, and an understanding that ensuring the security of buildings and
structures is an important and significant component.
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Abstract. A new approach to improve hole extraction anode interfacial layer by introducing
polyelectrolytes in polymer solar cells (PSCs). The polyelectrolytes interfacial layer is
prepared simply spin-coating on the ITO substrate. Remarkable improvement in the opencircuit voltage(Voc) and short-circuit current density (Jsc) of the PSCs could be achieved upon
the introduction of polyelectrolytes anode interfacial layer.To study the effect of
polyelectrolytes anode interfacial layer on the device efficiency. The polyelectrolytes are
analyzed, exhibited good thermal stability and high transmittance over 85% in visible light
region. According to our experiments and measurements, insertion of polyelectrolytes anode
interfacial layer can decrease spatial barriers at the active layer/ITO interfaces, planarize the
ITO substrate and modify surface of ITO.The PSCs under the optimized structure of
ITO/SA8/P3HT:PCBM/LiF/Al exhibited open-circuit voltage of 0.62 V, short-circuit current
density of 7.15 mA/ , fill factor of 54.84%, and power conversion efficiency of 2.43% at
AM 1.5G of 100 mW/

1. Introduction
The mixture of two polymer Poly(3,4-ethylenedioxythiophene) (PEDOT) : poly(styrene
sulfonate) (PSS) are well-known materials as the hole extraction anode interfacial layer in PSCs[1].
Lithium fluoride that was usually plated on cathode was an inorganic compound. It can enhance
electron injection which constitute a coupling layer to improves the polymer/metal contact[2]. The
PEDOT :PSS were substituted by polyelectrolytes in our previous work. Two kinds of novel materials
were developed to have high solubility in our study. In this work, we applied Two kinds of materials,
SA8(Fig. 1a) and SP4c(Fig. 1b), to substitute hole transport layer and electron injection layer.
Kang et al. (2008) reported a buffer layer for a polymer solar cell. Insertion of the PTFE buffer
layer at the anode of the ITO/organic interface can significantly improve the Jsc, Voc, and PCE of
PSCs[3].
Xu et al. (2013) through a low temperature and inexpensive method of spin-coating a copper
acetylacetonate (Cu(acac)2) 1,2-dichlorobenzene solution onto ITO. The device with CuOx anode
buffer layer demonstrated improved PSCs performance compared with PEDOT:PSS anode buffer
layer[4].
In our lab previous work, Zhou et al. used a molecular structure, 6F (Fig. 1c), as anode interfacial
layer in PSCs[5]. The structure and characteristic have reported in his thesis. Zhu and Zhang et al.
utilized a small molecular, 6F, that designed and synthesized two kinds of polymers, SA8 and SP4c,
respectively. Both of their structure and characteristic have reported in their thesis , respectively[6,7].
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Figure 1. Chemical structures of compounds SP4c and SA8 and 6F.
2. Experimental
2.1. Materials and characterization
The temperature of thermal degradation (Td) was obtained at the point of 5% weight loss by thermal
gravimetric analysis (TGA) which was conducted on a Perkin Elmer PYRIS 1. Under nitrogen
condition, both of two polymers performed an excellent thermally stable ability. Under a heating rate
, Td5% was observed of 298°C and 284°C for SA8 and SP4c.
of 10°C
The poly(3-hexylthiophene) (P3HT) : phenyl-C61-butyric acid methyl ester (PCBM) was as an active
layer in this study[8-11]. In order to investigate the effect of SA8 and SP4c as the buffer layer,
polymer solar cells were fabricated with configuration of ITO/PEDOT :PSS/P3HT :PCBM/SA8 or
SP4c or LiF or none/Al[4].
To achieve energy level matched, the work function of SA8 and SP4c were measured to be -5.04eV
and -4.95eV, respectively. Highest occupied molecular orbital (HOMO) of PEDOT :PSS was
observed at -5.0eV photo-electron spectroscopy(AC-2). Demonstrated energy level of polymers was
suitable as anode interfacial layer. HOMO was conducted on a RIKEN KEIKI Surface Analyzer
model(AC-2).
A 40 nm thick layer of PEDOT :PSS was spin-coated onto the glass substrates. The morphological
stability and film-forming ability of the three samples was observed by atomic force microscopy. The
atomic force microscopy images of all the samples was shown in Figure 4.
2.2. Device fabrication and testing
PSS indicates that the PEDOT has been doped with polystyrene sulfonic acid in order to enhance the
conductivity of the film[12,13]. A PEDOT :PSS-covered ITO anode reduces the operating voltage
and increases the device lifetime remarkably, which was attributed to a lower hole injection barrier
between ITO and the hole transport layer as well as a smoother surface than bare ITO[14]. Therefore,
there have been a lot of reports about improveed hole injection[15]. It was interesting that the
PEDOT :PSS was substituted by polyelectrolytes. The structure used in this work were
ITO/PEDOT :PSS or SA8 or SP4c or none/P3HT :PCBM/ LiF/Al. Then compared with PEDOT :PSS
that has a similar work function(Table 1). All manipulations involving air-sensitive experiments were
carried out in the nitrogen glove box.
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The performances of the solar cells were obtained from J-V characteristics measured using a
with AM1.5 G[16].
Keithley 2400 instrument under 100 mW
The EQE measurements were performed using solar simulator (Newport 91160A) obtained from
National Renewable Energy Laboratory calibrated silicon cell photodiode used as a reference diode.
Table 1. Work function of the SP4c、SA8、PEDOT:PSS
SP4c

SA8

PEDOT :PSS

4.95

5.04

5.0

Work function (eV)

3. Results and discussions
Since rigid of the polymer material for the backbone of benzene structure has a good thermal stability.
According to the information[17,18], the first pyrolysis temperature was about 200 ~ 400 ℃ with
sulfonate group. Then, the second pyrolysis was from about 400 ~ 600 ℃ by backbone pyrolysis (Fig.
2).

100
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700

800
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Figure 2. TGA curves of the polymers.

Two polymer electrolyte material SP4c, SA8 was dissolved in dimethyl sulfoxide (DMSO) to form
a 0.05wt% solution. The device fabrication throughed spin coating a cathode interface layer. The
devices structure were displayed in Table 2. The J-V curves characteristic of devices were displayed in
Fig 3, related data are shown in Table 3.
Table 2. The structure of devices.
Device1：ITO / PEDOT :PSS / P3HT :PCBM / Al
Device2：ITO / PEDOT :PSS / P3HT :PCBM / SP4c / Al
Device3：ITO / PEDOT :PSS / P3HT :PCBM / SA8 / Al
Device4：ITO / PEDOT :PSS / P3HT :PCBM / LiF / Al
The short-circuit current (Jsc) of SP4c and SA8 improved from 6.15mA / cm2 to 7.26 mA / cm2
and 8.32 mA / cm2(Table 3) , respectively. Compared with lithium fluoride, the open circuit voltage
(Voc) of SP4c and SA8 can not reach to 0.62V. It can also be seen the characteristics of SP4c and SA8
from the fill factor (FF). They were not improved between the active layer and cathode.
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Figure 3. J-V curves of the different cathode interfacial layer
Table 3. Devices characteristic of PSCs at the different cathode interfacial layer
Cathode
interfacial layer

Voc(V)

Jsc (mA/cm2)

FF(%)

PCE(%)

None

0.46

6.15

43.41

1.23

SP4c

0.50

7.26

45.77

1.66

SA8

0.50

8.32

40.84

1.70

LiF

0.62

6.15

55.48

2.12

In order to confirm that the polyelectrolytes can optimize interface roughness, we scanned surface
by the atomic force microscopy. For the roughness of the anode interface layer, the ITO, ITO /
PEDOT : PSS, ITO / SP4c, ITO / SA8 Root Meat Square(RMS) roughness value were obtained 4.30,
4.16, 3.83 and 3.13 nm (Table 4), respectively. The SA8 showing a relatively flat surface, 3.13nm,
thereby enhanced holes capture, in favor of the active layer spin coating.
(a)

(b)

(c)

(d)

Figure 4. AFM images of dimension 5 × 5 μm. (a) ITO、(b) ITO/PEDOT :PSS、(c) ITO/SP4c、(d)
ITO/SA8

296

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012047 doi:10.1088/1757-899X/191/1/012047
1234567890

Table 4. The roughness of the different anode interface layer
ITO

ITO/PEDOT :PSS

ITO/SP4c

ITO/SA8

Ra (nm)

3.51

3.30

3.03

2.53

RMS (nm)

4.30

4.16

3.83

3.13

In this work, Both of SP4c and SA8 have energy level about 5.0eV. Control devices without the
presence of the PEDOT :PSS hole transporting layer (Device 1) and devices based on PEDOT :PSS
(Device 4) were also fabricated for comparison (Table 5).
Table 5 The structure of devices.
Device1：ITO / P3HT :PCBM / LiF / Al
Device2：ITO / SP4c / P3HT :PCBM / LiF / Al
Device3：ITO / SA8 / P3HT :PCBM / LiF / Al
Device4：ITO / PEDOT :PSS / P3HT :PCBM / LiF / Al
According to the results depicted in Fig 5. Polymer solar cells (PSCs) reached a maximum shortcircuit current (Jsc) and power conversion efficiency of 2.43% and an external fill factor (FF) of
54.84% was also determined. Such results indicate that, introduced into the polyelectrolytes contribute
to improve the efficiency of PSCs.

Current Density (mA/cm2)

1
0

None
SP4c
SA8
PEDOT:PSS

-1
-2
-3
-4
-5
-6
-7
-8
-9
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Voltage (V)

Figure 5. J-V curves of the different anode interfacial layer
The best performance was achieved in device 3 (Table 6), which showed the short-circuit current
(Jsc) of 7.15mA/cm2, the open circuit voltage (Voc) of 0.62V (Fig. 5). Enhance the short-circuit
current (Jsc) was attributed to a relatively flat surface, reducing the overall device resistance, resulting
ITO surface properties change. Overall, the anode interface layer applied polyelectrolytes to fabricate
PSCs device obtained good results.
Anode interfacial layer film transmittance was an important condition for the absorption of light. In
order to increase the light absorption of the active layer, the anode interfacial layer material must have
a low extinction coefficient in the range of visible light wavelength. The transmittance of the spincoated thin film of polyelectrolytes was measured by the UV-Vis Spectrometer. PEDOT :PSS and
polyelectrolytes was observed above 40nm and 10nm, respectively.
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Table 6. Devices characteristic of PSCs at the different anode interfacial layer
Anode
interfacial layer

Voc(V)

Jsc (mA/cm2)

FF(%)

PCE(%)

None

0.58

4.02

38.30

0.89

SP4c

0.58

6.60

52.29

2.00

SA8

0.62

7.15

54.84

2.43

PEDOT :PSS

0.62

6.15

55.48

2.12

(b)

(a)
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Figire 6. UV-vis spectrum of the (a) anode interfacial layer (b) active layer
The transmittance of all the samples was shown in Figure 6(a). It demonstrated polyelectrolytes
was different from PEDOT :PSS advantage on transmittance. In addition, we measured the absorption
spectra of the active layer was shown in Figure 6(b).
To further understand the impact of polymer on ITO, contact angle measurement was a useful
system. Anode interface layer surface energy can be calculated by liquid contact angle, and explained
hydrophilicity. In this work, deionized water and diiodomethane was dropped to make the contact
angle measurements. For deionized water, the PEDOT :PSS, SP4c, SA8 exhibited contact angle of
40.9°, 28.1°, 20.8°, respectively. For diiodomethane, the PEDOT :PSS, SP4c, SA8 exhibited contact
angle of 30.1°, 35.4°, 35.7°, respectively. The surface free energy of the PEDOT :PSS, SP4c, SA8 was
63.7, 68.6, 73.3 mJ/m2 , respectively. This result was consistent with the function of the sulfonate
group. It was attributed to the increase in chemical polarity and enhanced surface free energy. The
difference was reflected in efficiency.
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(a)

(b)

(c)

Figure 7. Deionized water of contact angles formed by sessile liquid drops on (a)PEDOT:PSS
(b)SP4c (c)SA8
(a)

(b)

(c)

Figure 8. Diiodomethane of contact angles formed by sessile liquid drops on (a)PEDOT:PSS (b)SP4c
(c)SA8
4. Conclusions
In this paper, SA8 has such excellent thermal stability and morphological stability. The
polyelectrolytes material is formed an anode interface layer by spin coating. The polyelectrolytes, SA8,
was dissolved in dimethyl sulfoxide (DMSO) production element and was made polymer solar cells
device. The short-circuit current (Jsc) was obtained of 7.15mA/cm2 at AM 1.5G of 100 mW/
,
higher than devices based on PEDOT :PSS. The fill factor of 54.84%, and power conversion
efficiency of 2.43% can be achieved.
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Abstract. This paper presents and compares two alternatives of cokes in power generation
which are the metallurgical coke with coke oven gas and the coke from lignite under the
consideration of the energy and the environment. These alternatives not only consume less fuel
due to their higher heat content than conventional coal but also has less SO2 emission. The
metallurgical coke and its by-product which is coke oven gas can be obtained from the
carbonization process of coking coal. According to high grade coking coal, the result in the
energy attitude is not profitable but its sulfur content that directly affects the emission of SO2 is
considered to be very low. On the other hand, the coke produced from lignite is known as it is
the lowest grade from coal and it causes the high pollution. Regarding to energy profitability,
the lignite coke is considered to be much more beneficial than the metallurgical coke in
contrast to the environmental concerns. However, the metallurgical coke has the highest
heating value. Therefore, a decision making between those choices must be referred to the
surrounding circumstances based on energy and environment as well as economic
consideration in the further research.

1. Introduction
According to Thailand energy situation in 2015, more than 60 percent of natural gas are used in the
power generation which causes the dependency of one particular fuel. However, the Thailand Power
Development Plan 2015-2036 (PDP2015) has formulated the policies focusing on fuel diversification
by reducing the use of natural gas in power plant and increasing the clean coal and the alternatives
energy [1].
Coke is a porous carbonaceous material that naturally has higher heating value than coal. There are
two main types of coke which are the petroleum coke and the metallurgical coke.Petroleum coke or
pet coke is a by-product of petroleum refining industry. It is usually used in power generation but it
releases higher SO2 in the air than other sources in contrast to metallurgical coke or met coke [2 - 3].
Met coke and coke oven gas (COG) are produced inside coke oven chamber from coking coal.
COG is a source of energy and is generally used to preheat the blast furnace. Lately, it become more
common that COG is employed in the gas turbine cogeneration for producing electricity which means
that the production from coking coal yields both met coke and COG that both can be utilized in power
generation [4].
On the other hand, the coke can also be made from long-flamed lignite coal. Making the lignite
coke upgrades the quality of fuel which means that it will require less amount. Producing lignite coke
might be another source of energy for the power generation in the near future [5].
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The aim of this paper is to propose and compare the uses of different cokes in power generation
from metallurgical coke with coke oven gas and lignite coke as a fuel. Those alternatives will be
considered based on energy and environment aspects.
2. Classification of coals
Coal has four major compositions which are fixed carbon, ash, volatile matters and moisture. The
fixed carbon content represents the heating value (HV). The higher proportion of fixed carbon, the
higher HV it has. According to coal components, coal can be divided into four types which are
anthracite, bituminous, sub-bituminous and lignite. The approximate components of these coals are
shown in Table 1 [5 - 6].
Table 1. Types of coal by components
Components
Anthracite Bituminous Sub-Bituminous Lignite
Fixed carbon (%) 85 - 98
45 - 85
35 - 45
20 - 35
Ash content (%) 10 - 20
3 - 12
≤ 10
10 - 50
Moisture (%)
< 15
2 - 15
10 - 45
30 - 60
Sulfur (%)
0.6 - 0.8
0.7 - 4.0
<2
0.4 - 1.0
Besides classification of coal compositions, coal can also be identified by application into two
types, thermal coal and coking coal. Normally, the thermal coal is used in power generation because of
its low cost and abundant sources around the world. On the other hand, the amount of coking coal is
less which leads to higher cost and it has the caking property that is required for producing the steel.
Therefore, the coking coal is the material for making metallurgical coke which is used in blast furnace
for steel production [6].
3. Met coke production
In the process of coal carbonization to met coke, coking coal is heated within the range of 900°C to
1200°C without the absence of oxygen inside the coke oven chamber [7]. During this process, the
volatile matters leave the coal mass which is called coke oven gas [4]. The energy consumed for
coking process is about 3.5 GJ/ton of coke [8]. The transfer ratio from coking coal to met coke and
COG is shown in the Table 2 [4].
Table 2. Transfer ratio from coking coal to met coke and COG
Coking Coal (ton) Met Coke (ton) COG (m3)
1

0.7

354.2

As a result of the met coke process, the percentage of fixed carbon inside coke will be increased
due to the reduction of volatile matters and moisture. Referring to the use of high grade coking coal,
the estimated components of coking coal and met coke are illustrated in Table 3 [3, 9 - 11].

3
4

Table 3. Components of coking coal and met coke
Components
Coking coal3 Met coke4
Fixed carbon (%)
55.35
87.65
Ash content (%)
8.99
8.85
Volatile matters (%)
27.83
0.75
Moisture (%)
7.83
2.75
Average data from [3] and [9]
Average data from [10] and [11]

4. Lignite coke production

The Lignite is pulverized and fed into the heating boilers using fluidized bed technology through
drying, pyrolysis and partial gasification process. The volatile matters that vaporizes from the lignite
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can be obtained above the bed. It has rich thermal energy that will be burned to maintain the high
temperature inside the boilers. It is estimated that 1 ton of lignite can generate the thermal energy of
6,276 MJ. The lignite coke or thermocoke which is the solid residue left under the bed is gathered. The
amount of thermocoke obtained compared to the input of lignite is in the ratio of 4:1. Hence, both
lignite coke and thermal energy are produced in the same boiler [5]. The components of lignite and
lignite coke are expressed in Table 4 [5].
Table 4. Components of lignite and lignite coke
Components
Lignite Lignite coke
(Input) (Output)
Fixed carbon (%)
20 - 22 74.2
Ash content (%)
7-8
8.2
Volatile matters (%) 45 - 48 10
Moisture (%)
33
7.6
5. Comparison of pet coke, met coke and lignite coke
Pet coke is the by-product obtained from oil refinery. Due to its low cost and high heating value, it is
usually used in power generation. Power generation of pet coke, met coke or lignite coke is done by
sending one of them which is pulverized into fine particles and then sent into a furnace with air for a
combustion. Thermal energy from the furnace is used to heat water into steam to rotate the turbine to
generate electricity as shown in Figure 1 [12].

Figure 1. Simple power generation process from pet coke, met coke or lignite coke.
The characteristics which are determined the usability of coke in power generation are the
components and the hardness. Hardgrove Grindability Index (HGI) is a measurement of the hardness
of coke. The lower index means the higher grinding energy is required for that particular coke before
used in power generation. Normally, pet coke’s HGI lies between 35 and 45 [13].
HGI can be calculated using the following formula;
HGI = 105 – R (1.16 + 0.002R) 0.4A

(1)

Where R is the summation of the percentage of volatile matters and moisture. A is the percentage of
ash content [14]. Using the components of met coke and lignite coke, the HGI of them is calculated in
the formula (1). The characteristics of pet coke, met coke and lignite coke are shown in Table 5.
Table 5. Characteristics of pet coke, met coke and lignite coke
Components
Pet coke5 Met coke Lignite coke
Ash content (%)
0.3 - 5.0
8.85
8.20
Volatile matters (%)
8 - 15
2.75
10.00
Moisture (%)
2 - 10
0.75
7.60
HGI
35 - 45
91
36
5
From [15]
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With the similarity of the components and HGI of pet coke, met coke and lignite coke shown above,
the met coke and lignite coke both can be used as a fuel in power generation as well as the pet coke
with the different heating contents.
6. Monitoring of energy and environment hazard
6.1 Energy profitability
Tables should be centred unless they occupy the full width of the text.
The Higher Heating Value (HHV) or Gross Calorific Value (GCV) of coal can be calculated by
following formula;
HHV (MJ/kg) = 37.777 – 0.647M – 0.387A – 0.089VM

(2)

Where M, A, VM are the percentage of moisture, ash, and volatile matters inside the coal, respectively.
As the components mentioned above, the HHV of coking coal, met coke, lignite, lignite coke and pet
coke are calculated using formula (2) as shown in Table 6 [16].
Table 6. Higher Heating Value of coal and coke
Components
Coking coal Met Coke Lignite6 Lignite coke Pet coke7
Ash content (%)
8.99
8.85
7.50
8.20
2.65
Volatile matters (%)
27.83
0.75
33.00
7.60
11.5
Moisture (%)
7.83
2.75
46.50
10.00
6.00
Higher Heating Value (kJ/kg)
26,755
32,506
9,385
28,796
31,846
6
Average from Table 3.
7
Average from Table 4.
The energy profitability is calculated by the differentiation of energy input required and energy
output of both process. The energy input is consisting of coal and energy required for the
carbonization processes. The energy output is including coke type, by-product and excess energy
output. The energy profitability is shown in Table 7.
Table 7. Energy profitability between met coke and lignite coke
Properties
Met Coke
Lignite coke
Energy Input
Coal
Coal Type
Coking coal Long-flamed Lignite
Coal HHV (kJ/kg)
26,755
9,385
Energy
Energy Input8 (kJ/kg coal)
2,975
1062.5
Energy Output
Coke
Coke Type
Met Coke
Lignite coke
Coke HHV (kJ/kg)
32,506
28,796
Amount
0.7
0.25
(kg/kg coal)
By-product
By-product Coke oven gas
By-product HHV (kJ/m3)
19,900
Amount
0.3542
(m3/kg coal)
Energy
Energy Output (kJ/kg coal)
6,276
Net Energy Profitability
73
3028
(kJ/kg coal)
8

Estimated from [8]
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The net energy profitability of the met coke is obtained about 73 kJ/kg of coal while the lignite
coke’s is 3028kJ/kg as shown in Table 7. Thus, the production of lignite coke is considered to be more
profitable in the energy aspect.
6.2 Environmental hazard
Coal is considered to be highly-polluted fuel as the high proportion of ash and SO2 emission. SO2
which is determined by sulfur content in coal is one of the main environmental problems of coal fired
power plant. For example, if all coal fired boilers use low-sulfur coal (less than 0.6 percent) instead of
high sulfur coal (more than 3 percent), SO2 emission would be decreased by 1.5 Mt/year [17].
Regarding to the assumption that does not consider the SO2 treatment due to the complexity of its
process, the sulfur content in coke directly affects the SO2 emission. Pet coke has the highest sulfur
content within the range of 3% to 8% [15]. Met coke tends to have lower sulfur with 0.675% by
average weight [3,9] than lignite coke that has the potential to have more sulfur due to the higher
proportion of its source from lignite but still less than pet coke.
As mentioned above, it is understood that met coke has the highest heating value as shown in Table
6. Also, met coke emits less SO2 as compared to lignite coke and pet coke. The comparison of heating
value and SO2 emission is concluded in Table 8. Thereby, met coke is the best alternative under the
consideration of heating value and environmental hazard.
Table 8. Comparison of heating value and SO2 emission
Heating Value
SO2 emission
Met coke > Pet coke > Lignite coke Met coke < Lignite coke < Pet coke
7. Conclusions
This paper proposed and compared alternatives using conventional coal types in a new way under two
considerations which are environmental hazard and energy aspect. The first option is to use coking
coal in carbonization process in coke oven to produce metallurgical coke and coke oven gas in order to
use them in power generation. Another one is to use lignite coke that created from the lowest grade of
coal that is lignite. Referring to energy profitability, the production of lignite coke is considered to be
more beneficial than met coke in contrast to environmental hazard. Therefore, a decision making
between those two choices must consider the specific heating value. Both alternatives increase their
heating value which means that they will be needed less number of coke to generate the same amount
of power. Met coke has the highest heating value while the lignite coke’s is the lowest. For
environmental viewpoint, met coke is also inclined to emit the least SO2 emission. However, an
economic evaluation will be considered for the final decision to select which alternatives in the further
research.
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Abstract. Silicon has attracted increasing attention as an anode material in Li-ion batteries
(LIBs) owing to its high theoretical capacity. However, electrochemical properties of Si-based
anodes are hindered by the electrode swelling during the charge/discharge process. In this
paper, we developed a novel polymer binder with high electronic conductivity and self-healing
function leading to stable cycling. These properties are attributed to the polymer structure
which could provide more free Li+ leading to higher conductivity and capacity retention of the
anodes. It is believed that this novel conductive binder could be a promising candidate for
commercial application for the Si/graphite composite anodes in Li-ion batteries.

1. Introduction
Lithium ion batteries (LIBs) as an enabling energy storage technology present ever-increasing
demands of high capacity and stable electrochemical performances [1, 2]. Silicon-based anode [3-8]
has attracted increasing attention owing to its high theoretical capacity. Polymer binder [9], one of the
major components of the electrode, is used to link active materials and conducting particles together
onto the current collector and ensure the integrity of the electrodes during subsequent cycling.
However, conventional poly (vinylidenefluoride) (PVDF) binder needs N-methyl-2-pyrrolidone (NMP)
as the solvent which is toxic to the environment. In addition, the addition of polymer binders would
restrict the electrochemical performances of electrodes for the poor conductivity. Thus, novel and
effective waterborne binders with a low addition amount are urgently needed.
In recent years, waterborne polymer binders have particularly attracted more and more attention.
Many researchers prepare conductive polymer as the binders for Si-based anodes to increase the
conductivity of the electrodes leading to excellent electrochemical properties. Many studies focused
on conductive polyamide imide (PAI) based polymer binder [10-12] presenting improved initial
Coulombic efficiency and excellent retention for Si-based electrode for the high electronic
conductivity upon cycling. Liu and his group prepared conductive polymer as the binders, such as
PFFOMB [13] binders, PEFM [14, 15] conductive binder, conductive poly(9,9-dioctylfluorene-cofluorenone-co-methylbenzoic ester) (PFM) [16, 17] binder, poly(1-pyrenemethyl methacrylate-comethacrylic
acid)
(PPyMAA)
[18]
binder
and
aqueous
poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [19], leading to enhanced cycle
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stability and the specific capacity for Si-based anodes. Thus, the usage of conductive polymer binder
could be an efficient way to enhance the performances.
In this paper, we report a novel conductive polymer binder, a kind of lithiated ionic polymer, for
graphite anode materials through an in-situ hydrothermal method. The novel binder leads to the
excellent cycling stability during the cycling and low impendence for Si/graphite composite anode
which would be promising for further commercial application.
2. Experimental
2.1. Synthesis of the polymer binder
The aqueous binder was synthesized by styrene (Alfa Aesar), n-butyl acrylate (Alfa Aesar),
methacrylate (Alfa Aesar) and lithium hydroxide (Alfa Aesar). For comparison purpose, the
polyvinylidene fluoride (PVDF) solution of (NMP) was used as a control binder.
2.2. Preparation of electrodes and Li-ion cells assembling configuration
The prepared polymer binder was mixed with Si/graphite material (<100 nm, BTR Co., Ltd, China),
and the weight ratio of the electrode was 96.5% Si/graphite, 1.5% CMC as the thicker and 2% binder
for the anode. The composition of the PVDF electrodes was 96.5% Si/graphite and 3.5% PVDF
(weight). The coin-type half cells were assembled with lithium metal as the counter electrode in Argon
filled glove box. The electrolyte was consisted of 1 mol/L LiPF6 in a mixture of organic carbonates:
2:3:1 EC/DEC/EMC (volume).
2.3. Morphology and electrochemical characterization
Morphology test was used Hitachi S4800. Galvanostatic charge-discharge cycling of cells was tested
between 0.01 and 1.5 V at 25oC using a Land battery tester (Wuhan, China) for 50 cycles at a current
density of 0.1C. Electrochemical impedance spectroscopy (EIS) was tested on a CHI 660E
electrochemical work station over the frequency range of 10-3-105 Hz with an amplitude modulation
of 5 mV.
3. Results and discussion
3.1. Morphology test
The SEM image (Fig.1a) of the polymer emulsion particles shows that the emulsion particles are
spherical and the average diameter of the particles is about 200nm. From Fig.1b and c, the appearance
and interspace of the electrodes made by conductive binder and PVDF binder show no obvious
difference which demonstrates that the conductive binder could prepare stable slurry with Si/graphite
composite anode. In addition, Fig. 1b demonstrates that the conductive binder is dispersed uniformly
in the slurry because black points which represent the conductive binder are equably distributed on the
surface of the graphite particles. Thus, the conductive binder would be promising to improve the
electrochemical performances.

Figure 1. SEM images of (a) binder emulsion particles, (b) electrode using conductive binder before
cycling, (c) electrode using PVDF binder before cycling.
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3.2. Cycling performance
The cycling performances show that the electrode with conductive binder presents more stable cycling
performance with the retention of 92.3% after 50 cycles even with a high rate of 0.1C compared to
PVDF electrode with retention of 40.2%. Fig. 2b shows the rate capability of the graphite electrodes
with the conductive binder and PVDF binders. The specific capacity of the conductive binder
electrode performs no obvious decrease during the first 20 cycles owning to the conductivity of Li+.
Thus, the conductive LIP binder could effectively enhance the cycling performance and the rate
capacity because the improved conductivity of the electrode and the conductive binder could provide
more free Li+ which would be beneficial to the electrochemical performances.

Figure 2. (a) Cycling performances of the Si/graphite electrodes with conductive binder and PVDF
binder. (b) Potential profiles of the Si/graphite electrodes using conductive and PVDF binder.
3.3. EIS spectroscopy
The electrochemical impedance spectroscopy (EIS) of graphite electrodes with conductive binder and
PVDF were tested before cycling. From Fig. 3, the semicircle diameter of the conductive binder
electrode is much smaller than PVDF binder electrode which indicates a lower impendence of the
conductive binder electrode. The results demonstrated that the conductive binder could enhance the
conductivity of electrode and would be beneficial to decrease the impendence and increase the
properties for the following cycling.

Figure 3. Nyquist plots for graphite electrode prepared with LIP and PVDF binder.
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4. Conclusion
In summary, a conductive polymer binder has been prepared by using an in-situ thermal technique
based on the low-cost for Si/graphite composite anodes. This conductive binder could effectively
decrease impendence and enhance cycling stability owning to the increased conductivity and more
free Li+ based on the polymer structure. In contrast, the cells using PVDF binder present fast capacity
fading and PVDF binder needs NMP solvent which is toxic to the environment. Thus, this research
demonstrates that waterborne polymer binder is not only environmental friendly but also beneficial to
improve the electrochemical performances owning to the chemical structure of the polymer. The
results of this study also provide a pattern for further researches and commercial application.
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Abstract. To clarify the differentiated effect of temperature and stress on coal matrix pores, the
coals from No. 8 coal bed in Taoyuan coal mine of Huaibei Coalfield, Anhui Province, were
chosen as experimental samples. Cryogenic nitrogen adsorption methods were used in
laboratories to test the matrix pore parameters of the dried coal samples treated under the
temperature of 60℃, 70℃, 80℃, 90℃ and 100℃. Also efforts were made to test the
parameters of matrix pore structure of dried coals after being treated under the stress of 10 MPa,
15 MPa, 20 MPa and 25 MPa respectively. The results show that: the specific surface area of
coal matrix pore decreases, the average pore diameter and median pore diameter increases with
the increase of temperature. As the stress goes up, the coal matrix pore first experiences
increase in specific surface area, average pore diameter and median pore diameter, followed by
a slight decrease after rising to a certain point. Therefore, the change in specific surface area of
coal from the same coal bed can, to some extent, reflect the variation in temperature and
ground stress.

1. Introduction
The Coal-mass pores can be regarded as a dual-pore structure system comprising fracture and coal
matrix pores [1]. Also it can be seen as a tri-element structure system consisting of cleat, microscopic
fracture and coal matrix pores [2]. Based on the pore genesis, coal pore is classified into gas pore,
residual plant tissue pore, corrosion pore, inter-granular pore, etc [3]. There are three types of pore
shape [4, 5], which is identified based on mercury injection curve characteristics in mercury injection
experiment or the loop curve characteristics in liquid nitrogen adsorption experiment. The coal pore
size varies from nanoscale to millimeter [6]. With the downward extension of coal mining, the
exploited coal bed will experience constant growth in temperature and stress. What effect will
temperature and stress have on coal matrix pores which are the major storage space for coal bed gas?
Studies focusing on this topic are of great significance to clarifying the laws of storage and migration
of coal bed gas.
According to research literatures concerning coal matrix pores [7-11], the specific pore volume and
specific surface area of coal matrix, during the low and medium coal rank, will gradually decrease
with progress in coal rank. For the same coal rank, the specific pore volume and specific surface area
of coal matrix will rise with the growth in stress. The changing characteristics of microscopic pores
from high-rank coal samples, with the variation in temperature and stress, were studied in literature
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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research [12]. However, the changing characteristics of microscopic pores from low-rank coal samples
were not mentioned. Above all, previous research literatures failed to make in-depth analysis of the
affecting mechanisms of ground stress and temperature on coal matrix pores.
In this study, coal samples were taken from No.8 coal bed in Taoyuan coal mine of Huaibei
Coalfield. The coal samples were heated in labs under relatively low temperature (≦100℃) and
underwent stress-elevation simulation experiment respectively. With the application of cryogenic
nitrogen adsorption methods, structural features of coal matrix pores were ascertained. And meanwhile,
analysis was made of the evolutionary characteristics of coal matrix pores during the increase in
temperature and stress.
2. Equipment, samples and methods involved in the study
2.1. Experimental equipment
The Gemini VII 2390t full automatic and quick analyzer for specific surface area and pores,
manufactured by U.S. Micromeritics, was used in the study. The equipment consists of refrigeration
system, vacuum-pumping system, gas injection system, measuring system and data analysis system.
Accessories include heating dehydration pre-treatment system, electronic scale, etc. The equipment is
shown in Figure 1.

Figure 1. Experimental equipment of cryogenic nitrogen adsorption.
2.2. Experimental samples
The coal samples are taken from No. 82 coal bed in Taoyuan coal mine of Huaibei Coalfield, which is
located in the southeast of Huaibei Coalfield. Taoyuan coal field features a mono-inclined structure,
which strikes north-south and inclines toward the east. The position of the field in regional geological
structure is shown in Figure 2.
The coal-bearing formation in Taoyuan coal field belongs to permo-carboniferous system. Among
the major minable seams, 82 coal bed lies beneath the Shihezi formation and varies from 0 to 4.10
meters in thickness, with the average thickness of 2.01m. 82 coal bed has simple structure, sandstone
roof and mudstone baseboard. Its rank is gas coal.
2.3. Experimental methods
(1) Pre-treatment of samples: Seal the newly-collected samples before taking them to the labs, where
they are broken into small granules with a rubber hammer. Screen them with 60-mesh and 80-mesh
sieves, followed by picking out around 50 grams of coal granules with 60-80 mesh in diameter as
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back-up samples. Then, take 10 experiment-dedicated glass tubes and fill each with around 1.5 grams
of experimental samples. Weigh and record the actual mass of each sample. Put the tubes filled with
samples into the heating devices where the heating temperature is set to be 50℃. Meanwhile, isolate
the samples with nitrogen from the external air to prevent coal oxidation during the heating process.
Dry the coal samples until no water left. Reweigh the mass of each dried coal sample. Finally, store
the 10 tubes filled with samples in room temperature for further treatment.
(2) Heating steps: Randomly take 5 tubes filled with coal samples and heat them for 2 hours under
the temperature of 60℃, 70℃, 80℃, 90℃ and 100℃ respectively. Meanwhile, isolate the samples
with nitrogen from the external air to prevent coal oxidation. Then, cool the samples to room
temperature before cryogenic nitrogen adsorption tests one by one.
(3) Steps for stress-elevating experiment under room temperature: Take 5 tubes filled with coal
samples. Elevate the stress on them with 769YP-15A type tablet presser to 10MPa, 15MPa, 20MPa
and 25MPa respectively. Every stress-elevating stage last for two hours. Then, conduct cryogenic
nitrogen adsorption tests one by one.

①Fengpei fault ②Subei fault ③Guangwu-Guzhen fault ④Taihe-Wuhe fault ⑤Liufu fault ⑥
Xiayi fault ⑦Fengxian-Kouziji fault ⑧Guzhen-Changfeng fault ⑨Lingbi-Wudian fault ⑩Tanlu fault
Figure 2. Geological structure background of sampling area [13].
3. Experimental results and analysis
3.1. Results and analysis of the heating experiment
Distribution features of specific surface area of 5 coal samples in Figure 3.
According to Figure 3, under the temperature of 60℃, the maximal peak of specific surface area
comes where the pore width ranges from 3.0nm to 2.7nm. Under the temperature of 70℃, the maximal
peak of specific surface area also comes where the pore width ranges from 3.0nm to 2.7nm. Under the
temperature of 80℃, the maximal peak of specific surface area comes where the pore width ranges
from 2.7nm to 2.4nm. When the temperature rises to 90℃, shrink in the specific surface area takes
place where the pore width ranges from 3.4nm to 2.4nm. When the temperature goes up to 100℃,
there is obvious rise in specific surface area where the pore width ranges from 2.1nm to 1.6 nm. On
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the whole, with the rise in temperature, the obvious change of specific surface area tends to take place
in smaller micro-pores rather than in larger pores.
The BET specific surface area, pore volume, average pore diameter and median pore diameter of
five coal samples under different temperature are shown in Table 1.
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Figure 3. Specific surface area distribution in different pores under different temperature.
Table 1. Parameter values of coal matrix pore under different temperature.
Tem/℃
60
70
80
90
100

BET specific surface
area /(m2/g)
1.6700
1.5512
1.5200
1.4828
1.4758

Pore volume
/(cm3/g)
0.002900
0.002873
0.002910
0.002883
0.002877

Average pore
diameter /nm
6.94667
7.40713
7.65765
7.77639
7.79836

Median pore
diameter /nm
10.4670
10.9979
11.6139
12.0830
12.0485

According to Table 1, the BET specific surface area of coal matrix pore decrease with the rise in
temperature. There is no obvious change in pore volume. There is increase in average pore width and
median pore width. This is because, on conditions where the heating temperature is low and the
heating time is short, the effect of coal metamorphism can be ignored and considerations should be
given to the influence of thermal expansion and extraction on coal matrix pores only. When the
temperature rises, intermolecular distance of coal matrix grows and the coal matrix will expand inward
and outward. As a result, the pore-shrinking effect arises during the inward expansion. This results in
the evolution of larger pores into smaller ones. Micro-pores with small diameter are more likely to be
blocked by liquid organic matters as the pores shrink. Besides, as micro-pores contribute significantly
to specific surface area, large quantities of blocked and sealed micro-pores after the heating process
will impair the connectivity. Therefore, the number of effective pores decreases, the specific surface
area shrinks, and the average pore diameter and median pore diameter grow accordingly.
It should be noted that the study focused on inner pores of coal matrix rather than cleat and fracture.
Therefore, outward expansion of coal matrix was not involved herein. Outward expansion of coal
matrix will result in compressed fracture between coal matrixes and weakened coal permeability [14].
3.2. Results and analysis of the stress-elevating experiment
The change in specific surface area of five stress-elevated coal samples with the variation of pore
diameter is shown Figure 4.
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According to Figure 4, the pores no more than 200nm in diameter grow rapidly in specific surface
area when the stress goes up from 0 MPa to 10 MPa. Later, the specific surface area of all pores grows
continually until the stress goes up to15MPa. However, it grows at a relatively slow pace. When the
stress goes up to 20 MPa and 25 MPa, the growth in specific surface area of all pores is not obvious.
The BET specific surface area, pore volume, average pore diameter and median pore diameter of
five coal samples under different stress are shown in Table 2.
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Figure 4. Specific surface area distribution in different pores under different stress.
Table 2. Characteristic parameter values of coal matrix pore under different stress.
Stress/MPa
0
10
15
20
25

BET specific surface
area /(m2/g)
1.2635
2.2177
2.7719
2.7929
2.8377

Pore
volume/(cm3/g)
0.002749
0.005165
0.006627
0.006933
0.006474

Average pore
diameter /nm
8.70238
9.31576
9.56263
9.92930
9.12514

Median pore
diameter /nm
13.9422
20.8997
22.9060
24.8504
20.5297

According to Table 2, the coal matrix pores grow rapidly in pore volume, specific surface area,
average pore diameter and median pore diameter. When the stress goes up to a certain level, there is a
decrease to some extent in pore volume, specific surface area, average pore diameter and median pore
diameter. This is because majorities of organic matters in coal belong to brittle organic component, e.g.
Vitrinite and Inertinite. Brittle organic matters are easy to fracture under destructive stress. The
fracture gives rise to more effective micro-pores and fracture. Newly generated fracture will form
more absorption space. With the increase in the proportion of absorption space resulting from the
fracture, the average pore diameter and median pore diameter increase accordingly. When the stress
goes up to a certain level, e.g. 25 MPa in this experiment, the increase in fracture will be no longer
obvious. Meanwhile, the volume of the formed absorption space will be further compressed. This
leads to the decrease in pore volume, specific surface area, average pore diameter and median pore
diameter of coal matrix pores.
4. Conclusions
After heating and stress-elevating experiments on coal gas from No. 8 coal bed in Taoyuan coal mine,
the following conclusions can be drawn:
(1) The specific surface area decrease, but the average pore diameter and the median pore size of
coal matrix increase with the rise of the geo-therm.
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(2) The specific surface area, pore volume, the average pore diameter and the median pore diameter
of coal matrix increases firstly with the increase of ground stress, followed by the decrease to some
extent after the peak.
(3) Specific surface area does a better job in making a distinction between the effect of terrestrial
heat and ground stress.
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Abstract. This paper introduces the composition, working principle and characteristics of the
new gas monitoring system, which are used to monitor the gas in the gob area and working
face of the mine in real time. According to the oxygen concentration，the spontaneous
combustion of gob area “three zones” was determined and divided. In order to carry out
disaster early warning, the methane and carbon monoxide super gas concentration changes
were studied and analyzed. And the variation law of gas concentration in gob area and coal
face in coal mining was obtained. This study provides reference for the follow-up fire
prevention and production.

1. Introduction
Coal contains a variety of harmful gases. During the process of coal mining, the oxidation,
spontaneous combustion of coal itself, and heat, combustion of a variety of materials will produce a
variety of toxic and harmful gases. Therefore, the detection and analysis of coal mine gas is the basis
of coal mine safety production, and is the fundamental basis for coal mine disaster prevention,
management and disaster relief decision-making. And so, the coal-seam methane-induced gas
monitoring, the development and use of the new disaster-proof gas comprehensive monitoring system
are particularly important [1-4]. This paper will introduce the application of new disaster-prone gas
integrated monitoring system in mine disaster prevention.
2. Presentation of new integrated monitoring and control system for disaster gas
2.1. Composition of new integrated monitoring and control system for disaster gas
Based on the existing KJ352 mine monitoring system, combined with JSG6-F beam tube sampling and
analysis system, the new integrated monitoring system for disaster-causing gas is developed with the
functions of tube sampling, infrared analysis of underground gas sample, seamless information
transmission and equipment control with other monitoring systems. Its structure is shown in Figure 1.
2.2. Principle of new integrated monitoring and control system for disaster gas
When the system works, the pump is started, the tube forms a negative pressure which is less than the
underground pressure outside the beam tube, then the gas undermine was sucked into the beam tube
and the analysis unit, where it is analysed real-time; at the same time undermine staff can monitor the
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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gas concentration of sample points. The analysis unit transmits the results of the analysis to the ground
via a communication line. Ground workers can simultaneously monitor the gas concentration of the
measuring points in the ground monitoring room. The early warning software provided analysis to
make early warning.

Gob area

+518B4-6 coalface

Beam tube

Figure 1. Schematic diagram of the new
integrated monitoring and control system
for disaster gas

Figure 2. Schematic diagram of measuring points

2.3. Features of new integrated monitoring and control system for disaster gas
Compared with other tube monitoring systems, the system uses infrared chromatography instead of
gas chromatography. Infrared chromatograph can be used underground without explosion danger, as it
does not need H2 as a carrier gas. The gas chromatograph is flawed because it needs carrier gas, long
beam tube pipeline, and much maintaining work. During the period of gas transfer from the
underground to the ground, pipeline leakage or pipeline clogging often occurs due to the great length
of the pipeline and the existence of a middle connector. It will lead to erroneous analysis results if
troubleshooting cannot be detected in time [5-9]. Monitoring system puts the analysis unit in the
chamber underground close to the sampling point. The analysis unit directly analyzes the gas sample
collected in the beam tube underground, and then transmits the analysis result to the ground center
station by the electric signal, realizing the rapid prediction of the harmful gas disaster.
Sending and analyzing gas samples will take some time so that the monitoring results cannot be
punctual. Therefore, during data analysis, the gas analysis time should be advanced depending on the
specific conditions used in the system. According to the gas sample transmission time T and time
required for each single sample analysis T1, the time forward (T + T1) is the exact time of the gas
sample analysis.
The transmission time T can be calculated by the following formula,
T=
(1)
L /v



Where, L is the length of the tube and v is the average velocity of the fluid in the pipe, the average
velocity can be calculated by the following formula.

v = Q/A

(2)

Where, Q is the gas flow rate and A is the pipe cross-sectional area.
When tube diameter is 8mm, flow rate is 0.6L / min, v can be calculated v = 1.99m / s. When
ordinary monitoring system analyzer is placed on the ground, the distance from the ground through the
wellbore to the sub-station of the monitoring system generally is increased by at least about 3.5 km or
more. The new integrated monitoring system is at least 6 minutes faster than the ordinary system.
According to the above, the accurate time required to move forward is calculated as at least 35min for
the general monitoring system. The present monitoring system can issue the disaster warning 35min
earlier than ordinary monitoring system. This time is critical for security.
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3. Measurement of gas concentration
We arranged two measuring points into air inlet and outlet ends in the + 518B4-6 coal face. With the
normal mining work, oxygen, carbon monoxide, methane and other gas concentrations of gob area are
monitored continuously. The measuring point arrangement is shown in Figure 2.
① pipeline laying: B6 roadway is located 0.5m away from the north wall, 0.3m away from the
roadway floor; B4 roadway is located 0.5m away from the south wall, 0.5m away from the roadway
floor; The tube beam laying length of the tunnel is 80m,it is protected D50 by steel pipe .
② Gas collection: the system conducts a gas composition data analysis every 30 minutes, while
recording the scale of the daily coalface and the distance of probe from the coalface.
③ monitoring cycle: With the normal mining work proceeding, the system stopped monitoring
until the beam tube all go deep within the gob area.
4. Data analysis of new integrated monitoring and control system for disaster gas
4.1. Determination of spontaneous combustion “three zones” in gob area
According to the oxygen concentration, the area of coal oxidation and spontaneous combustion of gob
area can be divided into three zones (Table 1). They are cooling zone, spontaneous combustion zone
and suffocation zone.
Table 1. Oxygen concentration standard of the three zones [3]
Cooling zone
Spontaneous combustion zone
Suffocation zone

>18%
10%~18%
<10%
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20

Oxygen concentration / %
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Figure 3. B4 roadway oxygen
concentration curve
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Figure 4. B6 roadway oxygen
concentration curve

Figure 3 reflects the oxygen concentration changes in the coalface with the advance of B4 roadway
embedded beam tube probe. The beam tube probe is 0~14.8m away from the coalface, the oxygen
concentration remained above 18%. This is the cooling zone; the gob area oxygen concentration
gradually decreases from 14.8m. Beam tube probe is 14.8 ~ 22.6m away from the face area, and the
oxygen concentration is 10% -18%, thus the region is the spontaneous combustion zone; With the
coalface continues to advance, the compaction of top-coal coal and air leakage disappears, the oxygen
concentration quickly is reduced to 10% or less, which is the suffocation zone. Gob area belongs to the
suffocation zone when the beam tube probe is more than 22.6m away from the coalface.
Figure 4 reflects the oxygen concentration changes in the coalface with the advance of the B6
roadway embedded beam tube probe. The beam tube probe is 0~11.2m away from the coalface, the
oxygen concentration remains above 18%, and the gob air oxygen concentration is relatively high.
This is the cooling zone; although the oxygen concentration at 11.2m suddenly rises to 20.84%.It is
estimated to be due to air leakage caused by gob area. But the overall curve is still in a downward
trend; the gob area oxygen concentration gradually decreases from 11.2m. Beam tube probe is
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11.2~16.6m away from the face, the oxygen concentration is 10% -18%, thus the region is
spontaneous combustion zone. When the beam probe is more than 16.6m away from the coal face, the
oxygen concentration drops rapidly. That is suffocation zone. Spontaneous combustion danger zone
comprehensive division shows in Figure 5 and Table 2.
Table 2. Spontaneous Combustion Hazard Zone
measuring point Cooling zone Spontaneous combustion zone Suffocation zone
B4 roadway
0~14.8m
14.8~22.6m
＞22.6m
B6 roadway
0~11.2m
11.2m~16.6m
＞16.6m
22.6m

14.8m

Gob area

16.6m

11.2m

Figure 5. Spontaneous Combustion Hazard Zone
In the spontaneous combustion zone, the temperature of the floating coal increases; however, if the
coalface advances rapidly to the suffocation zone before the coal temperature rises to the critical
temperature, spontaneous combustion will not occur, otherwise, the spontaneous combustion will
occur. Accordingly, the minimum advancing speed of the coal face can be calculated by the following
formula.

Vmin=Lmax/T

(3)

Where, Lmax is the length of the coal seam and T is the mining time.
The +518B4-6coal is a high volatile long flame coal; the fire period is generally 3 to 6 months, the
shortest fire period is only 27 days.
B4 roadway return air side: Vmin=0.8m/d
B6 roadway inlet air side: Vmin=0.6m/d
Therefore, +518B4-6 coal face advances at a minimum speed of 0.8m/d, in fact,+518B4-6 coal face
advances 2.4m/d. Comprehensive analysis shows that: spontaneous combustion will not occur.
4.2. Disaster prevention and control
Figure 6 reflects the curves of CH4 and CO concentration in B4 roadway. According to the curve, the
CH4 concentration is kept below 0.04% within 15m range of the gob area. The concentration of CH4
increases gradually, and the CH4 concentration reaches 0.97% at 23.8 m in gob area, but it does not
reach the explosion limit of 5% -16%, and 23.8m position has been in the suffocation zone, so CH4 in
the gob area will not explode.
From the curve of CO concentration in Figure 6, it can be seen that the CO on the return air side
cannot be detected, but it does not indicate that the coal in this area has not been oxidized. On the one
hand, due to the high negative pressure on the return air side, the air leakage intensity of the gob area
is large. On the other hand, the oxygen concentration monitored on the return air side shows that the
products of coal oxidation are CO2. Based on the oxygen concentration monitored at the return air
side, it is assumed that the product of coal oxidation is basically CO2, so the CO concentration on the
return air side is substantially 0. Although the CO concentration rapidly increases to 73 PPM at 20.2 m
position, it was due to a sudden spill of gas in the abandoned mine. Therefore, there was no evidence
of ignition in roadway return air side.

321

2nd International Conference on Mining, Material and Metallurgical Engineering
IOP Publishing
IOP Conf. Series: Materials Science and Engineering
191 (2017) 012051 doi:10.1088/1757-899X/191/1/012051
1234567890

Figure 7 reflects the curves of CH4 and CO concentration in B6 roadway. According to the curve,
the CH4 concentration is kept 0 within the 13.6m range of the gob area. The concentration of CH4
increases gradually, and the CH4 concentration reaches 0.63% at 17.2 m in gob area. Although this
concentration is in the gob spontaneous combustion zone, it does not reach the explosion limit of 5%
-16%, so CH4 in the gob area cannot explode. According to the trend of the curve, although CH4
concentration is in the ascending stage, but the oxygen concentration with the CH4 concentration
gradually decreases, and it greatly reduces the possibility of CH4 explosion.
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Figure 6. CH4 and CO concentration curves
of gob area in B4 roadway
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Figure 7. CH4 and CO concentration curves
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For CO, coal oxidation of the product is basically CO2, due to the fresh air, gob air leakage, higher
O2 concentration, so the CO concentration is zero. With the coalface advancing, it gradually moves
into the spontaneous combustion zone with the advance of the coalface. Gob air leakage is very small,
and coal and O2 produces CO gas; and at the same time, due to top coal cave off strict and the
accumulation of CO, the CO concentration reaches a maximum of 24ppm at 16.6m position. Then it
moves into the suffocation zone, where due to O2 concentration decreasing, CO concentration
decreases rapidly. Therefore, there was no possibility of ignition in roadway return air side.
5. Conclusion
1. The range of “three zones” in gob area was obtained by dividing the spontaneous combustion
danger zones in the gob area by the concentration of O2. ① The range of cooling zone: it is less than
11.2m away from the coalface the in inlet air side and less than 14.8m away from the coalface in the
return air side; ② The range of spontaneous combustion zone: it is within 11.2 ~ 16.6m away from
the coal face in the air inlet side and it is within 14.8 ~ 22.6m away from the coal face in the return air
side. ③ The range of suffocation zone: it is behind the edge of the spontaneous combustion zone in
the air inlet-side wind and the return air side and direct to the gob area.
2. Although the CO concentration reaches 24ppm, 73ppm in the air inlet side and the return air side
of gob area, respectively, as long as the daily advancing speed of coal face is greater than 0.8m,
spontaneous oxidation zone will go to the suffocation zone, quickly. The gob area will not combust
spontaneously.
3. The CH4 concentration in the air inlet side and the return air side of gob area is 0.63% and
0.97%, respectively, which does not reach the critical value of 5% ~ 16%. Therefore, the possibility of
CH4 explosion in gob area was eliminated.
The new integrated monitoring and control system for disaster gas can detect the hidden danger of
coal spontaneous combustion, and determine whether the hidden danger of spontaneous combustion
occurs. In the process of fire control, it can provide a reliable basis for fire prevention and disaster
prevention, ensuring the timeliness of fire prevention and control work. Aspects about correlation,
maintenance and viability issues of the monitoring system will be studied in the future.
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Abstract
Some literatures have been reported that the using bio coolant show better lubricating and cooling performances and
reduce the occupational health risks associated with petroleum-oil-based coolant since they have lower toxicity. This paper
investigates the effect the cutting conditions on the surface roughness through turning of mild carbon steel using dry, coolant
and bio coolant. Measurement of surface roughness was conducted and then compared with the change of the cutting
conditions. The relationship between surface roughness and cutting conditions was created in a curve for different of the
cutting speed and coolant. The results indicate that the surface roughness was reduced when the speed of cutting is set to
the highest level for all of coolant conditions (dry, coolant, and bio coolant) and constant of DOC and feed. The surface
roughness had better performance using bio coolant than coolant conventional (mineral fluid). © Published under licence by
IOP Publishing Ltd.
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