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For last decade, the nanoparadigm has dominated materials
science and technology. Nanotechnology has ushered in a
paradigm shift in science, industry, and our daily lives.
However, high-tech industries continuously need to be fed
innovations in materials and components. New materials
and components required in pioneering 21st century indus-
tries can be revealed through “hybrid” technology. Many
researchers believe that this new “hybrid” paradigm will
create great opportunities and changes in science, industry,
and our daily lives, as the nanoparadigm greatly plays a role
in the materials innovation and developments. This interest
resulted in an agreement to organize a new International
Symposium on Hybrid Materials and Processing (HyMaP)
in 2008. And The 3rd International Symposium on Hybrid
Materials and Processing (HyMaP 2014) was held at the
Haeundae Grand Hotel in Busan, Korea, from November 10,
2014.

The papers in this special issue were selected among the
papers submitted at HyMaP 2014. This special issue provides
a wide spectrum of new information on hybrid materials
and processing. The topics focused on the hybrid function,
that is, functionally hybridized materials where new specific
characteristics are simultaneously realized, along with the
typical function of those materials.

The special issue contains numerous papers focused on
the functional hybrid materials. More specifically, topics
of hybrid materials for electronic devices, membrane for
hydrogen production, laser surface treatment on hybrid

materials, and mechanical properties of hybrid materials are
discussed in this special issue.

In the paper entitled “Conductivity andDielectric Studies
of Lithium Trifluoromethanesulfonate Doped Polyethylene
Oxide-Graphene Oxide Blend Based Electrolytes,” A. A. Azli
et al. study the conductivity and dielectric properties of
polymer/grapheme oxide hybrid materials for electrolytes. In
plasticized system, the conductivity has been enhanced as
compared to the conductivity in salted system.

In a paper entitled “Influence of Tensile Speeds on
the Failure Loads of the DP590 Spot Weld under Various
Combined Loading Conditions,” J. H. Song and H. Huh
investigate the evaluation of the dynamic failure load of
the spot weld under combined axial and shear loading
conditions. They show that the failure contour is expanded
with increasing loading speeds and failure loads show similar
dynamic sensitivity with respect to the loading angles.

In a paper entitled “Characteristics of Nanophase WC
and WC-3wt% (Ni, Co, and Fe) Alloys Using a Rapid
Sintering Process for the Application of Friction Stir Pro-
cessing Tools,” D. Kim et al. introduce microstructures and
mechanical characteristics of tungsten carbide (WD) based
alloys fabricated using a spark plasma sintering (SPS)method
for the application of friction stir processing tools. The
density of the sintering bodies was about 99% and the average
grain size was in the range from 0.26 to 0.41 𝜇m.The sintered
bodies were obtained without almost grain growth during
sintering.
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In a paper entitled “Optimization and Static Stress Anal-
ysis of Hybrid Fiber Reinforced Composite Leaf Spring,” L.
M. A. Ismaeel investigates a monofiber reinforced composite
leaf spring, which is proposed as an alternative to the typical
steel one as it is characterized by high strength to weight ratio.
Fibers are the most predominant and controlling element on
the bending stiffness of the structure. And E-glass fiber in
the hybrid composites does not exhibit a regular behavior
making it difficult to accurately predict hybrid composite
spring performance, response, and stresses, while boron is the
opposite; thus it is advisable to adopt it in such applications
with various matrices.

In a paper entitled “The Polymerization of MMA and ST
to PrepareMaterial withGradient Refractive Index in Electric
Field,” Y. Huang et al. consider light scattering material with
gradient refractive index was prepared under the electrical
field by taking methyl methacrylate (MMA) monomer as the
matrix with the addition of a little preheated styrene (ST)
and peroxidation benzoin formyl (BPO). They conclude that
electrical field has a significant effect on polymerization.

In a paper entitled “Improvement of Surface Properties
of Inconel718 by HVOF Coating withWC-Metal Powder and
by Laser Heat Treatment of the Coating,” H. G. Chun et al.
investigatewhenhigh-velocity oxygen-fuel (HVOF) thermal-
spray coating with WC-metal powder was carried out by
using optimal coating process on an Inconel718 surface.
For the improvement of surface properties and durability of
materials, HVOF coating ofWC-metal powder on the surface
and faster heat-treated coating were strongly recommended.

In a paper entitled “Fabrication of a Microtubular
La
0.6
Sr
0.4
Ti
0.2
Fe
0.8
O
3−𝛿

Membrane by Electrophoretic Depo-
sition for Hydrogen Production,” K.-J. Lee et al. prepare
microtubular type La

0.6
Sr
0.4
Ti
0.2
Fe
0.8
O
3−𝛿

(LSTF) by elec-
trophoretic deposition (EPD). The oxygen permeation and
hydrogen production behavior of themembranes were inves-
tigated under various conditions.They suggest that hydrogen
production via water splitting using these tubular LSTF
membranes is possible.

In a paper entitled “Preparation and Properties ofOMMT
/PU Composites,” C. Yufei et al. introduce prepolymer
of polyurethane (PU) by toluene diisocyanate (TDI) and
polyether diol through polymerization, organically modi-
fied montmorillonite (OMMT) gained by montmorillonite
(MMT) thatwasmodified by octadecyl trimethyl ammonium
chloride (OTAC), and the OMMT was used as intercalator;
alcohol-based OMMT/PU adhesive was synthesized. The
morphology of OMMT filler was clear and OMMT dispersed
uniformly in OMMT/PU adhesive, and the size of OMMT
was nanoscale. The uniform mixing of OMMT layer and PU
matrix could achieve on nanoscale, so mechanical properties
of OMMT/PUwere improved, andwater absorption quantity
decreased.

The paper entitled “Feasibility Studies on Underwater
Laser Surface Hardening Process” by B. Jin et al. experimen-
tally characterizes laser surface hardening of tool steel in
both water and air. As the hardened depth depends on the
thermal conductivity of the material, the surface temperature
and the penetration depth have been varied by underwater
laser processing. On the view point of hardness, harder layer

has been obtained at underwater hardening that is supposed
to be caused by faster cooling rate due to accelerated heat
dissipation along water layer.

In a paper entitled “Kinetic Studies of Atom Trans-
fer Radical Polymerisations of Styrene and Chloromethyl-
styrene with Poly(3-hexyl thiophene) Macroinitiator,” N.
Rattanathamwat et al. investigate the kinetics of ATRP as a
function ofmonomers to themacroinitiatormolar ratio.They
found that all of the three types of ATRP systems led to first-
order kinetics with respect to monomers.
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Light scattering material with gradient refractive index was prepared under the electrical field by taking methyl methacrylate
(MMA) monomer as the matrix with the addition of a little preheated styrene (ST) and peroxidation benzoin formyl (BPO). The
material obtained under electrical field presented different transmittance and molecular weight at different parts of the cylindrical
sample along the axis of the direction of electric field which led to the layering phenomenon and gradient refractive index. The
disparity of molecular weight between different layers can be as much as 230 thousand. There were several peaks in the figure of
GPC test of the sample under electric field. This proved that there were polymers with different molecular weights in the sample.
Therefore, it can be concluded that electrical field has a significant effect on polymerization.

1. Introduction

There are at least two kinds of substance in light scattering
material [1]. One is body material, the other is scattering
material. The body material normally presents good light
transmittance which guides light and forms the skeleton
of light scattering material. In order to scatter light, the
molecular polarity of the added scattering material should be
different from that of the body material [2]. The content of
the scattering material is much smaller than that of the body
material. For example, polymethylmethacrylate/polystyrene
(PMMA/PS) composite light scattering material is a kind of
new light scattering material that has high transmittance and
haze, which iswidely used in polymer scattering elements and
back light for liquid crystal display [3–7].

There are twomethods to prepare light scatteringmaterial
[8]. The first method is to copolymerize the monomers
of two transparent polymers whose refractive indexes are
different. This method often leads to phase separation due
to poor compatibility. A more common operation is first to
polymerize the scattering particle monomers and then swell

the scattering polymer in the body polymer’s monomers,
before finally polymerizing them together. The second
method is tomechanically mix the transparent polymer body
material with the scattering particle together. In comparison,
the haze of the sample obtained from the first method could
not be very large, while the transmittance of the sample
obtained from second method is difficult to control.

Due to its excellent mechanical and optical properties,
PMMA was always chosen to be a body material. PS was
chosen to be scattering material because the refractive index
of both PMMA/PS andMMA/ST had a gap. But whenMMA
and STweremixed together to polymerize, copolymerization
reaction [9] would occur, which may result in the decrease of
haze. On the other hand, if we mechanically mixed PMMA
and PS like the second method, the transmittance [10] could
decrease to 20–30%. Furthermore, the mechanical properties
of the sample would decrease due to the phase separation of
PMMA/PS caused by mismatch of the polarity. For example,
the impact strength could decrease to 1000 J/m2, which was
much lower than the pure PMMA sample. Therefore, the
elimination of the phase interface was the key to prepare
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the PMMA/PS light scatteringmaterial. In this work, we tried
the first method which could prepare the light scattering
material in polymerization method. In order to achieve the
same scattering strength in all directions, the particle size and
the refractive index of the light scattering material should be
in gradient distribution.

The structure of the light scatteringmaterial was designed
accordingly to meet the above requirements. It was shown
in the studies that the size of scattering particle affected the
optical property of the light scattering material [11–13]. The
size of the scattering particle depended on the molecular
weight of polymer. The higher the molecular weight, the big-
ger the particle size. So the size of scattering particle could be
obtained by controlling the scattering monomer’s polymer-
ization degree. In the experiment, we first polymerized ST to
get the prepolymer in different degrees of polymerization so
that the molecular weight of the prepolymer ST was different
and the polydispersity of the prepolymer was larger. Then we
polymerized MMA and prepolymer ST to get the scattering
particle PS and P(ST-MMA) in different molecular weights.
So the degree of polymerization of the scattering particle
PS and P(ST-MMA) was also in wide polydispersity, which
may result in the various refractive index and polarizability.
As the particles of different polarizabilities exerted different
electric field forces in the gradient electric field, the particles
in different molecular weights could be separated in gradient
field to obtain the light scattering material with gradient
refractive index.

This experiment took PS as scattering materials and
PMMA as body materials [14] by using in situ copolymer-
ization method [15]. The influence of the electrical field
on eliminating the phase interface was studied during the
preparation of the sample. We also did preliminary research
on the property of the sample prepared in electrical field.

2. Equipment

AmericanWaters company GPC apparatus: 515 HPLC Pump
(precision 0.1% RSD), 717 Autosample, 2410 Refractive Index
Detector, 996 Photodiode Array Detector, Millennium32,
Styragel (HT3 HT5 HT6E). Situation: flow phase: furfuran
(THF), velocity of flow: 1mL/min, temperature: 30∘C, stan-
dard sample: PS, molecular weight range: 500–3,000,000.

FESEMX-ray energy dispersive spectrum (EDX) XL30 S-
EFG (Philips Company).

3. Experiment

3.1. Reagents and Purification

3.1.1. Reagents. The main reagents used in the experiment
were MMA (analytical purity); BPO (analytical purity); fer-
rocene (98%); phosphoric acid (85%); anhydrous sodium car-
bonate (chemical purity); sodium borohydride (96%); anhy-
drous alcohol (analytical purity); petroleum ether (60∘C–
90∘C), analytical purity; anhydrous ether (analytical purity).

3.1.2. Purification. Purification of MMA: firstly MMA was
washed three times with 10% NaOH to remove inhibitor and

then washed another three times with deionized water.MMA
was predried with anhydrous CaCl

2
and dried with CaH

2
.

Then theMMAwas distilled under reduced pressure with the
existence of CaH

2
, and the middle distillation products were

collected.Distilledmonomer should first be vacuumedbefore
being put inN

2
for protection and then kept in refrigerator for

use at last.
Purification of ST: the same procedure and reagents as

MMA are used.
Purification of BPO: firstly acetone was dehydrated

with anhydrous K
2
CO
3
before being distilled and collected

between 55∘C and 56∘C. BPO was dissolved in the distilled
acetone until saturation. Then the saturated filtrate solution
was vacuumed till crystal appeared. The crystal was kept in
refrigerator for 3 to 6 hours, and solvent was removed to dry
the crystal. Finally crystal was protected with N

2
and kept in

the refrigerator for use.

3.2. Sample Preparation. BPO (volume ratio is 0.5%) was put
in the purificated ST and polymerized in 60∘C for 15 minutes
in natural environment.The prepolymer ST was added to the
mixture of MMA and BPO (volume ratio is 0.5%), and we
kept the volume ratio of the prepolymer ST to be 0.2%.

The above polymerized system was kept about 20 to
25 minutes at 60∘C. The prepolymer ST was under electric
field (the electric field intensity is 5000V/5 cm) [16]. The
polymerization temperature was room temperature (approx-
imately 27–31∘C). The light scattering material with gradient
refractive indexwas obtained until the polymerization system
solidified [17].

4. Result and Discussion

During polymerization of MMA and prepolymer ST, the
distribution of the BPO monomer (namely, the strength
of BPO in different parts of the system) and prepolymer
ST in the polymerization system were the primary factors
that influenced the distribution of the final homopolymer
and copolymer in the system. In PMMA body material,
the refractive index of PS was different with the P(ST-
MMA) copolymers and PMMA. When the light transmits
in the material and encounters the PS scattering particle,
the scattering happens. If the transmittance of the material
was lower than 75%, the material could be produced as light
scattering material [18].

4.1. Sample Figure and Colour. The sample figure of P(ST-
MMA)/PS/PMMA prepared in natural environment (shown
in Figure 1(a)) was comparedwith the sample prepared under
electrical field (Figure 1(b)). The shape of the sample was
cylinder with diameter of 15mm and height of 40mm. The
vertical direction in Figure 1 was the cylindrical axial.

From Figure 1(b), it can be seen that the sample presented
several layers along the cylindrical axial, which was consis-
tent with the prediction in the introduction. Because every
layer had different transmittance, the layering phenomenon
occurred.The transmittance of the PMMAbodymaterial was
very good; however in thismaterial the layering phenomenon
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(a)
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Figure 1: Layering phenomenon of the sample in natural environment and electrical field. (a) In natural environment. (b) In electrical field.

took place.Themain reasonwas distribution of small amount
of PS and P(ST-MMA) in the PMMA body material. PS
and P(ST-MMA) were different from PMMA in refractive
index and transmittance. As the content of the PS and
P(ST-MMA) copolymer in different layers was different,
the transmittance at different layers was different, which
could result in the layering phenomenon. The ST and BPO
monomers distribution varied in the polymerization system
under the high strength electric field, which influenced the
polymerizing process and the physical properties of the
material, for example, transmittance.

4.2. Result of the GPC Test. From Figure 2, each layer of the
sample contained three obvious peaks. One was big and the
other two were small. It showed that there were polymers
with different molecular weights in each layer, the big peak
indicated polymer of high content and the small peaks
indicated polymer of low content like PS. So we inferred
that each layer had PS and P(ST-MMA) copolymer. Also the
areas of the peak in each layer were different suggesting the
different content of PS and P(ST-MMA) copolymer.

The transmittance of the layers depended on the content
and compatibility of the polymers of different molecular
weights in each layer. The results of the molecular weight test
in different layers were shown in Table 1.

Based on Table 1, it can be concluded that the molecular
weight and content of the PS and P(ST-MMA) in different
layers were different. But the margin of the difference was
just 0.1–1%. It indicated that the monomer ST and MMA
were under different electric force in external electric field.
When the polymerization was incomplete, the electric dipole
moment of molecules in the solution was different which
could cause the different displacement of the molecules
under the gradient field. The electric dipole moment of
the molecules could be arranged in the direction of the
external electric field. As a result, the layering and the
orientation phenomenon would occur in the sample. So the
transmittance of the samples was different in the direction of
cylinder axis.

0 5 10 15 20 25 30 35 40

0

5
(m

v)

Layer A
Layer B

−10

−5

−5

−15

t (min)

Figure 2: The GPC test result of layer A and layer B produced in
electrical field.

The transmittance of layer A was smaller than other
layers. It was because that the ST monomer had already
prepolymerized for certain time, with PS already formed.
However, due to the poor compatibility of the PS and PMMA
and the huge refractive index disparity between two phases,
the intertwined chain segment of the PS and PMMA led to
huge interface area between two phases, which resulted in the
small transmittance of the whole layers.

As layer B, from the test result of the GPC, the content
of PS and P(ST-MMA) copolymer was more than that of
layer A, but layer B’s transmittance was higher than the layer
A. The reason of this phenomenon was that the content of
P(ST-MMA) copolymer was more than PS.The P(ST-MMA)
copolymer was easily compatible with PMMA body material
than PS, so the transmittance of layer B was better.

The rest of the layers also had different transmittance.
The reason was the same with the mechanism studied above.
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Table 1: PS and P(ST-MMA)’s molecular weight.

Layers of the light
scattering (from
bottom to up)

The bid peak’sMP The bid peak’sMn The ratio of the small
peak’s area (%) Haze (%) Light

transmittance (%)

Layer A 972237 787555 1.80 82.5 58.2
Layer B 1020879 678337 1.69 66.1 79.3
Layer C 1016391 665288 2.02 86.3 52.4
Layer D 1083097 888294 1.04 60.4 73.8
Layer E 1032240 677765 0.92 69.2 78.0

Figure 3: SEM microstructure of the pure PMMA sample.

The variety of the transmittance in different layers depended
on the content of the two phases and the refractive index
disparity between the two phases related to the two phases’
compatibility. The compatibility of PS and PMMA body
material was not good. But the compatibility of P(ST-MMA)
copolymer and PMMA body material was much better. The
copolymer forming factors were the content of the BPO and
ST monomers. By controlling the electric field strength and
the ST monomer polymerization time and distribution, the
ST content could be changed in the system.

4.3. Information in the SEM Photograph. From Figure 3, no
obvious structural characteristics could be seen. We could
only see the unordered surface.

From Figure 4, the transmittance of layer A was little and
the haze of this layer was high. The polymer chain section of
the layer was small, while the configuration and appearance
seem complex. The chain section distributed out-of-order
and at long intervals there were some small particles. It
showed that the PS content in layer A was higher. And the
compatibility of PS and PMMA was not good. It resulted in
the refractive index disparity between the two phases and the
decrease of the transmittance.

Figure 5 showed microscopic configuration of layer B
containing several small regions arranged disorderly. With
improved degree of order in this layer, the chain section’s
integrity also increased. Clearly, less small particles are
observed because P(ST-MMA) copolymer in layer B was
more than that in other layers, and the compatibility between
copolymer and PMMA was good. It leads to less disparity

Figure 4: SEMmicrostructure of the section of layer A produced in
electrical field.

Figure 5: SEMmicrostructure of the section of layer B produced in
electrical field.

of refractive index between two phases and higher transmit-
tance.

Figure 6 was a 40000x photograph of small particles in
Figure 4. It could be seen that the small particles were a node
of the chain segment whose size was in range ofmicronmeter
and dispersed light intensively. It was the main matter which
caused the light scattering.

The distribution of several scattering particles in PMMA
body material could be seen in Figure 7. This distribution
made scattering intensity uniform and let the material get
good body scattering.

The SEM photograph showed the disparity of molecular
structure of different layers which had different transmit-
tances. The content of the PS or P(ST-MMA) copolymer
dominated the layers’ transmittance.
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Figure 6: The configuration of the scattering substance.

Figure 7: The distribution of several scattering material.

5. Conclusion

PMMA/PS light scattering material with gradient refractive
index was prepared under electric field by in situ polymer-
ization method. The material obtained under electrical field
had different transmittance at different parts of the cylindrical
sample along the direction of electric field which caused
the layering phenomenon. The disparity of molecular weight
between different layers could be as much as 230 thousand.

From the results of GPC and SEM, the difference between
the samples obtained under electric field and natural envi-
ronment was observed: the GPC test of the sample in natural
environment had one peak; however the sample obtained
under electric field had two peaks. The SEM results of the
sample in natural environment indicated that chain section
was out-of-order and the low-weight molecules were little.
The SEM results of the sample obtained under electric field
showed that chain section tended to be more regular with
more low-weight molecules.
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A monofiber reinforced composite leaf spring is proposed as an alternative to the typical steel one as it is characterized by high
strength-to-weight ratio. Different reinforcing schemes are suggested to fabricate the leaf spring. The composite and the typical
steel leaf springs are subjected to the same working conditions. A weight saving of about more than 60% can be achieved while
maintaining the strength for the structures under consideration. The objective of the present study was to replace material for leaf
spring. This study suggests various materials of hybrid fiber reinforced plastics (HFRP). Also the effects of shear moduli of the
fibers, matrices, and the composites on the composites performance and responses are discussed.The results and behaviors of each
are compared with each other and verified by comparison with analytical solution; a good convergence is found between them.The
elastic properties of the hybrid composites are calculated using rules of mixtures and Halpin-Tsi equation through the software of
MATLAB v-7. The problem is also analyzed by the technique of finite element analysis (FEA) through the software of ANSYS v-14.
An element modeling was done for every leaf with eight-node 3D brick element (SOLID185 3D 8-Node Structural Solid).

1. Introduction

Leaf springs are special kind of springs used in automobile
suspension systems. The advantage of leaf spring over helical
spring is that the ends of the spring may be guided along a
definite path as it deflects to act as a structural member in
addition to energy absorbing device [1]. In order to conserve
natural resources and economize energy, weight reduction
has been the main focus of automobile manufacturers in the
present scenario.Weight reduction can be achieved primarily
by the introduction of better material, design optimization,
and better manufacturing processes [2]. The suspension leaf
spring is one of the potential items for weight reduction in
automobile as it accounts for ten to twenty percent of the
unsprung weight. This helps in achieving the vehicle with
improved riding qualities. It is well known that springs are
designed to absorb and store energy and then release it.
Hence, the strain energy of the material becomes a major
factor in designing the springs.The relationship of the specific
strain energy can be expressed as [2]

𝑈 =
𝜎
2

2𝜌𝐸
, (1)

where 𝜎 is the strength, 𝜌 the density, and 𝐸 the Young
modulus of the spring material. It can be easily observed that
material having lowermodulus and densitywill have a greater
specific strain energy capacity.The introduction of composite
materials has made reducing the weight of the leaf spring
possible without any reduction on load carrying capacity
and stiffness. Since the composite materials have more elastic
strain energy storage capacity and high strength-to-weight
ratio as compared to those of steel, they are proposed for such
a task [3]. In addition, composite and hybrid compositemate-
rials have good corrosion resistance and tailorable properties
[4]. In this work, an analysis of a hybrid composite monoleaf
spring is made with many different composite materials
constructed from four fibers each with three composite
matrices (a composite matrix is that one composed of short
fibers and a certain matrix material), with various volume
fractions in order to get vast range of collections of different
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hybrid composites. The design constraints are the bending
and Von Mises stresses and deflections. The leaf spring
should absorb vertical vibrations and impacts due to road
irregularities by means of vibrations in the spring deflection
so that the potential energy is stored in spring as strain energy
and then released slowly [5]. Other advantages of using fiber-
reinforced polymers instead of steel are (a) the possibility of
reducing noise, vibrations, and ride harshness due to their
high damping factors; (b) the absence of corrosion problems,
which means lower maintenance costs; and (c) lower tooling
costs, which has favorable impact on themanufacturing costs
[4]. Advanced composite materials seem ideally suited for
suspension (leaf spring) applications. Their elastic properties
can be adjusted to increase the strength and reduce the
stresses induced during application [6]. This paper is mainly
focused on the implementation of composite materials by
replacing steel in conventional leaf springs of a suspension
system. This is the reason why leaf springs are still used
widely in a variety of automobiles to carry axial loads,
lateral loads, and brake-torque in the suspension system.
Therefore analysis of composite material leaf springs has
become essential in showing the comparative results with
conventional leaf springs.

2. Literature Survey

A lot of studies and researches were carried out on the
applications of the composite materials in monoleaf springs.
kumar and Vijayarangan [7] studied and tested monoleaf
spring fabricated from a traditional E-glass/epoxy composite
material for the static load conditions; fatigue life prediction
was also done by these authors so as to ensure a reliable
number of life cycles of that spring. Cyclic creep and cyclic
deformationwere also studied by Yang andWang [8]. Fuentes
et al. [9], Clarke and Borowski [10], and Mayer et al. [11]
studied the premature failure in leaf springs so as to suggest
remedies on application of composite leaf springs. Patunkar
andDolas discussedmodelling and analysis of composite leaf
spring under the static load condition by using FEA, but they
did not mention much about hybrid composite materials; it
is again E-glass/epoxy material adopted for their work [12].
Some of the recent works turned to discuss the geometric
shape of the leaf springmade from traditional metallic alloys;
Kumar and Aggarwal considered the parabolic leaf spring
and studied its effect on the performance and behavior
of the leaf spring used by a light commercial automotive
vehicle. The researchers used a CAD modeling of parabolic
leaf spring which has been done in CATIA V5 and the
analysis of the model is imported and performed in ANSYS-
11 workbench [13]. This paper focuses on introducing hybrid
fiber-reinforced composite materials of various reinforcing
schemes in order to get more detailed scene about the effect
of different factors on the response of and stresses induced in
the leaf spring.These factors include effects ofmatrixmaterial
variation, fiber type variation, and fiber volume fraction.The
leaf spring adopted in this paper is of elliptic geometry and
only a half of it is considered here (Figure 3), due to the
symmetry about the center U-bolt (Figure 4) [14]. Elliptic
leaf springs are the most common types of suspension and

springing used in automobiles due to their larger radius of
curvature than parabolic counterparts [15].

2.1. Fabrication of Hybrid Composite Leaf Spring. The pattern
is made up of wood. The pattern dimensions are calculated
by the dimensions of designed leaf spring, as shown in
Figure 4(a). This process requires developing a mold or a
pattern as described below.

2.2. Development of Pattern. For fabrication of composite
spring, the composition of fibers and matrix should be used.
For this paper E-glass fiber and epoxy (as well as other
types of fibers and matrices) as a composite matrix are
used. The constant cross-section is selected for design due
to its capability of mass production and accommodating
continuous reinforcement of fibers and also it is quite suitable
for hand lay-up technique. Some methods of fabrication are
as follows [16]:

(1) pultrusion;
(2) resin transfer molding (RTM);
(3) vacuum assisted resin transfer molding (VARTM);
(4) hand lay-up-open molding process;
(5) compression molding;
(6) filament winding.

The leaf spring is going to be fabricated by hand lay-
up method [16–18]. Hand lay-up method is adopted for
fabrication due to its advantages over the others. Tooling
cost is low, no skilled worker is required, large items can be
fabricated, it is an easy method compared to others, and so
forth.

Hand Lay-Up Method. See the following.

(1) Cutting of Fibers. For this project the fiber material, for
example, E-glass, is taken. This fiber is available in sheet
format. This fiber sheet is cut by composite scissor.

(2) Preparation of Composite Matrix (Epoxy/Short Fibers). In
preparation of matrix we used two solutions named resin and
hardener. After preparation of epoxy matrix, the composite
matrix is fabricated constituting one type of short fibers
selected in the paper. The composite matrix composed of
short fibers and a polymeric matrix can be prepared after the
completion of the epoxy matrix by the method of “fiberglass
spray lay-up process”: fiberglass spray lay-up process is very
different from the hand lay-up process. The difference comes
from the application of the fibre and resin material to the
mold. Spray-up is an open-molding composites fabrication
process where resin and reinforcements are sprayed onto a
reusable mold. The resin and glass may be applied separately
or simultaneously “chopped” in a combined stream from a
chopper gun. Workers roll out the spray-up to compact the
laminate. The part is then cured, cooled, and removed from
the mold.
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2.3. Fabrication. First take the wood pattern (Figure 4(a)),
on which keep plastic bagging first as per the dimensions
available. On the bagging keep peel ply of the same dimen-
sion. The bagging is required to leak proof fabrication or
the resin should not be in contact with the pattern. Resin is
sticky in nature and hence the contact with pattern should be
avoided. Peel ply is required for the finishing of the required
component. Now, keep the first sheet of fiber and apply the
composite matrix over the first fiber sheet. Apply composite
matrix such that all air should be removed. Now, keep the
second lamina over the appliedmatrix and again applymatrix
as discussed above. Continue this process till the last fiber
sheet. The produced leaf spring is as shown in Figure 4(b).

3. Theory and Mathematical Formulation of
Leaf Spring

A spring is defined as an elastic body, whose function is
to distort when loaded and to recover its original shape
when the load is removed (Figure 2). Leaf springs absorb
vehicle vibrations, shocks, and bump loads (induced due
to road irregularities) by means of spring deflections, so
that the potential energy is stored in the leaf spring and
then relieved slowly [1]. Ability to store and absorb more
amount of strain energy ensures the comfortable suspension
system. Semielliptic leaf springs are almost universally used
for suspension in light and heavy commercial vehicles. For
cars also, these are widely used in rear suspension.The spring
consists of a number of leaves called blades. The blades are
varying in length. The blades are usually given an initial
curvature or cambered so that they will tend to straighten
under the load (Figure 1). The leaf spring is based upon the
theory of a beam of uniform strength. The lengthiest blade
has eyes on its ends. This blade is called main or master
leaf; the remaining blades are called graduated leaves. All the
blades are bound together by means of steel straps (Figure 4).
The spring is mounted on the axle of the vehicle. The entire
vehicle load rests on the leaf spring. The front end of the
spring is connected to the frame with a simple pin joint,
while the rear end of the spring is connected with a shackle.
Shackle is the flexible link which connects leaf spring rear eye
and frame. When the vehicle comes across a projection on
the road surface, the wheel moves up, leading to deflection
of the spring. This changes the length between the spring
eyes. If both the ends are fixed, the spring will not be able
to accommodate this change of length. So, to accommodate
this change in length, shackle is provided at one end, which
gives a flexible connection. The front eye of the leaf spring
is constrained in all the directions, whereas rear eye is not
constrained in 𝑥-direction. This rear eye is connected to the
shackle. During loading the spring deflects and moves in
the direction perpendicular to the load applied. When the
leaf spring deflects, the upper side of each leaf tip slides or
rubs against the lower side of the leaf above it. This produces
some damping reducing spring vibrations, but this type of
damping may change with time, so it is preferred not to
be depended on. Moreover, it produces squeaking sound.
Further if moisture is also present, such interleaf friction will
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Figure 1: Typical leaf spring structure showing symmetry about
central U-bolt.

Figure 2: Geometry of leaf spring in ANSYS before and after
deflection.

cause fretting corrosion which decreases the fatigue strength
of the spring; phosphate paint may reduce this problem fairly.
The elements of leaf spring are shown in Figure 1, where 𝑡

is the thickness of the plate, 𝑏 is the width of the plate, and
2𝐿 is the length of plate or distance of the load 𝑊 from the
cantilever end. A single leaf spring blade can be treated as
a cantilever beam with a concentrated load at its free end
[1, 4, 14]. A half of it is considered for the purpose of analysis
and computation (Figures 3 through 5) [14, 19].

Let 𝑡 be thickness of plate (spring leaf), 𝑏 width of plate,
and 𝐿 length of plate or distance of the load 𝑊 from the
cantilever end.

It is known that the maximum deflection for a cantilever
with concentrated load at free end is given by

𝛿max =
𝑊 ⋅ 𝐿
3

3 ⋅ 𝐸 ⋅ 𝐼
, (2)

and the maximum bending stress induced in terms of
modulus of elasticity and maximum deflection can be found
as [1, 2, 19]

𝜎bending =
3 ⋅ 𝐸 ⋅ 𝛿max ⋅ 𝑡

2𝐿2
, (3)

where 𝛿max is maximum deflection in (m).𝑊 is applied load
on the cantilever end in (N). 𝐿 is distance from the cantilever
end to the central bolt (in meters). 𝐸 is modulus of elasticity
(N/m2). 𝑡 is leaf spring plate thickness (m).

For composite materials, the modulus of elasticity (𝐸)
mentioned in (2) and (3) is taken as the longitudinal modulus
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Figure 3: Elements of leaf spring.

(a)

(b)

Figure 4: (a) Configuration of the pattern. (b) A monocomposite
leaf spring.

of elasticity, which is the one being in the direction of fibers.
The model of this paper is constructed such that its matrix
is made up from short fibers and a pure matrix to form a
composite matrix. Long fibers are then used to reinforce the
composite matrix constituting a hybrid composite material.
Thus (3) can be rewritten as follows to match with composite
materials considerations:

𝛿max =
𝑊 ⋅ 𝐿
3

3 ⋅ 𝐸
1
⋅ 𝐼

,

𝜎
𝑥
=

3 ⋅ 𝐸
1
⋅ 𝛿max ⋅ 𝑡

2𝐿2
.

(4)

The bending stress is in the 𝑥-direction because the reinforc-
ing longitudinal fibers are laid along the longitudinal direc-
tion of spring plate.Themodel of interest is drawn and built in
AutoCAD Mechanical v-2010 and then analyzed in ANSYS-
14, as shown in Figures 2 and 5, with the following dimensions
which are either exactly or approximately commonly adopted
for such an application [20].

(1) Plate width = 200mm.

(2) Plate thickness = 40mm.

W

48.36

1
9

4

1
5

Figure 5: A half of an elliptic monoleaf spring.

Y

Z

Figure 6: Meshing and boundary conditions of the ANSYS model.

(3) Total length of leaf spring = 0.966m.
(4) Camber = 150mm.

The applied load on the leaf spring of interest equals the
automobile total weight which is about 3000Kgs with 5
passengers of about 100Kgs each; therefore

𝑊total = 3000 + 5 ∗ 100 ∗ 9.81

= 34335N let it be 35000N.

(5)

Each tire shares a load of 35000/4 = 8750N. Thus a load
of this magnitude will be considered for the leaf spring as
the applied load (Figure 5). The single leaf is first modeled
in AutoCAD Mechanical 2010 as two concentric ellipses as
shown in Figure 5. Afterwards, the configuration is moved
to ANSYS-14 by generating key points extracted from the
AutoCAD file and then mapped-meshed according to the
element type of eight-node 3D brick element (SOLID-185
3D 8-Node Structural Solid). Boundary conditions are then
imposed for an applied bending load at the free end of 8750N
with locking all degrees of freedom of the cutting plane zone
at themiddle of leaf spring due to its symmetry (Figures 5 and
6).
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Equations (2) and (4) will be considered for the analytical
calculations of deflection and bending stresses for the pur-
pose of results verification and comparison with numerical
findings obtained from the software ANSYS.

4. Assumptions

The following assumptions are adopted for both of the
fibers and matrix while a static bending analysis of a hybrid
fiber-reinforced composite leaf spring is made assuming the
following [21].

(1) The longitudinal stress in the fiber varies linearly
across its width while the transverse stress is uniform
across the fiber.

(2) Perfect bonding between fibers andmatrix is assumed
to exist.

(3) Fibers and matrix are assumed to be isotropic, homo-
geneous, and linearly elastic.

(4) No voids, inclusions, impurities, or manufacturing
defects and deficiencies are assumed to be involved
in spring material.

(5) The composite material is considered homogeneous
on macroscopic level.

(6) The loads are assumed to be applied at the infinity (for
the sake of the problem of contact stresses and the
Saint Venant principle to be turned away).

(7) Initially stress-free
(8) The composite material is transversely isotropic [21].
(9) The short fibers are randomly and homogeneously

distributed throughout matrix material constituting
the composite matrix such that it exhibits isotropic
behavior [22].

5. Mathematical Formulation of Hybrid
Composite Material

5.1. Composite Lamina Composed of Composite Matrix and
Reinforcement Continuous Fiber

5.1.1. Composite Matrix (Combination of Resin and Discon-
tinuous Fiber). For unidirectional fiber-reinforced matrix
shown in Figure 7, the following Halpin-Tsai relations are
used to determine the elastic properties [22, 23]:

𝐸
1𝑚

=
1 + 2 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑚

1 − 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑚

⋅ 𝐸
𝑚
, (6)

𝐸
2𝑚

=
1 + 2 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑚

1 − 𝜂
𝑇
⋅ ∀
𝑠𝑓𝑚

⋅ 𝐸
𝑚
, (7)

𝐺
12𝑚

=
1 + 𝜂
𝐺
⋅ ∀
𝑠𝑓𝑚

1 − 𝜂
𝐺
⋅ ∀
𝑠𝑓𝑚

⋅ 𝐺
𝑚
, (8)

]
12𝑚

= V
𝑠𝑓
⋅ ∀
𝑠𝑓𝑚

+ V
𝑚
⋅ ∀
𝑚𝑚

, (9)

1

2

Figure 7: Unidirectional discontinuous fiber matrix.

where

𝜂
𝑙
=

𝐸
𝑠𝑓
/𝐸
𝑚
− 1

𝐸
𝑠𝑓
/𝐸
𝑚
+ 2 ⋅ 𝑎

𝑓

, (10)

𝜂
𝑇
=

𝐸
𝑠𝑓
/𝐸
𝑚
− 1

𝐸
𝑠𝑓
/𝐸
𝑚
+ 2

, (11)

𝜂
𝐺
=

𝐺
𝑠𝑓
/𝐺
𝑚
− 1

𝐺
𝑠𝑓
/𝐺
𝑚
+ 1

. (12)

Let 𝐸
1𝑚

and 𝐸
2𝑚

be the longitudinal and transverse moduli
defined by (6) and (7) for unidirectional fiber 0∘ composite
matrix of the same fiber aspect ratio and fiber volume fraction
as the randomly oriented discontinuous fiber matrix shown
in Figure 8. Since the fiber is randomly oriented, the matrix
exhibits isotropic behavior. The Young and shear moduli of
such a composite matrix are given by [22]

𝐸cm =
3

8
⋅ 𝐸
1𝑚

+
5

8
⋅ 𝐸
2𝑚
, (13)

𝐺cm =
1

8
⋅ 𝐸
1𝑚

+
1

4
⋅ 𝐸
2𝑚
. (14)

Or they can be rewritten as

𝐺cm =
𝐸cm

2 (1 + Vcm)
(15)

or

Vcm = (
𝐸cm

2 ⋅ 𝐺cm
− 1) . (16)
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1

2

Figure 8: Randomly oriented discontinuous fiber-reinforced
matrix.

The fractions ∀
𝑠𝑓𝑚

and ∀
𝑚𝑚

are considered to be matrix; then

∀
𝑠𝑓𝑚

+ ∀
𝑚𝑚

= 1, (17)

∀
𝑠𝑓𝑚

+ ∀
𝑚𝑝

+ ∀
𝑓
= 1, (18)

∀
𝑚
+ ∀
𝑓
= 1, for ∀

𝑠𝑓𝑝
+ ∀
𝑚𝑝

= ∀
𝑚
, (19)

∀
𝑠𝑓𝑚

=
(∀
𝑠𝑓𝑝

)

(∀
𝑠𝑓𝑝

+ ∀
𝑚𝑝

)
=

(∀
𝑠𝑓𝑝

)

(∀
𝑚
)
, (20)

∀
𝑚𝑚

=
∀
𝑚𝑝

∀
𝑠𝑓𝑝

+ ∀
𝑚𝑝

=
∀
𝑚𝑝

∀
𝑚

. (21)

Then, using (21) in (6) through (10) results in

𝐸
1𝑚

=
1 + 2 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ (∀
𝑠𝑓𝑚

/∀
𝑚
)

1 − 𝜂
𝑙
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𝑠𝑓𝑚

/∀
𝑚
)

⋅ 𝐸
𝑚
, (22)

𝐸
2𝑚

=
1 + 2 ⋅ 𝜂

𝑇
⋅ (∀
𝑠𝑓𝑝

/∀
𝑚
)

1 − 𝜂
𝑇
⋅ (∀
𝑠𝑓𝑝

/∀
𝑚
)

⋅ 𝐸
𝑚
, (23)

𝐺
12𝑚

=
1 + 𝜂
𝐺
⋅ (∀
𝑠𝑓𝑝

/∀
𝑚
)

1 − 𝜂
𝐺
⋅ (∀
𝑠𝑓𝑚

/∀
𝑚
)
⋅ 𝐺
𝑚
, (24)

V
12𝑚

= V
𝑠𝑓
⋅
∀
𝑠𝑓𝑝

∀
𝑚

+ V
𝑚

∀
𝑚𝑝

∀
𝑚

, (25)

where 𝜂
𝑙
, 𝜂
𝑇
, and 𝜂

𝐺
are as defined in (10) through (12).

Then, by substitution of (22) and (23) into (13), (14), and
(16), one gets

𝐸cm = [(
3 ⋅ (1 − ∀

𝑓
) + 6 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
) − 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

)

+(
5 ⋅ (1 − ∀

𝑓
) + 10 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
) − 𝜂
𝑇
⋅ ∀
𝑠𝑓𝑝

)] ⋅
𝐸
𝑚

8
,

𝐺cm = [(
(1 − ∀

𝑓
) + 2 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
) − 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

)

+(
2 ⋅ (1 − ∀

𝑓
) + 4 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
) − 𝜂
𝑇
⋅ ∀
𝑠𝑓𝑝

)] ⋅
𝐸
𝑚

8
,

Vcm = (
𝐸cm

2 ⋅ 𝐺cm
− 1) ,

(26)

where 𝐸cm and 𝐺cm are as defined above.
There are in all quantities 𝐸

𝑐𝑚
, 𝐺
𝑐𝑚
, and V

𝑐𝑚
to describe

the elastic behavior of the composite matrix combination of
discontinuous randomly oriented fibers and resin bonding
material.

5.2. Hybrid Composite Lamina (Discontinuous Random Short
Fiber, Resin, and Continuous Fiber). Figure 8 shows a simple
schematic model of a composite lamina consisting of dis-
continuous random fiber, resin, and continuous fiber. The
fibers are assumed to be uniformly distributed throughout the
composite matrix, composed of discontinuous random short
fiber and resin material. A perfect bonding is assumed to be
free of any voids. The fibers and the matrix are both assumed
to be linear and elastic. The elastic analysis of such a lamina
will be as follows [21]:

𝜀
𝑓
= Ecm +E

𝑐
, (27)

𝜎
𝑓
= 𝐸
𝑓
⋅E
𝑓
= 𝐸
𝑓
⋅E
𝑐
, (28)

𝜎
𝑚
= 𝐸cm ⋅Ecm = 𝐸cm ⋅E

𝑐
, (29)

𝑃 = 𝑃
𝑓
+ 𝑃cm, (30)

𝜎
𝑐
𝐴
𝑐
= 𝜎
𝑓
⋅ 𝐴
𝑓
+ 𝜎
𝑚
⋅ 𝐴
𝑚
, (31)

𝜎
𝑐
=

1

𝐴
𝑐

(𝜎
𝑓
⋅ 𝐴
𝑓
+ 𝜎
𝑚
⋅ 𝐴
𝑚
) = 𝜎
𝑓
⋅ ∀
𝑓
+ 𝜎
𝑚
⋅ ∀
𝑚
, (32)

∀
𝑓
=

𝐴
𝑓

𝐴
𝑐

, ∀
𝑚
= ∀
𝑠𝑓𝑝

+ ∀
𝑚𝑝

= (1 − ∀
𝑓
) =

𝐴
𝑚

𝐴
𝑐

. (33)

Then, the longitudinal modulus of the lamina is given by

𝐸
1
=

𝜎
𝑐

E
𝑐

= 𝐸
𝑓
⋅ ∀
𝑓
+ 𝐸cm ⋅ (1 − ∀

𝑓
) . (34)

By using (21) in (27) one gets

𝐸
1
= 𝐸
𝑓
⋅ ∀
𝑓
+ (1 − ∀

𝑓
) [

3

8
𝐸
1𝑚

+
5

8
𝐸
2𝑚
] (35)
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or

𝐸
1
= 𝐸
𝑓
⋅ ∀
𝑓
+ (1 − ∀

𝑓
) ⋅ 𝐸
𝑚

× [(
3 ⋅ (1 − ∀

𝑓
) + 6 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

8 (1 − ∀
𝑓
) − 8𝜂

𝑙
⋅ ∀
𝑠𝑓𝑝

)

+(
5 ⋅ (1 − ∀

𝑓
) + 10 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

8 (1 − ∀
𝑓
) − 8𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

)] .

(36)

The corresponding major Poisson ratio is

V
12

= V
𝑓
⋅ ∀
𝑓
+ Vcm (1 − ∀

𝑓
) . (37)

Using (26) and (13) in (37) results in

V
12

= V
𝑓
⋅ ∀
𝑓
+ (

𝐸cm
2 ⋅ 𝐺cm

− 1) (1 − ∀
𝑓
) . (38)

The transverse modulus and minor Poisson’s ratio for the
loading transverse to the continuous fiber direction as shown
in Figures 9(a) and 9(b) are

𝐸
2
=

𝐸
𝑓
⋅ 𝐸cm

𝐸
𝑓
(1 − 𝑉

𝑓
) + 𝐸cm ⋅ 𝑉

𝑓

or

𝐸
2
= 𝐸
𝑓
⋅ 𝐸cm [(

3 ⋅ (1 − ∀
𝑓
) + 6 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

8 (1 − ∀
𝑓
) − 8𝜂

𝑙
⋅ ∀
𝑠𝑓𝑝

)

+(
5 ⋅ (1 − ∀

𝑓
) + 10 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

8 (1 − ∀
𝑓
) − 8𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

)]

× (𝐸
𝑓
(1 − ∀

𝑓
) + 𝐸cm ⋅ ∀

𝑓

× [(
3 ⋅ (1 − ∀

𝑓
) + 6 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

8 (1 − ∀
𝑓
) − 8𝜂

𝑙
⋅ ∀
𝑠𝑓𝑝

)

+(
5 ⋅ (1 − ∀

𝑓
) + 10 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

8 (1 − ∀
𝑓
) − 8𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

)])

−1

,

(39)

V
21

=
𝐸
2

𝐸
1

V
12
, (40)

where 𝐸
1
, 𝐸
2
, and V

12
are as in (36), (38), and (39).

For a shear force loading as shown in Figures 9(a) and
9(b),

𝐺
12

=
𝐺
𝑓
⋅ 𝐺cm

𝐺
𝑓
⋅ ∀
𝑚
+ 𝐺cm ⋅ ∀

𝑓

=
𝐺
𝑓
⋅ 𝐺cm

𝐺
𝑓
(1 − ∀

𝑓
) + 𝐺cm ⋅ ∀

𝑓

. (41)

Random discontinuous fiber

Continuous fiber

1

2

PP

(a)

1

2

P

P

P

P

(b)

Figure 9: Unidirectional continuous fiber (0∘) lamina.

Substitution of (26) into (41) leads to

𝐺
12

= 𝐺
𝑓
⋅ 𝐸
𝑚
⋅ [(

(1 − ∀
𝑓
) + 2 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
) − 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

)

+(
2 ⋅ (1 − ∀

𝑓
) + 4 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
) − 𝜂
𝑇
⋅ ∀
𝑠𝑓𝑝

)]

× (8 ⋅ 𝐺
𝑓
⋅ (1 − ∀

𝑓
)

+ 𝐸
𝑚
⋅ ∀
𝑓
[(

(1 − ∀
𝑓
) + 2 ⋅ 𝑎

𝑓
⋅ 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
) − 𝜂
𝑙
⋅ ∀
𝑠𝑓𝑝

)

+(
2 ⋅ (1 − ∀

𝑓
)+4 ⋅ 𝜂

𝑇
⋅ ∀
𝑠𝑓𝑝

(1 − ∀
𝑓
)−𝜂
𝑇
⋅ ∀
𝑠𝑓𝑝

)])

−1

.

(42)

There are in all quantities 𝐸
1
, 𝐸
2
, 𝐺
12
, and V

12
to describe the

elastic behavior of a hybrid lamina composed of composite
matrix and continuous reinforcement fibers.

Some of the effective elastic properties of the hybrid
composite materials considered in this work based on the
analysis above are tabulated in Table 1.
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Table 1: Some of the elastic properties of some hybrid composites considered.

Number Hybrid composite 𝐸
1
(N/m2) 𝐸

2
= 𝐸
3
(N/m2) ]

21
= ]
31

]
23

= ]
32

𝐺
12

= 𝐺
13
(N/m2) 𝐺

23
= 𝐺
32
(N/m2)

1 K49-epoxy1 5.37𝐸 + 10 9.89𝐸 + 09 7.20𝐸 − 02 5.95𝐸 − 01 2.41𝐸 + 09 3.10𝐸 + 09

2 K49-epoxy2 5.64𝐸 + 10 1.69𝐸 + 10 1.21𝐸 − 01 5.95𝐸 − 01 3.39𝐸 + 09 5.31𝐸 + 09

3 K49-epoxy3 5.94𝐸 + 10 2.40𝐸 + 10 1.65𝐸 − 01 5.78𝐸 − 01 4.07𝐸 + 09 7.60𝐸 + 09

4 K49-epoxy4 6.24𝐸 + 10 3.11𝐸 + 10 2.05𝐸 − 01 5.57𝐸 − 01 4.59𝐸 + 09 9.98𝐸 + 09

5 Boron-epoxy1 1.59𝐸 + 11 1.98𝐸 + 10 5.15𝐸 − 02 6.65𝐸 − 01 6.79𝐸 + 09 5.96𝐸 + 09

6 Boron-epoxy2 1.66𝐸 + 11 3.74𝐸 + 10 9.53𝐸 − 02 6.60𝐸 − 01 1.28𝐸 + 10 1.13𝐸 + 10

7 Boron-epoxy3 1.73𝐸 + 11 5.56𝐸 + 10 1.37𝐸 − 01 6.39𝐸 − 01 1.90𝐸 + 10 1.70𝐸 + 10

8 Boron-epoxy4 1.81𝐸 + 11 7.45𝐸 + 10 1.76𝐸 − 01 6.14𝐸 − 01 2.55𝐸 + 10 2.31𝐸 + 10

9 E-glass-epoxy1 3.54𝐸 + 10 7.68𝐸 + 09 7.12𝐸 − 02 4.54𝐸 − 01 2.71𝐸 + 09 2.64𝐸 + 09

10 E-glass-epoxy2 3.74𝐸 + 10 1.25𝐸 + 10 1.14𝐸 − 01 4.60𝐸 − 01 4.37𝐸 + 09 4.29𝐸 + 09

11 E-glass-epoxy3 3.94𝐸 + 10 1.73𝐸 + 10 1.53𝐸 − 01 4.52𝐸 − 01 6.04𝐸 + 09 5.97𝐸 + 09

12 E-glass-epoxy4 4.15𝐸 + 10 2.22𝐸 + 10 1.88𝐸 − 01 4.40𝐸 − 01 7.74𝐸 + 09 7.71𝐸 + 09
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Figure 10: Effect of longitudinal modulus of elasticity on leaf spring
deflection of various composite leaf springs based on matrix type.

6. Results and Discussion

As it is seen from (4), both maximum deflection and max-
imum bending stress depend on the longitudinal modulus
of elasticity (𝐸

1
) which itself is affected by the constituents’

mixing schemes and their volume fractions. Plotted figures
clearly explain the effects of fibers only, matrices only, and
fiber volume fractions, each of which on the leaf spring
responses. For the deflection, it is more highly affected by
fibers type than matrix type. Figures 10 through 12 show
the effect of matrix variation with the same group of fibers;
they all exhibit the same behavior against load application
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Figure 11: Effect of longitudinal modulus of elasticity on leaf spring
deflection of various composite leaf springs based on matrix type.

except that for E-glass group as it irregularly behaves for all
of its collections with different matrices; therefore it may be
suggested to make use of the other four types of fibers in case
of selecting them as constituents in hybrid fiber-reinforced
composite leaf springs. It can also be clearly seen that the
more the higher longitudinal modulus of elasticity of a fiber
is, the more the lower deflection of a spring is.

Amore accurate indication can be obtainedwhen Figures
13, 14, 15, 16, and 17 are examined to explore the predom-
inant effect of fibers on leaf springs performance such that
the irregular behavior of E-glass appears more clearly in
Figure 14 with two matrices (epoxy and polyester) except
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Figure 12: Effect of longitudinal modulus of elasticity on leaf spring
deflection of various composite leaf springs based on matrix type.
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Figure 13: Effect of longitudinal modulus of elasticity on leaf spring
deflection of various composite leaf springs based on fiber type.

with polyamide, but this is not the case when E-glass is
introduced in simple traditional fiber-reinforced composite
materials [24, 25]; this may be due to hybridization effect
with respect to E-glass particularly, consolidating what has
already been mentioned in Figures 10 and 11. Other fibers
maintain uniform behavior analytically and numerically
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Figure 14: Effect of longitudinal modulus of elasticity on leaf spring
deflection of various composite leaf springs based on fiber type.
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Figure 15: Effect of longitudinal modulus of elasticity on leaf spring
deflection of various composite leaf springs based on fiber type.

with all matrices. The predominance of fibers effect can be
attributed to mainly their high modulus of elasticity affecting
the macroscopic flexural and bending stiffness of the hybrid
composite structure as a whole. Bending stresses are investi-
gated under the same conditions as of the deflections. Figures
18 and 19 show the variation of bending stresses induced in
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Figure 16: Effect of longitudinal modulus of elasticity on leaf spring
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Figure 17: Effect of longitudinal modulus of elasticity on leaf spring
deflection of various composite leaf springs based on fiber type.

the structure according to fiber variation with the same
matrix. An inverse proportionality is displayed between
the increase of longitudinal modulus of elasticity of the
hybrid composite structure (which is highly affected by
the fiber type) and the magnitude of the bending stresses
induced, since the bending stiffness of the structure (𝐸

1
𝐼)

increases with increase of 𝐸
1
, expressing the maximization of
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Figure 18: Effect of longitudinal modulus of elasticity on bending
stresses of various composite leaf springs based on matrix type.
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Figure 19: Effect of longitudinal modulus of elasticity on bending
stresses of various composite leaf springs based on matrix type.

the bending strength of the structure. All of the hybrid
composites collections reveal the same overall behavior
numerically and analytically for both deflections and bending
stresses values. As the fiber volume fraction increases the
conformity between the results increases up to 94% as it is
clearly noticed through Figures 20 and 21, referring to the
validity of the results.
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Figure 20: Comparison of numerical and theoretical results of effect
of 𝐸
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on spring deflection based on fibers variation with polyester.
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Figure 21: Comparison of numerical and theoretical results of effect
of 𝐸
1
on spring deflection based on fibers variation with polyamide.

7. Verification of the Results

A comparison has been made among the numerical results
obtained from the FEA made by the ANSYS software and
their corresponding theoretical counterparts as a means of
proofing the validity and authenticity of the manipulation
and solution of the problem. Referring to (4), there is an
inverse proportionality between 𝐸

1
and the deflection of the

hybrid leaf spring and it is seen from Figures 20 and 21
that the nature of variation of deflection is identical and

the ratio of conformity is ranging from 63% at low fiber vol-
ume fraction of 6% of short fibers constituting the composite
matrix of K49/epoxy up to 99% at a fiber volume fraction of
18% of short fibers constituting the composite matrix of E-
glass/epoxy. But as a general case a ratio of more than 80% is
obtained between both results. Figures 20 and 21 graphically
show in detail the convergence of various comparisons for
various hybrid composites.

8. Conclusions

From the above discussion, the following conclusions can be
made.

(1) Fibers are the most predominant and controlling
element on the bending stiffness of the structure.

(2) For heavier trucks, hybrid composite springs of
higher longitudinal moduli of elasticity fibers should
be adopted instead of using multilayer softer ones for
the sake of

(a) total weight reduction of a truck;
(b) easiness and quickness of fabrication, manufac-

turing, and maintenance;
(c) economy of maintenance.

(3) E-glass fiber in the hybrid composites does not
exhibit a regular behavior making it difficult to accu-
rately predict hybrid composite spring performance,
response, and stresses, while boron is the opposite;
thus it is advisable to adopt it in such applicationswith
various matrices.

Nomenclature

𝐸
1𝑚
: Longitudinal moduli for a unidirectional

discontinuous fiber 0∘ composite matrix,
composed of resin and discontinuous fiber

𝐸
2𝑚
: Transverse moduli for a unidirectional

discontinuous fiber 0∘ composite matrix,
composed of resin and discontinuous fiber

𝐸cm: Moduli of isotropic composite matrix,
composed of resin and random
discontinuous fiber

𝐸
1
: Longitudinal modulus for unidirectional

continuous fiber 0∘ composite lamina,
composed of composite matrix and
continuous fiber

𝐸
2
: Transverse modulus for unidirectional

continuous fiber 0∘ composite lamina,
composed of composite matrix and
continuous fiber

𝐸
𝑠𝑓
: Moduli of discontinuous fiber material

𝐸
𝑓
: Moduli of continuous fiber material

𝐸
𝑚
: Moduli of resin material

𝐺
12𝑚

: Shear modulus for a unidirectional
discontinuous fiber 0∘ composite matrix



12 Advances in Materials Science and Engineering

𝐺cm: Shear modulus of isotropic composite
matrix

𝐺
12
: Shear modulus for a unidirectional
continuous fiber 0∘ composite lamina

𝐺
𝑠𝑓
: Shear modulus of discontinuous fiber
material

𝐺
𝑓
: Shear modulus of continuous fiber

material
𝐺
𝑚
: Shear of resin material

]
12𝑚

: The major Poisson ratio for a
unidirectional discontinuous fiber 0∘
composite matrix

]cm: Poisson’s ratio of isotropic composite
matrix

]
12
: The major Poisson ratio for a

unidirectional continuous fiber 0∘
composite lamina

]
𝑠𝑓
: Poisson’s ratio for discontinuous fiber

material
]
𝑓
: Poisson’s ratio for continuous fiber

]
𝑚
: Poisson’s ratio for resin material

∀
𝑠𝑓𝑝

: Volume fraction of discontinuous fiber,
ratio of the volume of discontinuous fiber
to the volume of composite lamina

∀
𝑚𝑚

: Volume fraction of resin matrix, ratio of
the volume of resin to the volume of
composite matrix

∀
𝑚𝑝
: Volume fraction of resin matrix, ratio of
the volume of resin to the volume of
composite lamina

∀
𝑓
: Volume fraction of continuous fiber, ratio

of the volume of continuous fiber to the
volume of composite lamina

∀
𝑚
: Volume fraction of matrix, ratio of the

volume of composite matrix to the volume
of composite lamina

𝑎
𝑓
: The ratio of average fiber length to fiber

diameter = 𝑙𝑓/𝑑𝑓, which is taken to be 500
for the purpose of elastic properties
calculations of hybrid composite matrix
and material [26]

𝑑
𝑓
: Fiber diameter

𝑙
𝑓
: Average fiber length.
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Series of polymer blend consisting of polyethylene oxide (PEO) and graphene oxide (GO) as co-host polymer were prepared using
solution cast method. The most amorphous PEO-GO blend was obtained using 90wt.% of PEO and 10wt.% of GO as recorded
by X-ray diffraction (XRD). Fourier transform infrared spectroscopy (FTIR) analysis proved the interaction between PEO, GO,
lithium trifluoromethanesulfonate (LiCF

3
SO
3
), and ethylene sulfite (ES). Incorporation of 25wt.% LiCF

3
SO
3
into the PEO-GO

blend increases the conductivity to (3.84 ± 0.83) × 10−6 S cm−1. The conductivity starts to decrease when more than 25wt.% salt
is doped into the polymer blend. The addition of 1 wt.% ES into the polymer electrolyte has increased the conductivity to (1.73 ±
0.05) × 10

−5 S cm−1. Dielectric studies show that all the electrolytes obey non-Debye behavior.

1. Introduction

Polymer electrolytes are an important component of many
electrochemical devices such as lithium batteries, capacitors,
fuel cells, and solar cells. Armand et al. [1] first proposed
the use of polyethylene oxide (PEO) and alkali salts system
as solid polymer electrolytes (SPE) for lithium batteries,
which immediately spurred an enormous amount of research
worldwide. Application of SPE especially in electrochemical
devices offers advantages in terms of ease of fabrication as
thin-film materials, high reliability without leakage problem
of liquid electrolytes, and higher temperatures of operation
and miniaturization to ensure high energy density [2].
Despite its advantages, the low ionic conductivity of SPE at
room temperature often limits their applications [3].

PEO is a widely used film-forming polymer with high
tensile strength and flexibility [4, 5]. PEO also exhibits
many other useful properties such as chemical stability, ease
of electrolyte fabrication, and excellent complexation with
many ionic salts [6, 7]. However, most PEO based polymer

electrolytes have low conductivity due to its semicrystalline
polymer nature in which, below the melting temperature of
PEO at 330K, the polymer may consist of both lamellar crys-
tals and amorphous regions, as well as intermediate regions
at the crystal/amorphous interphase [8]. Crystalline polymer
electrolytes have long been considered as insulators while
ionic conductivity is confined exclusively to the amorphous
state [9]. The ion migration in SPE is believed to occur pre-
dominantly in the amorphous rich phase; thus reducing crys-
tallinity of PEOby blending PEOwith othermaterials as a co-
host polymer increases the conductivity of PEO based SPE.

Blend polymer of PEO with carbon materials can be
considered as new perspective for electrochemical appli-
cations, especially for the storage of energy because the
existence of different carbon allotropes (graphite, diamond,
and fullerenes/nanotubes), various microtextures (more or
less ordered) owing to the degree of graphitization, and a
rich variety of dimensionality from 0 to 3D and ability for
existence under different forms (from powders to fibres,
foams, fabrics, and composites) indicate that carbon is
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a very attractive material to explore [10]. Graphene oxide
(GO) is a highly oxygenated, hydrophilic layered material
derived from graphite oxide resulting from oxidation of
graphite by strong oxidising agents. Under the application of
external energy, such as from ultrasonic vibration or thermal
shock, three-dimensional graphite oxide can be exfoliated
into two-dimensional graphite oxide nanosheets of single
layer graphite oxide [11, 12]. Graphite oxide nanosheets can
be as thin as a one carbon layer and can then be described
as GO nanosheets [13]. Reinforcement of nanometer sized
materials may enhance most properties of polymer blend if
they are well dispersed in the matrix polymer [14]. Other
interesting features of GO are that it can be chemically
functionalized and modified for the preparation of polymer-
based composite materials and it is also precursor materials
for preparing graphene nanosheets in large quantity formany
other functional applications such as secondary batteries,
ionic conductors, and supercapacitors [15, 16].

Incorporating appropriate salts into the PEO-GO host
polymer matrix provides charge carriers to the polymer
matrix in order to increase the ionic conductivity of the sys-
tem. High molecular weight PEO based polymer electrolytes
containing lithium salts are of particular interest because of
their easy formation of complexes with lithium salts and
high mobility of charge carriers particularly lithium trifluo-
romethanesulfonate (LiCF

3
SO
3
) because the ionic conduc-

tion of LiCF
3
SO
3
salt is ambipolar, which has lower Columbic

potential and possesses higher segmentalmobility of polymer
chains [6, 17, 18]. Many studies on PEO-lithium salt system
have reported that doping salt into the system has increased
conductivity significantly [6, 18, 19]. The major drawback of
these PEO-Li electrolyte systems for SPE is that they tend
to crystallize at room temperatures resulting in low ionic
conductivity [20, 21]. Plasticization is one of the common
ways of reducing crystallinity and also increasing the amor-
phous phase content of polymer electrolytes. Previous work
has reported that the use of ethylene sulfite (ES) as plasticizer
increased the room temperature conductivity to the order of
∼10−4 s cm−1 on PEO-chitosan blend polymer system [22].
ES has dielectric constant, 𝜖 of 39.6, which is higher than
other common plasticizers, that is, dimethylacetamide (𝜖 =
37.8) and diethyl carbonate (𝜖 = 2.82). Increase in elec-
trolytes conductivity has been reported with incorporation
of plasticizer with higher dielectric constant [5]. Besides, ES
also has low melting point (−17∘C) which can ensure the
plasticizer molecules will not solidify at room temperature
which may limit the ion mobility [23]. The feasibility of
ES in improving conductivity of the PEO based SPE can
be investigated further and small loadings of ES contents
minimize deterioration of the mechanical properties and the
potential stability of the polymer films with the addition of
plasticizers [24].

In this work, we prepare salted and plasticized SPE
systems based on PEO-GO polymer blend doped with
LiCF
3
SO
3
as doping salt; meanwhile ES is reinforced as plas-

ticizer in order to enhance the conductivity.The conductivity
and dielectric properties of the electrolytes will be discussed.

2. Materials and Methods

2.1. Preparation of the Graphene Oxide (GO). GO nanosheets
were prepared by a modified Hummers method [25]. Any
extra acids and salts were removed through washing process
using distilled water (DI). Mild sonication was applied to the
suspension for about 10min to exfoliate graphite oxide that
still remains in the GO suspension. Finally, GO suspension
was put into the oven for 48 hours at 60∘C to discard water
present, thus obtaining dark brown GO nanosheets.

2.2. Preparation and Characterization of Various PEO-GO
Blend Films. Different weight percentages (xwt.%) of GO
nanosheets were mixed in 50mL DI and homogenized
using ultrasonicator XO-650D (Nanjing Xianou Instruments
Co. Ltd.) for about 15min at 50% crusher capacity. After
the solutions cooled at room temperature, (100 − 𝑥) wt.%
of PEO (Mv∼300,000 containing 200–500 ppm butylated
hydroxytoluene as inhibitor, Aldrich Chemistry) was then
added to the GO solutions. The mixtures were stirred until
homogeneous solutions were obtained. All solutions were
cast onto different plastic Petri dishes and left to dry at room
temperature and then kept in a desiccator filled with silica gel
desiccants for further drying.

X-ray diffraction (XRD) measurements of the polymer
blend films were carried out using a Siemens D5000 X-
ray diffractometer where X-rays of 1.54 Å wavelengths were
generated by a Cu K𝛼 source. The 2𝜃 angle was varied from
5∘ to 80∘.

2.3. Preparation of Electrolytes. The polymer blend elec-
trolyte system was prepared by homogenizing 10wt.% of GO
nanosheets in 50mL DI from total of 0.5 g polymer blend.
After the solution was cooled to room temperature, 90wt.%
of PEOwas added and stirred until homogenous solutionwas
obtained. Prior to the preparation of the salted electrolytes,
LiCF
3
SO
3
(Aldrich Chemistry) was dried at 100∘C for 1 hour

to eliminate trace amounts of water in the material. Different
amounts of LiCF

3
SO
3
were added to the PEO-GO solutions

and stirred until complete dissolution. For the preparation
of plasticized system, different amounts of ES (Aldrich
Chemistry) were added to the highest conducting salted
electrolyte solutions and stirred until complete dissolution.
All homogenous solutions were cast onto plastic Petri dishes
and left to dry at room temperature for 2-3 days to form film.
The dry films were then kept in desiccators filled with silica
gel desiccants for several hours before being characterized to
avoid any trace of moisture.

2.4. Characterization of Electrolytes. Impedance measure-
ments were conducted usingHIOKI 3532-50 LCRHiTESTER
from room temperature to 373K in the frequency range
of 50Hz to 5MHz. The electrolyte films were sandwiched
between two stainless steel electrodes of a conductivity holder
with diameter of 1.9 cm.The value of bulk resistance (𝑅

𝑏
)was

determined from the Cole-Cole plots. Conductivity (𝜎) was
calculated using the following equation:

𝜎 =
𝑑

𝑅
𝑏
𝐴
, (1)
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Figure 1: XRD pattern for (a) pure PEO and (b) pure GO.

where 𝑑 is the thickness of the electrolyte samples and𝐴 is the
electrode-electrolyte contact area. A digital thickness gauge
(Mitutoyo Corp.) was employed to measure the thickness of
the electrolytes.

The Fourier transform infrared spectroscopy (FTIR)
studies were performed using attenuated total reflection
infrared spectroscopy (ATR-IR) Perkin Elmer Spectrum 400
GladiATR in the wavenumber range of 400–4000 cm−1. The
objective of FTIR was to confirm complexation between
polymer and salt.

3. Results and Discussion

3.1. XRD of PEO-GO Blends. The choice of a proper ratio of
polymer blend is crucial to its ability to serve as a polymer
host in electrolytes because suitable ratio of polymer blend
controls the reduction in crystallinity of the polymer blend.
Qualitative identification of crystallinity structure can be
made by comparing the position of XRD peaks and intensity
of the peaks for polymer blends with standard patterns of
pure material. Figure 1 shows XRD pattern for (a) pure PEO
and (b) pure GO films.Themaximum intensity peaks of pure
PEO film were observed at (i) 2𝜃 = 19.1∘ and at (ii) 2𝜃 = 23∘.
These two peaks of PEO also have been reported by Kumar
et al. [26] at 2𝜃 = 19.36∘ and at 2𝜃 = 23.72∘ and other authors
[27, 28]. Several less intense peaks are exhibited around 2𝜃
= 26.3∘, 27.0∘, 35.6∘, 36.4∘, 39.9∘, and 43.1∘. The sharp peaks
indicate the crystalline phase of PEO, which originates from
the ordering of polyether side chains because there is strong
intermolecular interaction between PEO chains through the
hydrogen bonding [26]. Meanwhile, a very intense and sharp
peak of pureGOfilmwas found to be at 2𝜃= 10.7∘ on Figure 1.
According to Mural et al. [29], XRD peak of graphite, that is,
starting material of GO occurring at 2𝜃 = 26.46∘, has shifted
to lower angle at 2𝜃 = 9.5∘ due to oxidative functionalization
of graphitic structures.

Figure 2 shows the XRD pattern for different ratio (wt.%)
of PEO-GO films in comparison to the pure PEO film
(100wt.% PEO) and pure GO film (100wt.% GO). Changes
in peak position or peak shape can be seen consequently
in Figure 2. The very sharp peak of 100wt.% GO shifts in
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Figure 2: XRD pattern for pure PEO (100wt.% PEO), pure GO
(100wt.% GO), and different ratio (wt.%) of PEO-GO blends.

the lower angle 2𝜃 = 9.8∘ with the presence of 10 wt.% of PEO
in the blend and the trend is similar for 20wt.% of PEO (2𝜃 =
8.7∘), 30wt.% PEO (2𝜃 = 7.8∘), and 40wt.% of PEO (2𝜃 =
6.8∘). At 50wt.% PEO-50wt.% GO blend, GO peak has
already shifted to slightly higher angle of 2𝜃 = 7.4∘ and the
trend of GO peak follows for up to 80wt.% PEO-20wt.%
GO blend. The shift in high or lower angle for every different
ratio proved that PEO and GO have been blended together.
It was observed that, at 90wt.% PEO-10wt.% GO blend, the
peak shape of GO has become broad compared to others
indicating that high intensity of GO peak has been lowered at
this particular ratio. Throughout Figure 2, the peaks of PEO
are not visible because those peaks have been superimposed
by the maximum intensity of the GO peak. Since the relative
intensities of 90wt.% PEO-10wt.% GO crystalline peaks are
decreased, it is chosen in this work as polymer host because
less crystallinity or amorphous phase observed signifies
disruption of the rigid bonding of the material which enables
ion migration for ionic conductivity [9].

3.2. FTIR Analysis. The complexation between the materials
was studied using FTIR technique. Figure 3 shows two
regions of FTIR spectra in which Figure 3(a) represents
O-H band for pure GO while Figure 3(b) represents C-H
stretching for pure PEO. These two main characteristics for
each material were compared to the 90wt.% PEO-10wt.%
GO blend which is selected based on XRD results. The FTIR
spectra of the graphene oxide nanosheets show a broad
absorption band at 3190 cm−1 due to the typical carbonyl and
carboxyl groups present in the GO structure. Wang et al. [13]
and Cao et al. [30] also have reported the presence of O-H
band inGOnanosheets near 3300 cm−1 and 3390 cm−1. Upon
addition of 90wt.% PEO through polymer blending, theO-H
band has shifted to 3223 cm−1; meanwhile Figure 3(b) depicts
the C-H stretching mode for pure PEO at 2871 cm−1 also
has shifted to 2877 cm−1 when 10wt.% GO was added to the
polymer host. Alteration in wavenumber of O-H band and
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Figure 3: (a) FTIR spectra for (i) pure GO and (ii) 90wt.% PEO-10wt.% GO blend in the region of 3050–3550 cm−1. (b) FTIR spectra for (i)
pure PEO and (ii) 90wt.% PEO-10wt.% GO blend in the region of 2865–2920 cm−1.

C-H stretching indicates that interaction in PEO-GO blend
has occurred as reported by Mural et al. in [29].

Figure 4(a) shows the FTIR spectra of salted system of
selected sample in the two main regions of O-H band 3050–
3650 cm−1 and also in the lower region around 630–650 cm−1
as presented in Figure 4(b). According to Starkey and Frech
[31], band at 764 cm−1 is assigned to the 𝛿

𝑠
(CF
3
) mode of

the triflate ion (CF
3

−
). The appearance of a peak at 638 cm−1

for 5 wt.% LiCF
3
SO
3
could be attributed to triflate ion in

the pure LiCF
3
SO
3
salt as shown in Figure 4(b)(ii) because

it is understood that the vibrational spectrum of triflate
ion is very sensitive to its state of coordination, producing
a series of different FTIR active bands as its environment
changes [32]. It can been seen that, with increasing of the
LiCF
3
SO
3
content, intensities of the region around 635 cm−1

have become higher compared to the intensity of the peak
for 5 wt.% LiCF

3
SO
3
. For O-H band, the wavenumber has

shifted to the higher wavenumber values as depicted in
Figure 4(a). Addition of 10 wt.% LiCF

3
SO
3
to the 90wt.%

PEO-10wt.% GO blend has shifted the value number from
3223 cm−1 to 3434 cm−1. Upon addition of 40wt.% salt, the
O-H band shifts to lower wavenumber of 3468 cm−1 indicat-
ing a decrease in conductivity of the electrolyte. This result
indicates that more salt aggregates have been formed which
limit the conduction of ions. The increased wavenumber
suggested that interaction in polymer blend with doping salt
has occurred. Previous work by Karan et al. [33] proposed
the coordination of the Li ions to the oxygen atoms of
polymer backbone of PEO due to an increase in the glass
transition temperature of the PEO-LiCF

3
SO
3
electrolytes

with increasing Li salt content. Another work by Yadav et
al. [34] on graphene oxide/carboxymethylcellulose/alginate

(GO/CMC/Alg) composite blends stated that there are
hydrogen bonding-type interactions due to the occurrence of
such shifting in the FTIR spectra.Thehydrophilic oxygenated
functional groups on the surface or at the edge of the GO
sheets played a critical role in improving the compatibility
between GO and the polymer matrix.

Figure 5 represents the FTIR spectra of selected sample
from PEO-GO-LiCF

3
SO
3
-ES system in the region of O-

H band at 3400–3550 cm−1. From salted system, the O-H
band appearing at 3456 cm−1 has shifted to 3461 cm−1 with
incorporation of 0.2 wt.% ES. The increase in wavenumber
for each ES loading suggested that complexation of ES into
the PEO-GO-LiCF

3
SO
3
electrolyte system occurred. From

Figure 5(b), the C=O band appearing at 1645 cm−1 shifts
to lower wavenumber of 1641 cm−1 with incorporation of
0.2 wt.% ES and the same peak can be observed for addition
of 0.4 wt.% ES–1.4 wt.% ES in the polymer blend. The peak
shape also has become broad and less intense compared to
the peakwithout addition of ES. Bhatt andO’Dwyer [35] used
computational studies to predict theoretical FTIR spectra on
ES as additives in propylene carbonate-based Li-ion battery
electrolyte in which wavenumber of C=O of propylene
carbonate increases as a result of a significant change in
the bond length due to the interaction of ES on C=O
frequency. This demonstrates that changes in wavenumber
could be possibly due to interaction between ES and PEO-
GO-LiCF

3
SO
3
system that alter the bond length of C=O of

the polymer host.

3.3. Conductivity Analysis. The effect of LiCF
3
SO
3
concen-

tration on room temperature conductivity is represented
in Figure 6(a). The conductivity of pure PEO-GO film at
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Figure 5: (a) FTIR spectra of (i) 90wt.% PEO-10wt.%GO-25wt.% LiCF
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(v) 1.2 wt.% ES in the region of 3400–3550 cm−1. (b) FTIR spectra of (i) 90wt.% PEO-10wt.% GO-25wt.% LiCF
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room temperature is (7.45 ± 1.51) × 10−11 S cm−1, which
is relatively low since no mobile ions are provided within
the film. On addition of 5 wt.% LiCF

3
SO
3
, the conductivity

increases to (4.07 ± 1.41) × 10−9 S cm−1. The conductivity

further increases to (3.84 ± 0.83) × 10−6 S cm−1 on addition
of 25wt.% LiCF

3
SO
3
. The conductivity of PEO-LiCF

3
SO
3

electrolyte is reported to be in the order of∼10−6 S cm−1[6, 27,
36].The conductivity decreases to (6.25 ± 1.03) × 10−7 S cm−1
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Figure 6: Room temperature conductivity as a function of (a) LiCF
3
SO
3
content and (b) ES content.

with the addition of 30wt.% LiCF
3
SO
3
. The conductivity

further decreases as salt concentration increases to 40wt.%.
This phenomenon can be attributed to the influence of
the ion pairs and higher ion aggregations, reducing the
overall mobility and degree of freedom, hence decreasing the
conductivity [37].

Apart from polymer blending, plasticization can also
assist the conductivity enhancement by weakening the
Columbic force between anions and cations of salt to promote
salt dissociation. Since the 25wt.% LiCF

3
SO
3
added elec-

trolyte obtained the highest conductivity in salted system, the
electrolyte was incorporated with different amounts of ES to
enhance the conductivity. From Figure 6(b), the conductivity
increases to (1.73 ± 0.51) × 10−5 S cm−1 upon addition of
1 wt.% ES. The incorporation of ES to the electrolyte assists
the production of free mobile ions and lowered the viscosity
of the electrolyte [38]. More free mobile ions are produced
with addition of ES because the presence of plasticizer further
weakens the Columbic force between cations and anions of
the LiCF

3
SO
3
salt, hence promoting more salts dissociation

[22, 38, 39]. The use of ES in PEO-KOH films has been
reported to increase the number density of mobile ions
indicating that ES has dissociated more salts into ions and
thus elevated the conductivity of SPE system [40]. The pres-
ence of plasticizer also creates alternative pathways for ions
conduction which lead to conductivity enhancement [41].
This is because ES creates network formation through oxygen
atoms in its molecules and thus increases the conductivity of
the electrolyte system at room temperature.

3.4. Dielectric Studies. Dielectric study is useful in revealing
the conductivity behavior of polymer electrolyte. This study
gives an important insight into the polarization effect at the
electrode/electrolyte interface and further understanding in
conductivity trend [42]. The conductivity trend of the salted
system and plasticized system of PEO-GO polymer host can
be further verified by dielectric studies. Dielectric constant 𝜀

𝑟

is representative of stored charge in amaterial while dielectric

loss 𝜀
𝑖
is a measure of energy losses to move ions when

the polarity of electric field reverses rapidly [43, 44]. The
frequency dependence of 𝜀

𝑟
and 𝜀
𝑖
at room temperature for

salted system (PEO-GO-LiCF
3
SO
3
) and plasticized system

(PEO-GO-LiCF
3
SO
3
-ES) is shown in Figures 7(a) and 7(b)

and Figures 8(a) and 8(b), respectively. The equations for the
dielectric constant 𝜀

𝑟
and dielectric loss 𝜀

𝑖
are as follows:

𝜀
𝑟
=

𝑍
𝑖

𝜔𝐶
0
(𝑍2
𝑟
+ 𝑍2
𝑖
)

𝜀
𝑖
=

𝑍
𝑟

𝜔𝐶
0
(𝑍2
𝑟
+ 𝑍2
𝑖
)
,

(2)

where 𝑍
𝑟
and 𝑍

𝑖
are the real and imaginary parts of the

impedance, 𝜔 is angular frequency, and 𝐶
0
is the vacuum

capacitance. Based on the frequency dependence of real and
imaginary parts of the 𝜀

𝑟
for both salted and plasticized

system, there are no appreciable relaxation peaks observed
in the frequency range use in this study. No relaxation peaks
are observed signifying that the increase in conductivity is
mainly due to the increase in number density of mobile ions
[45]. The 𝜀

𝑟
rises sharply towards low frequencies for salted

system and selected sample of plasticized system (Figure 7).
This is due probably to the electrode polarization effects [46].
At high frequencies, the periodic reversal of the electric field
occurs so fast that there is no excess ion diffusion in the
direction of the field. The polarization due to the charge
accumulation decreased, leading to the observed decrease in
the value of 𝜀

𝑟
at high frequencies as reported by Ramesh

et al. on PEO-LiCF
3
SO
3
system [6]. Based on Figure 8(a)

of salted system, the higher value of dielectric loss 𝜀
𝑖
at low

frequency is due to the free charge motion within material
and also addition on the plasticizer 𝜀

𝑖
increases in the lower

frequency region which reflects the enhancement of mobility
charge carrier [47]. From Figure 8(b), 𝜀

𝑖
first decreases with

rise in frequency in low frequency region followed by a peak
in the loss spectra. The appearance of peak is attributed to
the relaxation phenomena of polymer (motion of salt free



Advances in Materials Science and Engineering 7

0

4000

8000

12000

16000

20000

24000

0 1 2 3 4 5 6 7

𝜀

r

Log[f (Hz)]

5wt.% LiCF
3

SO
3

10wt.% LiCF
3

SO
3

15wt.% LiCF
3

SO
3

20wt.% LiCF
3

SO
3

25wt.% LiCF
3

SO
3

30wt.% LiCF
3

SO
3

35wt.% LiCF
3

SO
3

40wt.% LiCF
3

SO
3

(a)

0

8000

16000

24000

32000

40000

48000

0.6wt.% ES
0.8wt.% ES
1.0wt.% ES

1.2wt.% ES
1.4wt.% ES

0 1 2 3 4 5 6 7

𝜀

r

Log[f (Hz)]

(b)

Figure 7: The frequency dependence of dielectric constant, 𝜀
𝑟
, at room temperature: (a) salted system and (b) plasticized system for selected

sample.

0 1 2 3 4 5 6 7

𝜀

i

0

2000

4000

6000

8000

10000

12000

14000

16000

Log[f (Hz)]

5wt.% LiCF
3

SO
3

10wt.% LiCF
3

SO
3

15wt.% LiCF
3

SO
3

20wt.% LiCF
3

SO
3

25wt.% LiCF
3

SO
3

30wt.% LiCF
3

SO
3

35wt.% LiCF
3

SO
3

40wt.% LiCF
3

SO
3

(a)

0.6wt.% ES
0.8wt.% ES
1.0wt.% ES

1.2wt.% ES
1.4wt.% ES

0 1 2 3 4 5 6 7

𝜀

i

0

5000

10000

15000

20000

25000

30000

Log[f (Hz)]

(b)

Figure 8: The frequency dependence of dielectric loss, 𝜀
𝑖
, at room temperature: (a) salted system and (b) plasticized system for selected

sample.

chain segment) [47]. Similar types of observations have been
reported in the literature [45].

The plot of loss tangent (tan 𝛿) as a function of frequency
can obtain the information of the relaxation phenomena.The
value of tan 𝛿 was calculated using

tan 𝛿 =
𝜀
𝑖

𝜀
𝑟

. (3)

The frequency dependence of tan 𝛿 for selected electrolyte
samples in salted and plasticized systems at room temper-
ature is shown in Figures 9(a) and 9(b), respectively. The
maximumof tan 𝛿 (tan 𝛿max), which represents the relaxation
peak, is located at higher frequency for higher conducting
electrolyte. The relaxation time (𝑡

𝑟
) for each electrolyte was

obtained from the relation
𝑡
𝑟
𝜔peak = 1, (4)



8 Advances in Materials Science and Engineering

0

1

2

3

4

5

6

7

0 2 4 6 8

ta
n𝛿

Log[f (Hz)]

5wt.% LiCF
3

SO
3

10wt.% LiCF
3

SO
3

15wt.% LiCF
3

SO
3

20wt.% LiCF
3

SO
3

25wt.% LiCF
3

SO
3

30wt.% LiCF
3

SO
3

35wt.% LiCF
3

SO
3

40wt.% LiCF
3

SO
3

(a)

0 1 2 3 4 5 6 7 8 9
0

2

4

6

8

10

12

0.6wt.% ES
0.8wt.% ES
1.0wt.% ES

1.2wt.% ES
1.4wt.% ES

ta
n𝛿

Log[f (Hz)]

(b)

Figure 9: The frequency dependence of tan 𝛿 at room temperature: (a) salted system and (b) plasticized system for selected sample.

Table 1: Relaxation time (𝑡
𝑟
) for PEO-GO-LiCF3SO3 system.

LiCF3SO3 (wt.%) 𝑡
𝑟
(s)

5 4.55 × 10−4

10 3.18 × 10−5

15 7.95 × 10−6

20 8.37 × 10−6

25 7.23 × 10−6

30 3.18 × 10−5

35 3.98 × 10−5

40 1.98 × 10−4

where 𝜔peak is the angular frequency of the relaxation peak.
The occurrence of relaxation time is the result of the efforts
carried out by ionic charge carriers to obey the change in
the direction of the applied field [48]. The values of 𝑡

𝑟
for

the salted system and selected samples of plasticized systems
are shown in Tables 1 and 2, respectively. From Table 1, the
highest conducting electrolyte with incorporation of 25wt.%
LiCF
3
SO
3
possesses the lowest 𝑡

𝑟
value of 7.23 × 10−6 s. In

plasticized system, 𝑡
𝑟
value is observed to decrease to 2.41

× 10−6 s as ES content increases to 1 wt.% as shown in
Table 2. Other reports also show that the higher conducting
electrolytes have the lower values of 𝑡

𝑟
[48, 49].

4. Conclusion

Electrolyte systems based on PEO-GO blend doped with
LiCF
3
SO
3
have been successfully prepared via solution cast

technique. Based on the XRD results, the less crystallinity was
obtained using 90wt.% of PEO and 10wt.% of GO as polymer
host. In salted system, highest conductivity of the PEO-GO
blend polymer was achieved utilizing 25wt.% LiCF

3
SO
3
with

Table 2: Relaxation time (𝑡
𝑟
) for PEO-GO-LiCF3SO3-ES system.

ES (wt.%) 𝑡
𝑟
(s)

0.6 7.23 × 10−6

0.8 5.13 × 10−6

1 2.41 × 10−6

1.2 7.57 × 10−6

1.4 9.94 × 10−6

the value of (3.84 ± 0.83) × 10−6 S cm−1 at room temperature.
In plasticized system, the addition of 1.0 wt.% ES has further
enhanced the conductivity to (1.73± 0.51) × 10−5 S cm−1. The
relaxation time of the electrolytes is found to decrease with
increasing conductivity at room temperature for both salted
andplasticized system. FromFTIR analysis, the complexation
between the electrolyte components is proven by the shifting
of O-H band at 3000–3700 cm−1, C-H stretch at 2800–
2900 cm−1, CF

3
vibration at 600–700 cm−1, and C=O band

at 1500–1700 cm−1.
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This paper is concerned with the evaluation of the dynamic failure load of the spot weld under combined axial and shear loading
conditions. The testing fixture is designed to impose the combined axial and shear load on the spot weld. Using the proposed
testing fixtures and specimens, quasi-static and dynamic failure tests of the spot weld are conducted with seven different combined
loading conditions. The failure load and failure behavior of the spot weld are investigated with different loading conditions. Effect
of tensile speeds on the failure load of the spot weld, which is critical for structural crashworthiness, is also examined based on the
experimental data. The failure loads measured from the experiment are decomposed into the two components along the axial and
shear directions and failure contours are plotted with different loading speeds. Dynamic sensitivities of failure loads with various
combined loading conditions were also analyzed. Experimental results indicate that the failure contour is expanded with increasing
loading speeds and failure loads show similar dynamic sensitivity with respect to the loading angles.

1. Introduction

Increasing concern of environmental safety and reduction
of fuel consumption motivates car manufacturers to use
lightweightmaterials having a higher tensile strength coupled
with better ductility. By reducing the weight of a car less fuel
consumption along with less CO

2
emission can be achieved.

Considering the safety standards required in the automobile
industry, dual phase (DP) steel has gained its popularity as
this steel has a higher tensile strength in conjunction with
higher elongation compared to the steel grades of similar
yield strength [1]. The resistance spot welding process has
become indispensable in the joining of sheet metals in the
automobile industry since the 1950s. Because a modern
vehicle typically contains several thousand spot welds, it is
extremely important to understand the strength of the spot
weld under quasi-static, fatigue, and impact loading condi-
tions in order to evaluate durability and crashworthiness of
an auto-body [2]. Failure of a spot weld is likely to occur

prior to failure of the base metal when a large load is applied
to the structure since extremely high stress is concentrated
at the interface between the nugget and the base metal [3].
It is necessary to estimate the strength of spot welds of DP
steel sheets in order to provide a failure criterion of a spot
weld in the structural analysis or crashworthiness assessment
of auto-body members. For that purpose, lab-shear tests,
coach-peel tests, and cross-tension tests have been elaborately
performed to estimate the failure loads of the spot weld [4–6].
It is, however, insufficient to perform simple lap-shear tests
and cross-tension tests to construct the failure criteria that
describe the behavior of spot welds under combined loading
conditions because spot welds in automotive components
are subjected to complicated loading conditions when they
undergo deformation.

With advances in computer simulation technology, auto-
motive companies attempt to implement accurate spot weld
models into finite element analysis so as to predict the
failure of spot-welded components in the crash analysis of
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Figure 1: Fixture set with pin-joints for failure tests of a spot weld under combined loading conditions: (a) schematic diagram of a fixture;
(b) fabricated testing fixtures at various loading angles.
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Figure 2: Design of specimen to impose the constant ratio of axial and shear loads on the spot weld during tests: schematic description of a
specimen with a guide plate; (b) loading path acting on the spot weld at various loading angles (FEM results).

an auto-body. In order to describe the failure of a spot
weld in the crash analysis, it is necessary to evaluate the
failure characteristics of a spot weld under impact loading
condition. Birch and Alves [7] conducted dynamic lap-shear
tests of spot-weldedmild steels using a servohydraulic testing
machine. Schneider and Jones [8] performed dynamic coach-
peel tests at a crosshead speed of 0.8m/s. Bayraktar et al. [9]

investigated dynamic failure loads of spot-welded lap-shear
specimens using a Charpy impact test. Their experimental
results revealed that the dynamic failure load of spot welds
increases relative to the quasi-static failure load. Sun and
Khaleel [10] also observed the strain-rate dependent failure
load of spot welds in dynamic cross-tension tests. Khan et
al. conducted drop weight test using lab-shear specimen to
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axial and the shear component at the loading angle of 𝜙.

investigate the impact performance of spot welds in advanced
high strength steels [11]. It is, however, not feasible to perform
dynamic lap-shear, cross-tension, and coach-peel tests for
constructing a strain-rate dependent failure criterion that
describes the behavior of spot welds under impact loading
conditions because spot welds in automotive components are
subjected to complicated dynamic loading conditions when
they undergo crashed deformation [12].

In this paper, the failure behavior of the DP590 spot weld
under combined loading conditions is investigated under
quasi-static and impact loading condition. Dynamic failure
tests of the spot weld are conducted with seven different
combined loading conditions at various tensile speeds from
quasi-static to 1.2m/s. Dynamic effects on the failure load of
the spot weld, which is critical for structural crashworthiness,
are examined based on the experimental data.

2. Dynamic Failure Tests of a Spot Weld under
Combined Loading Conditions

2.1. Testing Fixtures to Impose Combined Loading Conditions
on the Spot Weld. In order to impose the combined axial
and shear loads on a spot weld, specially designed testing
fixtures and specimens were adopted in this paper [13]. The
testing fixture shown in Figure 1 contains the pin-joints that
eliminate the horizontal force and bending moment. The
specimen shown in Figure 2(a) involves guide plates that
prevent unfavorable rotation of the nugget due to bending
deformation. The testing fixture and specimen ensure a
combined loading conditionwith a constant ratio of the shear
load to the axial load during the test, as shown in Figure 2(b)
[13]. Therefore, as explained in Figure 3, the applied load 𝐹

𝑧

can be decomposed into the axial load 𝐹
𝑁

and the shear

load 𝐹
𝑆
at the nugget region using the simple trigonometric

functions:

𝐹
𝑁
= 𝐹
𝑧
cos𝜙

𝐹
𝑆
= 𝐹
𝑧
sin𝜙.

(1)

Here, 𝐹
𝑁
, 𝐹
𝑆
, and 𝜙 denote the axial load, the shear load, and

the initial inclined angle with respect to the pulling direction,
respectively.The inclined angle𝜙 is equal to the loading angle,
which represents the angle between the load application line
and the centerline of the specimen.

2.2. Testing Material and Preparation of Specimen. The spot
weld of DP590 with the thickness of 1.0mm is considered in
this paper. The chemical compositions are listed in Table 1.
Prior to spot welding of a specimen, the specimen surface
was wiped with a weak acetone solution using a cloth in
order to remove grease and dirt from its surface. Spot
welding was then performed using a static spot/projection
welding machine. The welding schedules shown in Table 2
were determined after several trials with the aid of industry
standards to guarantee a button-type failure.

The specimen used in the tests is shown in Figure 4(a).
To restrict the bending of the region outside the spot weld,
two guide plates made of SPFC590 steel with the thickness of
3.2mm were attached onto the outsides of the specimen in
the following procedure.

(1) Two guide plates with a hole at the center are pre-
pared.Thickness and hole diameter of the guide plate
are 3.2mm and 10mm, respectively.

(2) A guide plate was joined with a steel sheet on one side
using six points of spot welding around the hole at the
center of the guide plate.

(3) Two pairs of the joined guide plate and the steel sheet
were spot welded to each other through the holes at
the center of guide plates.

As the diameter of the hole in the guide plate was 10mm,
the six spot weld points that joined the guide plate and the
steel sheet only serve to prevent excessive bending of the spot-
welded region; they have little influence on the strength of
the spot-welded region in the specimen. Additionally, a pure
shear test was also performed in order to obtain the failure
load at a loading angle of 90∘. Three sheets are joined with
a spot weld so that only the shear load is applied on the
spot weld as shown in Figure 4(b). Cross-sectional shape and
hardness profile of the specimen are also depicted in Figure 5.

2.3. Testing Equipment and Conditions. In the present experi-
ment, the servohydraulic high speedmaterial testingmachine
[14] shown in Figure 6 was utilized in order to obtain
the dynamic failure loads of the spot weld at intermediate
strain rates. The machine has a maximum stroke velocity
of 7800mm/s, a maximum load of 30 kN, and a maximum
displacement of 300mm. For the dynamic failure test, the
instrument thatmeasures the load and the displacementmust
have good response in the dynamic motion since failure tests
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Figure 5: Cross-sectional shape and hardness profile of the specimen.

Figure 6: High speed material testing machine.

Table 1: Chemical composition of steel sheets tested.

Material Chemical composition [wt%]
C Si Mn P S Al Fe

DP590
(thickness: 1.0mm) 0.073 0.034 1.75 0.075 0.005 0.038 Bal.
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Table 2: Welding schedule and associated nugget diameter of DP590.

Material
Squeeze
time

(cycles)

Weld
time

(cycles)

Hold
time

(cycles)

Weld
current
(kA)

Weld
force
(kN)

Nugget
diameter
(mm)

DP590
(thickness: 1.0mm) 20 15 20 7.8 3.5 6.32

Table 3: Dynamic failure loads of a spot weld for DP590 at various loading angles.

Failure Load of a spot weld for DP590 1.0𝑡 (kN)

Loading angle (∘)
Quasi-static Dynamic
1 × 10−5 m/s 0.01m/s 0.1m/s 1.2m/s

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd
0∘ 9.20 9.08 9.29 9.72 9.80 9.63 10.02 9.94 10.08 10.36 10.29 10.21
15∘ 8.47 8.38 8.61 8.81 8.08 8.94 9.23 9.16 9.35 9.43 9.58 9.69
30∘ 8.10 8.22 8.34 8.89 8.77 8.73 8.85 9.06 8.98 9.29 9.23 9.36
45∘ 8.57 8.55 8.73 9.13 9.18 9.26 9.39 9.48 9.43 9.68 9.79 9.56
60∘ 10.09 9.88 10.13 10.48 10.76 10.63 10.74 10.86 10.92 11.12 11.38 11.23
75∘ 12.66 12.42 12.47 13.16 13.08 13.23 13.59 13.47 13.76 14.18 13.92 14.03
90∘ 16.88 17.15 16.92 17.91 18.02 17.68 18.28 18.62 18.45 19.01 18.74 18.89

at intermediate strain rates last only for several milliseconds.
The machine equipment is set up with a piezoelectric load
cell of Kistler 9051A.The displacement is acquired by a linear
displacement transducer (LDT) from Sentech Company.The
testing fixtures were mounted in the high speed material
testing machine as shown in Figure 6. Dynamic failure tests
at the different tensile speeds of 1×10−5m/s, 0.01m/s, 0.1m/s,
and 1.2m/s were conducted under seven different loading
conditions until the spot weld failed and the specimen
separated into two components. The load and displacement
weremeasured simultaneously during each test.The load was
measured using the load cell in the testing machine and the
displacement was calculated from the relative movement of
the two pull bars.

3. Evaluation of Dynamic Effect on the Failure
Load of a Spot Weld

3.1. Failure Loads with Various Loading Angles and Loading
Speeds. With the testing conditions described in Section 2.3,
dynamic failure tests were carried out at seven different
loading angles to evaluate the dynamic impact failure load of
the spot-welded specimen. Figure 7 shows load-displacement
curves for spot-welded DP590 specimens at various loading
angles with different tensile speeds of 1 × 10−5m/s, 0.01m/s,
0.1m/s, and 1.2m/s.The figure shows that the maximum load
decreases as the loading angle increases when the loading
angle is less than 30∘, whereas the maximum load increases
as the loading angle increases at the interval from 45∘ to
90∘. Figure 8 shows the typical load-displacement curves
for spot-welded DP590 specimens at the loading angles of
0∘, 45∘, and 90∘ with different loading speeds. The figure
shows that the maximum load for spot welds in DP590 steels
increases when the imposed strain rate increases. When the
tensile speeds change from 1 × 10−5m/s, which is almost

quasi-static states, to 1.2m/s, the maximum load for spot-
welded DP590 increases by approximately 13%. Failure loads
obtained from tests for spot-welded DP590 specimens at
various loading angles and strain rates were listed in Table 3.
Figure 9 represents the deformed shapes of the specimens
made of DP590 at the onset of failure at various loading
angles with the tensile speed of 1.2m/s. Shear failure mode
was observed around the circumferential boundary of the
nugget as shown in Figure 9, when the pure axial load acts
on the spot weld at the loading angle of 0∘. For combined
axial and shear loading conditions, failure is initiated with the
localized necking in the interface between the HAZ and the
base metal. A similar failure mechanismwas also observed in
the quasi-static experimental results [13, 15].

3.2. Dynamic Sensitivity of the Failure Load and Failure
Contours. Failure contours of a spot weld at different tensile
speeds were also constructed by decomposing the failure
loadsmeasured in the experiment into two components along
the axial and shear directions.These were plotted in the force
domain as shown in Figure 10, which shows that the failure
contour expands as the tensile speed increases. In order to
examine the effect of the tensile speeds on the failure load
of spot welds, the axial and shear failure loads were plotted
in a logarithmic scale of the tensile speeds as shown in
Figure 11. The figure shows that the axial and shear failure
load increase as the tensile speeds increase. Moreover, the
dynamic sensitivity can be interpolated in terms of the quasi-
static failure load and the logarithm of the tensile speeds.
Dynamic sensitivity of the failure loads at various loading
angles was also investigated. The dynamic failure loads at
various loading angles were normalized by the quasi-static
loads as 𝐹(V) = 𝐹(V)/𝐹

0
(V
𝑜
), where 𝐹

0
(V
0
) denotes the quasi-

static failure load at a given loading angle. The normalized
failure loads of spot-weldedDP590 specimenswere plotted in
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Figure 7: Load-displacement curves of spot-welded specimens for DP590 at various loading speeds: (a) quasi-static (1 × 10−5m/s); (b)
dynamic (0.01m/s); (c) dynamic (0.1m/s); (d) dynamic (1.2m/s).

Figure 12 at various loading angles. The figure shows that the
tensile speeds have effects on the normalized failure loads for
a given loading angle while the normalized failure loads at a
given tensile speed are insensitive to the loading angles, which
implies that the failure loads show similar dynamic sensitivity
with respect to the loading angles.

4. Conclusion

In this paper, effects of tensile speeds on the failure load
of a DP590 spot weld are evaluated under combined axial
and shear loading conditions. Dynamic failure tests of spot
welds were conducted at seven different combined loading
conditions in order to obtain the dynamic failure loads of spot
welds at the tensile speed from quasi-static to 1.2m/s. The
experimental results indicated that the failure load decreases
as the loading angle increases when the loading angle is less
than 30∘, whereas the failure load increases as the loading
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Figure 8: Load-displacement curves of spot-welded specimens for DP590 at various loading angles: (a) 0∘; (b) 45∘; (c) 90∘.
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angle increases at the interval from 45∘ to 90∘. Failure
contours of a spot weld at different tensile speeds were also
constructed by decomposing the failure loads measured in
the experiment into two components along the axial and
shear directions. The constructed failure contours indicate
that failure contour expands as the tensile speed increases.
The results also revealed that dynamic sensitivity can be
interpolated in terms of the quasi-static failure load and the
logarithm of the tensile speeds. Moreover, the failure loads
show similar dynamic sensitivity with respect to the loading
angles.
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Microstructures and mechanical characteristics of tungsten carbide- (WC-) based alloys, that is, WC, WC-3wt% Ni, WC-3wt%
Co, and WC-3wt% Fe, fabricated using a spark plasma sintering (SPS) method for the application of friction stir processing tools
were evaluated. The sintered bodies with a diameter of 66mm showed relative densities of up to 99% with an average particle size
of 0.26∼0.41 𝜇m under a pressure condition of 60MPa with an electric current for 35min without noticeable grain growth during
sintering. Even though no phase changes were observed after the ball milling process the phases of W

2
C and WC

1−𝑥
appeared in

all sintered samples after sintering. The Vickers hardness and fracture toughness of the WC, WC-3wt% Ni, WC-3wt% Co, and
WC-3wt% Fe samples ranged from 2,240 kgmm2 to 2,730 kgmm2 and from 6.3MPa⋅m1/2 to 9.1MPa⋅m1/2, respectively.

1. Introduction

The trend of energy savings and the enhanced environmen-
tal regulations have promoted the substitutional usage of
lighter parts in industries recently. However, bonding two
dissimilar materials has been a bottleneck to overcome in
manufacturing process. Friction stir welding (FSW) that is
well known for a joining process of dissimilar materials,
especially aluminum-based alloys and other soft alloys, has
been applied widely [1–5].

The FSW tool typically consists of a rotating round
shoulder and a threaded cylindrical pin and heats up the
workpiece mostly by mechanical friction and displaces the
softened workpiece around it, eventually to form the bonding
joint. Since FSW process does not involve the melting of bulk
workpiece, the common problems of fusion welding such
as the solidification and liquidation cracking, the porosity
formation, and the loss of volatile alloying elements can be
avoided. Compared to conventional other joining processes,
FSW process sustains excellent mechanical properties of

bonded joint and rarely deforms the workpiece after joining
process, since process involves heating the workpiece mini-
mally below the melting temperature and relatively localized
joining area. However, the FSW tool itself can be subjected
to severe stress and high temperatures, particularly for the
cases of welding of hard alloys, such as steels and titanium
alloys.Therefore, the commercial application of FSW to these
alloys has been limited by the high cost and short life of FSW
tools [6, 7]. Although significant efforts [8, 9] have beenmade
in order to develop cost-effective and reusable tools, most
of the efforts have not been successful for the commercial
applications and further work is needed for an improvement
of tool to utilize the practice of FSW for joining of hard
materials.

In general, WC has been widely used as processing
tools because of an excellent mechanical strength with high
melting point and wear resistance and therefore is considered
to be a suitable candidate for a long life FSW tool with
improved toughness by an addition of metal binders, such
as cobalt and nickel. In order to make a WC tool, it is also
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critical to control the grain size because grain growth usually
occurs during conventional sintering process of WC powder
[10]. It was reported that an initial grain size increased more
than five times during conventional sintering, hot pressing
(HP), or hot isostatic pressing (HIP) processes [11]. Jeong et
al. also reported that the particle size increased up to about
300 nm from 100 nm evenwith an addition of particle growth
inhibitor [12].

Recently, the enhanced rapid sintering process called
spark plasma sintering (SPS) has been developed for the
dramatically reduced sintering time by employing high-
frequency induction heating and pressure simultaneously,
which reveals superior sintering properties [13, 14].

In the current study, the SPS process is employed to sinter
WC powder with binders (Fe, Ni, and Co) for 35min and
the sintered bodies of a diameter of 66mm were fabricated
to form FSW tools. Effects of binder kind and composition
on themicrostructures andmechanical properties of sintered
bodies were investigated and compared to the results of the
previous research.

2. Experimental Procedure

In this study, 99.95% pure tungsten carbide (0.5 𝜇m), 99.5%
pure ferrum (10 𝜇m), 99.5% pure nickel (10 𝜇m), and 99.5%
pure cobalt (10 𝜇m) were used as powder materials. Horizon-
tal ball milling was carried out at 250 rpm for 48 h under the
conditions that tungsten carbide and binders (Fe, Ni, and Co)
were mixed with a weight ratio of 97 : 3 and the weight ratio
of the powder to balls was 2 : 1. The particle sizes of initial
powders and the ball milled powders were measured using
a particle size analyzer.

After the mixed powders were placed in a graphite die
(outside diameter, 140mm; inside diameter, 66mm; height,
160mm), it was sealed top and bottom by graphite punches.
Then, it was placed into a system and spark plasma sintered
as shown in Figure 1. A pressure of 60MPa was applied in
vacuum and a 30,000A current was imposed though punches
during sintering process. Heatingwas carried out gradually as
in Figure 2.When there is nomore shrinkage displacement of
the sintered body, the current was turned off and the sintered
bodywas cooled in the chamber.The sintered bodies for FSW
tool application were fabricated.

Apparent density was measured with the fabricated
sintered bodies. Microstructure of the sintered bodies was
observed after being etched using Murakami reagent (5 g
K
3
Fe(CN)

6
, 5 g NaOH, and 50mL distilled water) for 4 min-

utes at room temperature. Qualitative and quantitative anal-
ysis were carried out for the phases through field-emission
scanning electron microscopy (FE-SEM) and energy disper-
sive spectrometer (EDS). Also, phase analysis and grain size
were measured using X-ray diffractometer. The mechanical
properties of the sintered bodies were evaluated by hard-
ness and fracture toughness. Hardness was taken using a
Vickers hardness tester by performing indentation tests at a
load of 30 kgf and a dwell time of 15 s. Fracture toughness
was calculated with indentations produced via hardness
measurement.

DC pulse 
current

Graphite punch

Graphite punch

Press

Press

Graphite
mold

Pulse current

Powder

Figure 1: Schematic diagram of the apparatus for spark plasma
sintering.
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Figure 2: Variations of temperature and shrinkage as a function
of heating time during spark plasma sintering of WC-3wt% Co
powder.

3. Results and Discussion

Figure 3 shows the FE-SEM images ofWC andWC-3wt%Ni,
WC-3wt% Co, and WC-3wt% Fe powders after ball milling
process.The initial powder size of 10 𝜇mwas decreased in the
size of 0.1∼0.3 𝜇m in all powders after ball milling and also its
values were similar to the result of particle size analyzer. All
powders had sphere and polygonal shapes and were shown
as the aggregation of the powder particles slightly. It seems
that the initial powders with sphere and cylinder shapes
were mixed enough during ball milling process because
of pulverization between hard metal ball and the powder.
The relative densities of WC, WC-3wt% Fe, WC-3wt% Ni,
and WC-3wt% Co sintered bodies were measured after SPS
process. They were shown to be 99.5%, 98.8%, 99.6%, and
98.9%, relatively.
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Figure 3: FE-SEM images of powders after ball milling: (a) WC, (b) WC-3wt% Fe, (c) WC-3wt% Ni and (d) WC-3wt% Co.

Figure 4 shows the microstructure of each sintered body.
Fine grains and dense structure were formed in the sintered
bodies. Fine grains formed dense structure at all sintered
bodies overall. The WC, WC-3wt% Fe, and WC-3wt% Ni
sintered bodies had polygonal grains structure and WC-
3wt% Co sintered body was observed to have the round
shaped grains. In addition, WC was surrounded by Fe, Ni,
and Co binders in the sintered bodies. Meanwhile, the grain
size of each sintered body was measured by a linear analysis
method. The average grain size of WC sintered body was
about 0.45𝜇m and it was slightly larger than that of WC-
3wt% X (X = Fe, Ni, Co) sintered bodies. In addition to
the XRD analysis, the grain size was calculated using the
Suryanarayana and Grant Norton’s formula [15]:

Br (𝐵crystalline + 𝐵strain) cos 𝜃 =
𝑘𝜆

𝐿
+ 𝜂 sin 𝜃, (1)

where Br is the sum of 𝐵crystalline and 𝐵strain, meaning the
increases in full width at half maximum (FWHM) by refine-
ment and by strain, respectively. 𝑘 is the Boltzmann constant
(with a value of 0.9), 𝜆 is the wavelength of X-ray radiation,
𝐿 is the grain size, 𝜂 is the strain, and 𝜃 is the Bragg angle.
The average grain sizes of WC, WC-3wt% Fe, WC-3wt% Ni,
andWC-3wt%Co sintered bodies were shown to be 0.41 𝜇m,
0.26 𝜇m, 0.30 𝜇m, and 0.27 𝜇m, respectively, and they were
not significantly different in microstructure analysis. Grain
growth did not occur in sintered bodies and also its size
was almost the same as initial powder size; it seems that SPS
process is processed with short time and single process. Kim
et al. reported that themore the content of a binder increases,

the more the sintering proceeds at low temperature. Thus,
the grain size became smaller. As the content of a binder
decreases, WC particles have chance to contact each other,
whichmeans easy particle growth. In this study, the grain size
ofWC sintered body was larger than the sintered bodies with
binders due to the effect of added binders. Also, the grain size
had no difference according to the composition of a binder
and binder material does not have effect on the grain size.

On the basis of the microstructure observation as shown
in Figure 4, mapping analysis was carried out by EDS to
observe phases for each sintered body. Figure 5 shows the
mapping result of WC-3wt% Ni sintered body. The W and
C were distributed generally but Ni was distributed mainly
around grain boundaries. Also, Fe and Co contents were
distributed around the grain boundaries ofWC inWC-3wt%
Fe and WC-3wt% Co sintered bodies. From these results,
it was observed that Fe, Ni, and Co particles as binders
smeared into gaps between WC particles during sintering
and they surrounded the WC particles through liquid phase
sintering. The result of qualitative and quantitative analysis
in the midsection ofWC-3wt% Co sintered body is shown in
Figure 6. There was no element except W, C, and Co in EDS
analysis. The sintered body of the other compositions could
obtain in the same result.

For each sintered body, XRD analysis was carried out to
get detailed phase analysis before and after sintering. Figure 7
shows the analysis results after sintering, ball milling, and the
initial powder of WC and WC-3wt% Fe sintered body. The
phase of WC and Fe existed in all initial powers and the ball
milled powders. However the phases of W

2
C and WC

1−𝑥
in
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Figure 4: Microstructures of sintered hard materials: (a) WC, (b) WC-3wt% Fe, (c) WC-3wt% Ni, and (d) WC-3wt% Co.
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Figure 5: EDS mapping result of WC-3wt% Ni sintered body.
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Table 1: Mechanical properties of sintered hard materials.

Sintered material (wt%) Relative density (%) Vickers hardness (𝐻V) Fracture toughness (MPa⋅m1/2) Grain size (𝜇m) Reference
WC 99.5 2,730 6.3 0.41

This studyWC-3 Fe 98.8 2,242 6.8 0.26
WC-3 Ni 99.6 2,240 9.1 0.30
WC-3 Co 98.9 2,269 7.4 0.27
WC 99 2,660 7.2 0.1 [14]
WC-2.9 Co 98.3 2,014 6.5 0.94 [19]
WC-6 Co 100 1,816 15.1 0.3 [20]
WC-10 Co 98.9 1,333 13.5 1.9 [21]
WC-10 Co 99.5 1,756 11.6 0.38 [22]
WC-10 Fe 99.7 1,814 10.4 0.45 [23]
WC-9.6 Ni-0.4 Co 99.5 1,180 12.5 1.8 [24]

Element (wt%) (at%)

W 84.09 28.32
C 13.40 69.05

Co 2.51 2.64

1𝜇m

CoCo
Co

O

W

W

0 1 2 3 4 5 6 7 8 9 10

(keV)
Full scale 1514 cts cursor: −0.112 (9 cts)

Spectrum 1

C

Figure 6: EDX analysis result of WC-3wt% Co sintered body.

all sintered bodies were observed after sintering. Kang et al.
reported that only WC peaks were observed in WC sintered
body after high-frequency induction heated sintering [14].
Also Youn et al. reported that phase change did not occur in
WC-Mo

2
C-Co sintered bodywhich is sintered by SPS process

[16]. On the other hand, the W
2
C peaks were observed in

the WC sintered body which is sintered by SPS at 1750∘C
[13]. When the liquid state of Co transformed the solid state
during sintering in WC-10wt% Co using SPS process, Co
with HCP crystalline structure transformed stabilized FCC
structure after sintering [4]. In this study, the reason that
W
2
C andWC

1−x phases appeared after sintering was that the
oxide layer existed on surface of the initial powder reacted
with carbon partially and then the content of carbon was
decreased. To eliminate W

2
C phases, carbon of 0.5 wt% was

added and the result showed no formation of the W
2
C phase

[13].
In order to evaluate the mechanical properties of the sin-

tered bodies, hardness and fracture toughness were evaluated
using Vickers hardness tester. Table 1 shows the results of
Vickers hardness measurement by performing indentation
tests. Hardness ofWC sintered body was about 2,730 kgmm2
and those of WC-3wt% Fe, WC-3wt% Ni, and WC-3wt%

Co sintered bodies were in the range from 2,240 kgmm2 to
2,269 kgmm2.

The cracks occurred from the indentation corner as
shown in Figure 8. Fracture toughness was calculated by
Niihara’s formula with crack length:

𝐾IC = 0.203 (
𝑐

𝑎
)

−3/2

⋅ 𝐻V ⋅ 𝑎1/2, (2)

where 𝑐 is the trace length of the crack that was measured
from the center of the indentation, 𝑎 is the half of diagonal
length of indentation, and 𝐻V is the Vickers hardness value.
Table 1 shows the fracture toughness, the relative density,
Vickers hardness value, and grain size from the sintered
bodies synthetically and it was compared to other references.
In this study, the fracture toughness value of WC-3wt% Ni
sintered body was about 9.1MPa⋅m1/2, the highest among the
four types. The fracture toughness of WC-3wt% Fe andWC-
3wt% Co was 6.8MPa⋅m1/2 and 7.4MPa⋅m1/2, respectively.
Commonly, hardness and fracture toughness are significant
factors to evaluate the mechanical properties in hard metals
and they are affected by density, particle size, and content of a
binder. The more the content of a binder increases, the more
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Figure 7: XRD patterns of raw powder (a), ball milled (b) and after sintering (c).

the thickness of a binder increases inside of particles; thus
hardness increases and fracture toughness decreases [17].
According to the relation of Hall Petch, as the particle size
of WC was smaller, hardness increases [18]. As mentioned
above, the fracture toughness of sintered body added Ni as
a binder indicates that it is higher than that of sintered body
added Fe and Co. It is considered that the Fe and Co with

BCC crystalline structure have 4 slip systems while 12 slip
systems of Ni with FCC crystalline structure contribute to
improving of the fracture of sintered body. Compared to
the result of the other research, hardness was little high but
fracture toughness did not decrease in the same content of
binders. In this study, W

2
C, WC

1−x phases appeared after
sintering but the grain growth did not occur because SPS
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Figure 8:Vickers hardness indentation (a) andmedian crack propagation of sintered hardmaterials: (b)WC, (c)WC-3wt%Fe, (d)WC-3wt%
Ni, and (e) WC-3wt% Co.

process conducted in short amounts of time in comparison
with HIP sintering. The relative densities of sintered bodies
were about 99% and the dense sintered bodies without pores
were made on surface and the center part. Considering the
diameter of sintered bodywas about 66mmwhichwas bigger
than other research results, sintered bodies in this study had
excellent mechanical properties.

Figure 8 shows microstructures of propagated cracks
from the indentation corner. Generally, most intergranular
fractures are known to be caused by grain refinement and
the hampered crack growth because cracks usually propagate
along intergranular path rather than transgranular one; thus
fracture toughness was increased [20]. Intergranular fracture
was observed in the WC sintered body (b). Both transgranu-
lar and intergranular fractures were observed in the sintered
bodies (c∼e) that Fe, Ni, and Co binders added. Also it was
observed that fracture mode was shifted according to WC
particles morphology. It was reported that the intergranular
fracture occurred and fracture toughness was improved

in nanosized metals [4]. In this study, most intergranular
fractures and minor transgranular fractures were observed
and high hardness was obtained and fall of toughness was
not observed. The following is the reason of obtaining high
strength sintered bodies. Localized high temperature heating
and rapid atomic diffusion occurred by a direct current
in relatively low sintering temperature within a short time.
The superior sintered bodies is characterized by the applied
pressure of sintering which serves as a driving force and
thereby increases sintering density. Also, Fe, Ni, and Co
binders made the stable sintered bodies that liquid phase
changed into solid phase on the interface of WC particle.The
FSW tool requiring high hardness was considered to have
suitable characterization.

4. Conclusion

Tungsten carbide- (WC-) based alloys, that is, WC, WC-
3wt% Ni, WC-3wt% Co, and WC-3wt% Fe powders, were
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mixed by ball milling and fabricated using a spark plasma
sintering method.Themicrostructures and mechanical char-
acteristics were evaluated. The following is the conclusion.

(1) The density of the sintered bodies was about 99% and
the average grain size was in the range from 0.26 to
0.41 𝜇m. The sintered bodies were obtained without
almost grain growth during sintering.

(2) WC,WC-3wt%Fe, andWC-3wt%Ni sintered bodies
had polygonal grains and WC-3wt% Co had slightly
round shape grains. Fine and dense microstructure
was observed.

(3) By EDS analysis, the contents of W and C were
distributed generally while Fe, Ni, and Co content as a
bindermainly surrounded the grain boundary ofWC.

(4) Only initial phase existed in initial powers and the ball
milled powders but the phases of W

2
C andWC

1−x in
all sintered bodies were observed after sintering.

(5) Hardness and fracture toughness of sintered WC
were 2,730 kgmm2, 6.3MPa⋅m1/2, and those of WC-
3wt% Fe, WC-3wt% Ni, and WC-3wt% Co sintered
body were 2,240 kgmm2 ∼2,269 kgmm2 and 6.8∼
9.1MPa⋅m1/2, relatively. The fracture toughness of
WC-3wt% Ni showed the highest value among four
types.

(6) WC-3wt% X (X = Fe, Ni, Co) sintered bodies showed
good mechanical property for FSW tool due to its
high density and small grain size.
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Microtubular type La
0.6
Sr
0.4
Ti
0.2
Fe
0.8
O
3−𝛿

(LSTF) membranes were prepared by electrophoretic deposition (EPD). The oxygen
permeation and hydrogen production behavior of themembranes were investigated under various conditions. LSTF green layer was
successfully coated onto a carbon rod and, after heat treatment at 1400∘C in air, a dense LSTF tubular membrane with a thickness
of 250mm can be obtained. The oxygen permeation and hydrogen production rate were enhanced by CH

4
in the permeate side,

and the hydrogen production rate by water splitting was 0.22mL/min⋅cm2 at 1000∘C. It is believed that hydrogen production via
water splitting using these tubular LSTF membranes is possible.

1. Introduction

Hydrogen is considered to be a next generation clean and
efficient fuel that can be used in electrochemical devices, such
as fuel cells or internal combustion engines, to power vehicles
or generate electricity. Hydrogen is normally produced by
methane steam reforming (CH

4
+ 2H
2
O = 3H

2
+ CO) or the

electrolysis of water because pure hydrogen does not occur
naturally on Earth in large quantities. However, the methane
steam reforming releases carbon dioxide into the atmosphere
and does not help to decrease greenhouse gases. In addition,
the electrolysis of water requires large amounts of electricity
to decompose water and produce hydrogen.

Hydrogen production by high temperaturewater splitting
(H
2
O⇔H

2
+ 1/2O

2
) is one of the most important long-term

goals in hydrogen fuel production [1, 2]. Since the equilibrium
constant of the water splitting reaction is very small, it
generates very low concentrations of hydrogen and oxygen,
even at high temperatures (0.1% hydrogen and 0.042%
oxygen at 1600∘C). This limitation of water dissociation can
be overcome by controlling the thermodynamic equilibrium.
If the produced oxygen or hydrogen can be removed from the
reactor, the equilibrium is shifted towards the dissociation of
water, thereby increasing the hydrogen production rate up to
a realistic level.

Putting this in mind, water splitting via an oxygen
transport membrane (OTM) is one of the most promising
routes for sustainable hydrogen production without releas-
ing carbon dioxide. Dissociated oxygen can be selectively
transported outside the reactor through the OTM, and the
hydrogen production rate depends on the rate at which
oxygen is removed from the reactor. Therefore, an OTM
with high oxygen permeability (i.e., excellentmixed ionic and
electronic conductivity and good oxygen surface exchange
kinetics [3, 4]) is required.

Perovskite-type oxides have been widely used as oxygen
transport membrane materials because of their high oxy-
gen permeability and good durability at high temperatures
(both in oxidized and reduced atmospheres). Strontium and
cobalt codoped barium ferrite (BSCF) are the most common
materials for OTMs. Although BSCF shows excellent oxygen
ionic and electronic transport properties, it suffers from a
large thermal expansion coefficient and long-term structural
and electrochemical instability, especially in atmospheres
containing carbon dioxide.

Alternatively, lanthanum and iron codoped strontium
titanate (La

1−𝑥
Sr
𝑥
Ti
1−𝑦

Fe
𝑦
O
3−𝛿

(LSTF)) has been developed
as an OTM material by some researchers. Unlike cobalt,
which exists at the B site of the perovskite ABO

3
, titanium

is less likely to undergo valence changes and provides a more
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Figure 1: Schematic diagram of the (a) EPD process and (b) sintering process.

stable crystal structure in a reducing atmosphere. The sub-
stitution of Fe by Ti is expected to improve durability and to
lower the cost of materials. In addition, titanium-doped per-
ovskite materials have been reported to catalyze the methane
reforming reaction [5]. In this study, a dense microtubular
La
0.6
Sr
0.4
Ti
0.2
Fe
0.8
O
3−𝛿

(LSTF) membrane was fabricated by
electrophoretic deposition (EPD). The microstructure and
oxygen permeation behavior of this material were investi-
gated.

2. Experimental Procedure

2.1. Preparation of a Microtubular Membrane by EPD. LSTF
powders were synthesized from La

2
O
3
(99.9%, YAKURI,

Japan), SrCO
3
(99.9%, Sigma Aldrich, USA), TiO

2
(99.9%,

High Purity Chemicals, Japan), and Fe
2
O
3
(99.9%, High

Purity Chemicals, Japan) by a solid state reaction technique.
The starting materials were mixed using a planetary ball mill
and then calcined at 1000∘C for 5 h.

Microtubular LSTF membranes were fabricated using a
sealless tube design by electrophoretic deposition (EPD), as
shown in Figure 1(a). EPD is a colloidal deposition technique
that has been proven to be simple and inexpensive for
the production of many advanced ceramics bodies. EPD is
recognized for its great potential to economically fabricate
thin, dense, and gas-tight electrolytes, as well as porous
electrodes for solid oxide fuel cell applications [6].

First, the LSTF powder was dispersed in acetyl ace-
tone. After 15min of ultrasonication, a stable slurry can be
obtained. The LSTF slurry was stable for at least for 24 h.
A graphite rod (10mm in diameter and 50mm in length),
which was used as the substrate, was immersed in the LSTF
slurry and 100V of DC voltage was applied between the
graphite rod and the nickel counter electrode for 10min.
The distance between the graphite rod and counter electrode
was 13mm. After the EPD process, a thin LSCF green layer
was homogenously formed on the graphite rod. The dip-
coating process was conducted using the same LSTF slurry
to improve the strength of the membrane. The graphite tube,
coated by the LFTF green layer, was finally fired at 1400∘C

for 2 h in air to remove the graphite substrate and sinter the
LSCF green body.The active surface area of the microtubular
membrane was 1.85 cm2.

2.2. Characterization. Thecrystal structure of themicrotubu-
lar LSTFmembraneswas analyzed byX-ray diffraction (XRD,
RU-200B, Rigaku Co., Ltd., Japan) with Ni-filtered CuK𝛼
radiation.Themicrostructurewas examined by field emission
scanning electron microscopy (FE-SEM, JSM-6700F, JEOL,
Japan).

The oxygen permeability and hydrogen production rate
were measured as a function of temperature by micro gas
chromatography (micro-GC, Varian). The membranes were
sealed and blocked using Pyrex glass rings on both sides of
the alumina tube, as shown in Figure 2. Air or 50% H

2
O/Ar

was supplied as a feed gas on the upper side of the alumina
tube. Also, Ar or 1% CH

4
/Ar was supplied as a sweep gas

on the bottom side of the alumina. The gas flow rate was
100mL/min. The oxygen permeability was calculated using
(1) and (2), from the oxygen concentration measured by GC
in the sweep gas.

In the case of the air ‖Ar/1% CH
4
system, the oxygen

concentration was calculated with (3), using the CH
4
con-

centration. The overall oxygen permeation rate was also
calculated with (1) and (2).The hydrogen production rate was
calculated with (4) using the oxygen permeation rate

O
2
flow rate = Ar flow rate ×O

2
concentration

Ar concentration

=
Ar flow rate ×O

2
concentration

1 −O
2
concentration

(1)

O
2
permeability = O

2
flow rate

Membrane area
(2)

O
2
concentration = (Inlet CH

4
concentration

−Outlet CH
4
concentration) × 2

(3)

H
2
production rate = O

2
permeability × 2. (4)
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Figure 3: XRD pattern of the LSTF powder sample heat-treated at 1000∘C.

3. Results and Discussion

XRD patterns for the powder sample heat-treated at 1000∘C
are shown in Figure 3. It was confirmed that the powder
sample is La

0.6
Sr
0.4
Ti
0.2
Fe
0.8
O
3−𝛿

and has a single phase of

cubic perovskite with a lattice parameter of 0.3950 nm, cubic
lattice symmetry, and a space group of Pm3m [5, 7].

Cross-sectional images of the microtubular LSTF mem-
brane are shown in Figure 4. These show that a uniform
and dense LSTF microtubular membrane was successfully
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(a) (b)

Figure 4: Cross-sectional SEM images of the microtubular LSTF membrane.

fabricated; the thickness of the tube is estimated to be approx-
imately 250 𝜇m. Although some closed pores are observed in
the membrane tube, it seems that these do not affect the gas
tightness of the tube. In addition, LSTF particles, which were
coated by dip-coating, were uniformly distributed on the tube
surface.

Figure 5 shows the oxygen permeability of the LSTF
membrane as a function of temperature. It was found that the
oxygen permeation rate gradually increased as the operating
temperature increased. This result is associated with the
increase in the oxygen ion mobility at higher temperatures
[8]. The oxygen permeability was higher in the Ar/1% CH

4
‖

air system than in the Ar ‖ air system. This can be explained
by the difference in the oxygen partial pressure between
the feed and permeated (sweep) sides. The oxygen partial
pressure was much higher in Ar/1% CH

4
than in Ar [9, 10].

However, the oxygen permeability was lowest in the Ar/1%
CH
4
‖Ar/50% H

2
O system (0.11mL/min⋅cm2 at 1000∘C).

This suggests that hydrogen production should be possible
because the permeated oxygen must be originating from the
dissociation of water in the feed side.

Figure 6(a) shows the hydrogen production rate of the
microtubular LSTF membrane and Figure 6(b) shows the
methane conversion and hydrogen selectivity as a function
of temperature in the permeated side (sweep) gas of Ar/1%
CH
4
. In this study, hydrogen is produced in two ways: by

splitting water in the feed side and by the partial oxidation
of methane in the sweep side. Methane, which is supplied
in the sweep side, is oxidized by oxygen permeating from
the feed side and produces either hydrogen/carbonmonoxide
(partial oxidation) or water vapor/carbon dioxide mixtures
(oxidation).

The open and closed circles indicate the hydrogen
production rate, which is derived from water splitting
and methane partial oxidation, respectively. The hydrogen
production rate by water splitting is 0.22mL/min⋅cm2 at
1000∘C. Although hydrogen production by water splitting
is modest and lower than the values previously reported in
the literature, this observed phenomenon indicates that the
catalytic thermal dissociation of water vapor can occur in
the microtubular LSTF membrane and that the hydrogen

production rate is proportional to the oxygen permeability of
themembrane. An interesting feature observed in Figure 6(a)
is that the hydrogen production rate by water splitting
is much higher than that by methane partial oxidation
(0.05mL/min⋅cm2 at 1000∘C). It appears that low hydrogen
selectivity is responsible for this phenomenon.

The methane conversion and hydrogen selectivity were
both low: 4.3% and 22.8% at 1000∘C, respectively. However,
it appears that these results are somewhat reasonable because
the oxygen permeation was small in the Ar/1% CH

4
‖

Ar/50% H
2
O system. The relatively low hydrogen selectivity

might be associated with the poor catalytic activity for
partial oxidation at low temperatures. The increase in the
hydrogen selectivity at higher temperatures might be caused
by the enhanced catalytic activity for partial oxidation at high
temperatures.

4. Conclusions

Dense and crack-free microtubular type
La
0.6
Sr
0.4
Ti
0.2
Fe
0.8
O
3−𝛿

(LSTF) membranes were successfully
fabricated by electrophoretic deposition (EPD) and dip-
coating. It was confirmed that hydrogen production via
water splitting is possible using these LSTF microtubular
membranes. Oxygen that is produced by water splitting is
transported to the sweep side through the LSTF membrane
and reacts with methane to produce hydrogen. The oxygen
permeability was much higher in 1% CH

4
/Ar than in Ar,

which indicates that oxygen permeation can be significantly
accelerated by the presence of CH

4
in the sweep side. Under

the conditions of 10% H
2
O/Ar (feed side) and 1% CH

4
/Ar

(permeate side), hydrogenwas produced in both the feed side
and in the permeate side. The total hydrogen production rate
of the LSTF microtubular membrane was 0.26mL/min⋅cm2
at 1000∘C.
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High-velocity oxygen-fuel (HVOF) thermal spray coating withWC-metal powder was carried out by using optimal coating process
on an Inconel718 surface for improvement of the surface properties, friction, wear, and corrosion resistance. Binder metals such
as Cr and Ni were completely melted and WC was decomposed partially to W

2
C and graphite during the high temperature (up to

3500∘C) thermal spraying. The melted metals were bonded with WC and other carbides and were formed as WC-metal coating.
The graphite and excessively sprayed oxygen formed carbon oxide gases, and these gases formed porous coating by evolution of the
gases.The surface properties were improved by HVOF coating and were improved further by CO

2
laser heat treatment (LH). Wear

resistance of In718 surface was improved by coating and LH at 25∘C and an elevated temperature of 450∘C, resulting in reduction
of wear trace traces, and was further improved by LH of the coating in reducing wear depth. Corrosion resistance due to coating
in sea water was improved by LH. HVOF coating of WC-metal powder on a metal surface and a LH of the coating were highly
recommended for the improvement of In718 surface properties, the friction behavior, and wear resistance.

1. Introduction

Traditionally, electrolytic hard chrome plating (EHC) has
been widely used for hard surface coating for over 60 years
[1–3]. Recently, EHC has raised health and environmental
problems; Cr+3 known as carcinogen is emitted and is forbid-
den in many developed countries. High-velocity oxygen-fuel
(HVOF) thermal spray coating has been investigated as one
of themost promising candidates for the replacement of EHC
[4–6]. HVOF coatings of WC cermets have been widely used
to protect machine components from wear and corrosion, to
restore worn components, and to improve the durability of
components.

In this work, micron-sized WC-metal powders were
coated on In718 (substrate) by HVOF thermal spraying to
improve the surface properties, wear resistance, and the dura-
bility of themetal components. For further improvement, the

surface was irradiated with a CO
2
laser (10.6 𝜇m, continuous

mode, 400W) on an oval-shaped focal spot (5mm × 4mm)
for 0.6 s at the scanning speed of 400mm/min, heating from
950∘C to 1200∘C from the edge to the center of the spot with-
out heating the whole substrate not to change any structure
and properties of substrate. In this experiment, the following
were investigated; optimal coating process (OCP) using
Taguchi experimental program, laser heat treatment (LH),
changes of phases, micro-structures, surface properties, fric-
tion, wear and corrosion of HVOF coating and LH coating.

2. Experiment

2.1. Preparation of Coating. The chemical composition of
WC-metal powder (hard cermet WC, bonding metals as Ni
and Cr) was coated on the super alloy In718 substrate in
Table 1 by using JK3500 HVOF thermal spraying equipment.

Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2015, Article ID 468120, 7 pages
http://dx.doi.org/10.1155/2015/468120

http://dx.doi.org/10.1155/2015/468120


2 Advances in Materials Science and Engineering

Table 1: Major chemical compositions of In718 and WC-metal powder.

Elements W C Cr Ni Fe Nb Mo Others
In718 0.08 17–20 50–55 11–22 5-6 2-3 Mn, Ti, Si
WC-metal 68 5 21 6

Table 2: Coating processes prepared by Taguchi program and OCP
of the highest surface hardness.

Process Oxygen
FR

Hydrogen
FR

Feed
rate

Spray
distance (in)

Hardness
(Hv)

1 30 53 25 6 973
2 30 57 30 7 943
3 30 61 35 8 913
4 34 53 35 7 976
5 34 57 25 8 942
6 34 61 30 6 930
7 38 53 30 8 1033
8 38 57 35 6 960
9 38 61 25 7 998
OCP 38 53 25 7 1150
FR: flow rate (FMR = 12 scfh = 9.44 × 10−5m3/s), feed rate: g/min, and OCP:
optimal coating process.

The substrates were pre-cleaned in acetone for 5 minutes
and then blast cleaned using 60-mesh aluminum oxides to
improve adhesion onto In718 substrate. As shown in Table 2,
OCP was obtained among the best surface properties of the 9
coatings prepared Taguchi experimental program for 3 levels
of 4 spray parameters. Hydrogen flow rate as value was 53
FMR (FMR = 12 scfh = 9.44 × 10−5m3/s), oxygen flow rate as
38 FMR, powder feed rate as 25 g/min, and spray distance as
18 cm. Argon gas of 120–180 psi was used as a powder carrier
gas at feed rate of 25–35 g/min. The preparation of coatings
was provided by OCP and heat-treated by CO

2
laser.

2.2. Preparation of LH Coating. A 5-kW TJ-HL-T 5000-
type equipment was used for CO

2
laser heat treatment. The

laser beam (10.6 𝜇m, continuous mode, a top-hat laser beam
energy distribution in the focal spot) irradiated the substrate
from the spot 18.5mm above in an atmospheric environment.
The laser beamwith a focal spot of 5mm × 4mm (oval shape)
moved along the beam direction of the 4mm at velocity of
400mm/min, resulting in a LH time of 0.6 s on the spot.
Argon gas (10MPa pressure and 5 L/min flow rate) was used
for shrouding the LH region to prevent oxidation during the
process.

The laser power was turned off for 5 s at the end of
each pass for a new starting position. The laser beam tracks
were overlapped by 40% to each other. The optimal laser
LH parameters were laser power of 400W, scanning speed
of 400mm/min, average power density of 20W/mm2, and
laser irradiation of 0.6 s on spot. The samples were heat-
treated in a furnace at 150∘C for 2 hours before and after
laser heat treatments. The temperature from edge to center

of the laser spot was in the range from 950∘C to 1200∘C using
a multiwavelength pyrometer.

2.3. Investigation of Surface Properties, Friction, Wear, and
Corrosion in HVOF Coating and LH Coating. The micro-
structures of HVOF coating and the LH coating were inves-
tigated by using scanning electron microscope (SEM). The
phase changes byHVOFpowder coating andLHcoatingwere
investigated using X-ray diffraction (XRD). Surface hardness
was measured by using a Micro Vickers hardness tester with
a load of 200 g and a dwelling time of 10 s. Porosity was
measured by analyzing the images of optical microscope.

Friction and the wear behaviors were investigated by
using a reciprocating slide tester (TE77 AUTO, Plint &
Partners). The surfaces were slid by using SUS 304 balls
(diameter 9.53mm and hardness 227Hv) without lubricants.
Before the test, the surfaces were polished to Ra 1–1.4 𝜇m by
using silicon carbide abrasive paper andDP-paste.The sliding
distance, frequency, speed, load, and sliding timewere 16mm,
2.5Hz, 0.161m/s, 10N, and 10min, respectively. Sliding wear
tests were carried out for the substrate, HVOF coating, and
LH coating to study the friction and wear behaviors. Wear
traces were investigated using SEM and EDS. The depth
profiles of the wear traces were investigated using a surface
profiler (Tencor P-11).

The corrosion behavior of HVOF coating and LH coating
was investigated in sea water (3.5 wt% NaCl solution).

The sample was mounted in the electrochemical cell
with an exposing area of 1.0 cm2 to the electrolyte. In the
electrochemical test, saturated calomel electrode (SCE) and
graphite were used as the reference and counter electrode,
respectively.

The electrochemical tests included the open-circuit
potential (EOC) measurements and potentiodynamic polar-
ization tests.The EOCwas measured after 30min immersion
of the coating surface in 3.5 wt% NaCl solution for potential
stabilization. The samples were potentiodynamically polar-
ized (anodically) and the tests were performed at a scanning
rate of 0.5mV/s. At least, two sets of measurements were
made per sample to ensure reproducibility of the results.

3. Results and Discussion

3.1. HVOF Coating and LH Coating. Inhomogeneous WC
pieces were imbedded in binder metals such as Ni, Cr, Ni-Cr
alloy, and WC powders [3, 6, 7]. During the flight of 0.02 s
in the HVOF spraying, its velocity and temperature of the
flame were reached up to 1000m/s and 3500∘C. The binder
metals and some metal carbide were melted, and the metal
carbides were decomposed intometals and free carbon. Small
portion of WC was found in forms of crystalline compounds
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(a) (b)

Figure 1: (a) Porous coating and interface between coating and substrate; (b) interface compacted by laser heating.

Table 3: Improvement of surface properties by coating and LH
coating.

Surface In718 Coating LH coating
Surface hardness (Hv) 400 ± 10 980 ± 100 1430 ± 90
Porosity (%) 0.00 2.5 ± 0.5 0.35 ± 0.05
Friction coefficient 0.45 ± 0.08 0.32 ± 0.02 0.20 ± 0.03

such as W
2
C [7, 8]. The melts or partially molten splats

were impacted on the In718 surface, forming bonds with
the surface and subsequently building the porous coating as
seen in Figure 1. Although the powder consisted of crystalline
carbides such as WC, Cr

7
C
3
, and metastable Ni

3
C, the

coating showed that only crystalline WC and a new phase
W
2
C were observed in Figure 2.
However, the other forms of crystalline carbides dis-

appeared due to the decomposition during heating and
rapid cooling processes. According to the phase diagram,
WC is decomposed to W

2
C and free carbon above its

decomposition temperature of 1250∘C [9, 10].The free carbon
and excessively sprayed reagent oxygen formed carbon oxide
gases, producing pores and voids inside the porous coating as
shown in Table 3 and Figure 1.

During laser heat treatment of the HVOF coating for
0.6 s, the temperature of the irradiated focal area was in the
range from 950∘C to 1200∘C; the porous coating and porous
strips at the interface were compacted as seen in Figure 1
and Table 3. The crystalline metal carbides such as Ni

3
C and

Cr
3
C
2
phases were formed due to the longer heating time

(∼0.6 s) and proper heating temperature (950∘C to 1200∘C).
This can be compared with spray coating time of about 0.02 s
and temperature of up to 3500∘C.

3.2. Improvement of Surface Properties by HVOF Coating and
LH Coating. As seen in Table 3 and Figure 3, the surface
hardness and friction coefficient were improved by HVOF
coating and LH coating for 0.6 s. These properties of HVOF
coating and LH coating were better than the traditional
electrolytic hard chrome plating (EHC) as seen in Table 3
according to Fang et al.’s report [6]. The friction coeffi-
cient of the coating showed lower value than that of EHC
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Figure 2: Crystalline phases of powder, coating, and LH coating.

(0.52 ± 0.07Hv), and surface hardness of HVOF coating
showed higher value than that of EHC (950 ± 50Hv).
The porous coating was formed by HVOF coating due to
formation of carbon oxide gases by the reaction of free
carbon (produced by the thermal decompositions ofWC and
metal carbides) with excessively sprayed oxygen as shown in
Table 2.With laser heating, the porosity decreased drastically
and HVOF coating was compacted as seen in Table 3 and
Figure 1.
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Figure 4: Wear traces of (a) coating and (b) In718 at both 25∘C and 450∘C.

The surface hardness of In718 (400 ± 10Hv) increased
more than twice to 980 ± 100Hv due the coating; it was
increased 46% to 1430 ± 90Hv by laser heating for 0.6 s. The
porosity of In718 surface (0%) was increased to 2.5 ± 0.5% by
HVOF coating due to formation of carbon oxide gases inside
the coating; it was reduced to 0.35 ± 0.05% (to 14%) by laser
heating. As seen in Figure 1, laser heating could reduce their
porosity by compacting of the coating and the interface of
coating/substrate In718. The friction coefficient of In718 was

reduced by 30% from 0.45 ± 0.08 to 0.32 ± 0.02 by coating
and 10% to 0.20 ± 0.03 by laser heating. One of the reasons
could be the lubrication by the free carbon formed by the
decomposition ofWCandmetal carbides during the spraying
and the metal-oxide debris worn during sliding test.

3.3. Improvement of Surface Wear Resistance by HVOF
Coating and by LH Coating. A reciprocating slide test was
carried out for the investigation of wear resistance and
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Figure 5: Wear depth profiles; (a) coating and (b) In718 at both 25∘C and 450∘C.
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temperature dependence of wear resistance of In718, coating,
and LH coating. As seen in Figures 4∼6, the wear resistance
was improved by HVOF coating and followed by LH coating,
since the surface hardness increased by coating, followed by
LH coating in Section 3.2. The temperature dependence of
wear resistance of the coating was better than that of In718
which showed a narrower wear trace and shallower wear
depth at 25∘C and 450∘C in Figures 4 and 5. With surface
temperature increase from 25∘C to 450∘C the wear width
and depth increased at In718 and the coating. This showed
that the wear resistances decreased with surface temperature
increase at In718 and the coating because thermal effect
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Figure 7: Corrosion potential and time of coating and LH coating
in sea water (3.5% NaCl).

softens the surface and there was wear debris of metal oxides
and free carbon decomposed by thermal effect functioning as
solid and liquid lubricants. The lubricating effect was higher
at higher temperature. As seen in Figure 6, thewear resistance
of the coating increased by laser heating, showing a decrease
ofwear depth from5000 nm to 2000 nmdue to the increase of
surface hardness by laser heating as discussed in Section 3.2.

3.4. Improvement of Corrosion Resistance by Coating and by
LH Coating. Corrosion behaviors of In718, HVOF coating,
and LH coating in 3.5% NaCl solution (sea water) were
investigated. As previously reported by S. Y. Park and C. G.
Park [4], corrosion resistance of In718 surface was improved
byHVOF coating ofWC-metal powder in 3.5%NaCl solution
and 1MHCl acid, but it decreased in 1MNaOHbase solution.
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In718 with 100% metals was more corrosive (chemically
active) than the coating (WC-metal) with more than 50%
inactive cermet of WC. As shown in Figures 7 and 8, the
corrosion resistance of coating in 3.5% NaCl solution was
improved by laser heating. As seen in Figure 7, corrosion
potential decreased and then stayed steady with corrosion
time; this suggested the corrosion films on both coating and
LH coating were not passive films and did not protect the
inner materials of the coating.

The LH coating with lower porosity (dense coating) had
higher corrosion potential than the coating.Therefore the LH
coating had more corrosion resistance than the coating. As
seen in Figure 8, LH coating had a smaller corrosion current
density and higher breakdown potential (pitting potential or
corroded filmbreakdownpotential), showing LH coatingwas
a better corrosion resistance. The corrosion current density
increased rapidly with a small increase of applied potential
and there was no significant passive region for both the
coating and LH coating. This showed that no protective
corrosion films were formed at both coating and LH coating.
The very active chlorine ions strongly reactedwith the surface
atoms but did not form protective passive films on the surface
[11].

4. Conclusions

The following conclusions were derived from the investiga-
tion of improvement of surface properties of In718 by HVOF
coating of WC-metal powder and by laser heating of the
coating.

(1) Metal carbides and WC decomposed during the
HVOF coating, forming less hardW

2
Cphase and free

carbon.
(2) Porous coating was formed by HVOF coating, but it

was compacted from 2.5 ± 0.5% to 0.35 ± 0.05% (to
14%) by the laser heating.

(3) The surface hardness of In718 surface improved from
400 ± 10Hv to 980 ± 100Hv by the coating; it was
further increased to 1430 ± 90Hv by laser heating.

(4) Friction coefficient of In718 reduced from 0.45 ± 0.08
to 0.32 ± 0.02 by the coating and to 0.20 ± 0.03 by the
laser heating.

(5) Wear resistance of In718 surface was improved by
the coating and further improved by LH coating.
And these resistances were decreased with increasing
surface temperature in the temperature range from
25∘C to 450∘C.

(6) Corrosion resistance improved by HVOF coating,
followed by LH coating.

(7) For the improvement of surface properties and dura-
bility of materials, HVOF coating of WC-metal pow-
der on the surface and laser heat-treated coating were
strongly recommended.
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Poly(3-hexyl thiophene)-b-poly(styrene-co-chloromethylstyrene) copolymers, to be used as a prepolymer for preparing donor-
acceptor block copolymers for organic solar cells, have been synthesised by reacting P3HT macroinitiators with styrene and
chloromethylstyrene via three types of atom transfer radical polymerisation (ATRP) systems, which are (1) a normal ATRP, (2)
activators generated by electron transfer (AGET), and (3) a simultaneous reverse and normal initiation (SR&NI). The kinetics of
these ATRP systemswere studied as a function ofmonomers to themacroinitiatormolar ratio. It was found that all of the three types
of ATRP systems led to first order kinetics with respect to monomers. The highest rate constant (k) of 3.4 × 10−3 s−1 was obtained
from the SR&NI ATRP system.Themolecular weights of the product determined by the GPC were lower than were the theoretical
values.The result was discussed in light of the chain transfer reaction to the poly(chloromethylstyrene) repeating units.Morphology
of the synthesized block copolymers, examined by an atomic force microscopy (AFM), were also compared and discussed.

1. Introduction

Poly(3-hexyl thiophene) (P3HT) is a kind of semiconducting
polymer that has been widely used in many electronic
devices, including polymer solar cells [1]. In this case, P3HT
serves as a donor material in an active layer of the cell,
which is sandwiched between two different electrodes. The
donor material is always used in combination with an
electron acceptor material, such as fullerene (C

60
) and/or

a fullerene derivative ([6,6]-phenyl-C
61
-butyric acid methyl

ester, PCBM), to create an interpenetrating structure from the
twodifferent conductingmaterials.This structure, commonly
called bulk heterojunction (BHJ), results in a relatively large
interfacial area between the two phases. Consequently, more
dissociations of an exciton (a tightly bound photo excited

electron-hole pair) into free charges and a greater perfor-
mance of the polymer solar cell can be expected [2].

However, power conversion efficiency (PCE) values of the
BHJ polymer solar cells are still low compared to those of the
conventional inorganic based solar cells and dye sensitised
solar cells [3, 4]. To enhance PCE of the polymer solar cell,
various strategies can be used, including molecular design
and synthesis of low band gap polymers to minimise photon
loss [5]. In addition, morphology of the BHJ also plays a
role. Since the diffusion length of the exciton is normally
less than 10 nm. In this regard, the performance of the
polymer solar cell is extremely sensitive to the active layer
morphology. For example, if the dimensions of the donor and
the acceptor phases are larger than the exciton length, then
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it is likely that the photo-generated excitons are recombined
before splitting into free charges. To suppress the exciton
recombination, a nanoscale phase separated morphology of
the donor/acceptor blend should be induced. The interfacial
area between the donor and acceptormaterials should also be
as large as possible [6]. In addition, tominimise carrier losses,
continuous pathways for both positive and negative charges
towards the electrodes have to be ensured.

One possible strategy for inducing a nanostructured
polymer solar cell is by using block copolymers as self-
organising materials. Block copolymers self-assemble due to
the incompatibility of the two blocks that are chemically
linked to each other. The type of nanostructuring, taking
place at the length scale of the two blocks, depends on their
incompatibility, the chain length of the copolymer, and the
volume fraction of the two blocks. Alternatively, a block
copolymer might be used as a compatibilizer to control
morphology of the donor/acceptor polymer blends [7]. By
adding a suitable type and amount of a block copolymer into
the polymer blend, a better interfacial adhesion and finer
dispersed particles of the polymer blends can be expected.

In relation to our research, the block copolymer that
is suitable for application in a photovoltaic device should
contain a block with electron donating and another block
with electron accepting moieties. This study focuses on
the synthesis and photovoltaic performance of poly(3-hexyl
thiophene)-b-fullerene grafted polystyrene (P3HT-b-PSFu)
block copolymer. It was presumed that the PSFu block should
be compatible with an electron acceptor phase (C

60
and/or

PCBM) in the active layer. The P3HT-b-PSFu molecule
was prepared via a prepolymer, which is poly(3-hexyl
thiophene)-b-poly(styrene-co-chloromethylstyrene) [P3HT-
b-P(S-co-CMS)]. This prepolymer, in turn, can be obtained
from a controlled radical (co)polymerisation of styrene and
chloromethylstyrene (CMS) with the P3HT macroinitator.
It is worth mentioning that the use of CMS monomers
containing chlorine atoms will enable the attachment of
fullerene groups into the poly(chloromethylstyrene) (PCMS)
repeating units.

Atom transfer radical polymerisation (ATRP) is consid-
ered to be one of the most robust and widely used controlled
radical polymerisation techniques. Wang and Matyjaszewski
first reported the ATRP technique in 1995 [8]. Since then,
it has been widely used to prepare a variety of well-defined
polymers with a PDI value (𝑀

𝑤
/𝑀
𝑛
) of less than 1.5. This

technique can also lead to the formation of block copoly-
mer architecture. In principle, this technique relies on the
establishment of a dynamic equilibriumbetween the dormant
species (end-capped radical chains) and the propagating
radical chains. The polymerisation is initiated by the decom-
position of an alkyl halide initiator, catalysed by the transition
metal complex. In addition, a variety of modified ATRP
techniques have recently been introduced. These include
reverse ATRP, activators generated by electron transfer ATRP
(AGET-ATRP) [9, 10], and simultaneous reverse and normal
initiation ATRP (SR&NI ATRP). It is noteworthy that rather
than using low oxidation state metals that require special
handling procedures and moisture free storage, AGET-ATRP
and SR&NI ATRP techniques employ a high oxidation state

metal complex in combination with a radical initiator and/or
a reducing agent, respectively. Consequently, an activator
(low oxidation metal compound) is generated in situ and the
reaction proceeds further in a similar fashion to that of the
normal ATRP.

For a good phase separation and a high compatibilizing
efficacy, it is important to ensure the preparation of a
well-defined block copolymer. This can be achieved by
controlling the molecular architecture (block length and
block composition) of the donor/acceptor copolymer. In this
regard, the kinetics of these ATRP systems are important
and deserve consideration, taking into account the fact that
monomer conversion, product yield, andmolecular weight of
the polymerised polymer strongly depend on the kinetics of
the polymerisations. Khan et al. [11] studied the kinetics and
product characteristics obtained from the polymerisation
of MMA by different ATRP systems. It was found that
modified ATRP employed a high oxidation state metal
complex without any additives (so-called GAMA-ATRP)
providing the best controllability and “living polymerisation”
characteristics. Matyjaszewski et al. [12] studied the ATRP
kinetics of styrene and found that the reaction kinetics
exhibited first-order kinetics with respect to both the initiator
and copper(I) halide concentration. The polymerisation
kinetics were not simple inverse first-order with respect to
the initial copper(II) halide concentration. This was ascribed
to the persistent radical effect, which resulted in an increase
in copper(II) concentration during the initial stages of the
polymerisation. Arslan et al. [13] studied ATRP kinetics of
styrene and found that the molecular weights of the product
determined by GPC were higher than were the theoretical
values. This was attributed to the slow deactivation rate
of the catalytic system, which causes a rapid increase in
the molecular weight at the beginning of polymerisation.
Notably, when an initiator used for ATRP was a kind of
polymeric molecule, the polymerisation kinetics could have
been different from those of the system employing a low
molecular weight initiator. For example, Lazzari et al. [14]
prepared polyacrylonitrile-block polystyrene (PAN-b-PS)
copolymers by ATRP, using bromine-terminated PAN
macroinitiators. It was found that the first-order kinetic
plots of styrene conversion showed a significant curvature.
This indicated a progressive decrease in the concentration
of active species during the copolymerisation. Results from
1H-NMR suggested the loss of the bromide end group, which
was mainly ascribed to the elimination of HBr.

In relation to this study, poly(3-hexyl thiophene)-
b-poly(styrene-co-chloromethylstyrene) [P3HT-b-P(S-co-
CMS)] were prepared from the ATRP of styrene and chloro-
methylstyrene (CMS) with the P3HT macroinitator. In the
case of CMS, we hypothesised that the chlorine atoms in the
CMS might be eliminated and transferred to a transition
metal halide catalyst during theATRPprocess. Consequently,
the ATRP kinetics for CMS might be different from that of
a normal ATRP system. To the best of our knowledge, an
ATRP kinetics study of styrene and chloromethylstyrene
with the P3HT macroinitator has not been reported in any
open literature. The aim of this work was to investigate the
kinetics of three different ATRP systems, namely normal
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Figure 1: Schematic draw illustrating a synthetic route for preparing P3HT-b-P(S-co-CMS) via atom transfer radical polymerisation (ATRP).

ATRP, AGET-ATRP, and SR&NI ATRP, as a function of the
monomers/macroinitiator mole ratio. Morphology of the
prepared block copolymer was also of our interest.

2. Materials and Methods

Styrene (99% from Aldrich) and CMS (90% from Fluka)
were purified by passing them through an alumina column
in order to remove any inhibitors. 2,5-dibromo-3-hexylthi-
ophene (97%), butyl magnesium chloride (2.0M in diethyl
ether), 1,3-bis(diphenylphosphino) propane dichloronickel
(II), vinyl magnesium bromide (1.0M in THF), 9-BBN,
2-bromopropionyl bromide (97%), Cu(I)Br (98%),
Cu(II)Br (99.999%), tin(II) 2-ethylhexanoate (95%), and
N,N,N,N,N-pentamethyldiethylenetriamine (PMDETA)
(99%) were obtained fromAldrich and were used as received.
Triethylamine (purum grade) was purchased from Fluka.
Tetrahydrofuran (AR grade from Fisher) was refluxed over
calcium hydride (reagent grade from Aldrich) for 24 h and
was then distilled before use.

2.1. Preparation of the P3HT Macroinitator. The P3HT ma-
croinitatorwas prepared using amultiple step synthetic route,
in accordance with procedures described in the literature
[15]. After that, the macroinitiator was further reacted with
styrene andCMSmonomers via three differentATRP systems
(Figure 1). All reactions were carried out under nitrogen
atmosphere using Schlenk line and cannula techniques.

2.1.1. Preparation of Vinyl-Terminated Poly(3-hexylthiophene).
First, the vinyl-terminated P3HTwas prepared by adding 2,5-
dibromo-3-hexylthiophene (2.5 g, 7.5mmoL) to a dry 250mL
Schlenk flask, which was emptied of oxygen by applying
a vacuum, followed by nitrogen purging. This process was
repeated for three cycles before keeping the solution under
a nitrogen atmosphere. Next, anhydrous THF (75mL) was
transferred to the reaction flask via a cannula. A 2M solution
of BuMgCl in diethyl ether (7.5mL, 15mmoL) was added via

a deoxygenated syringe and the reactionmixturewas refluxed
for 90min. After that, the solution was allowed to cool
down to room temperature. Ni(dppp)Cl

2
(0.15 g, 0.27mmoL)

was then added to the reaction mixture. The polymerization
was allowed to proceed for 15min at room temperature.
Next, 1M solution of vinyl magnesium bromide in THF
(3mL, 3mmoL) was added via a syringe and the reaction
mixture was stirred for 15min. After that, the reaction was
terminated via precipitation into a large amount of methanol
(1 L), where it was stirred for 1 h. The precipitated product
was filtered and purified by sequential soxhlet extractions
with methanol, followed by hexane and dichloromethane,
respectively. Finally, the product was dried in a vacuum
oven at 45∘C for 24 h or until it reached a constant weight.
The chemical structure of the vinyl-terminated P3HT was
confirmed using proton nuclear magnetic resonance (1H-
NMR) spectroscopy.

2.1.2. Preparation of Hydroxyl-Terminated Poly(3-hexylthi-
ophene). Hydroxyethyl-terminated P3HT was prepared by
further reacting the vinyl-terminated P3HT with 9-BBN.
Vinyl-terminated P3HT (2 g, 0.2mmoL, DP

𝑛
determined by

1H-NMR = 32.61) was added to a dry 250mL Schlenk flask.
After five cycles of vacuum pumping and nitrogen purging,
anhydrous THF (100mL) was transferred into the reaction
flask, under nitrogen atmosphere, via a double tipped needle.
To this reaction mixture, a 0.5M solution of 9-BBN (4mL,
2.0mmoL) in anhydrous THF was added via a syringe. The
reaction mixture was stirred for 24 h at 40∘C, and then a
6M solution of NaOH (2mL) was added to the reaction
flask. The reaction mixture was stirred for another 15min (at
which point, the oil bath was removed).The reactionmixture
was allowed to cool down to room temperature, which
was followed by the addition of a 33% aqueous solution of
hydrogen peroxide (2mL), wherein the reaction was allowed
to proceed for additional 24 h at 40∘C. The polymer was
isolated by precipitation in a methanol-water mixture. The
product was filtered and purified by a soxhlet extraction with
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Figure 2: Mechanisms of (a) AGET-ATRP and (b) SR&NI ATRP.

methanol. The chemical structure of hydroxyl-terminated
P3HT was confirmed by 1H NMR analysis.

2.1.3. Preparation of the P3HT Macroinitator. Finally, the
P3HT macroinitator was prepared by dissolving the hy-
droxyl-terminated P3HT (1 g, 0.1mmoL) in anhydrous THF
(100mL) under nitrogen atmosphere. The reaction mixture
was stirred for 15min at 40∘C, followed by the addition of
triethylamine (9mL, 66mmoL) and a drop-wise addition of
2-bromopropionyl bromide (7.5mL, 60mmoL).The reaction
mixture was stirred for 24 h at 40∘C. The resulting P3HT
macroinitator was precipitated in methanol and refluxed
over methanol, followed by drying under vacuum at 45∘C
for 24 h. The chemical structure and molecular weight of
the synthesised polymer were characterised by 1H NMR
spectroscopy. Number average molecular weight (𝑀

𝑛
) and

weight average molecular weight (𝑀
𝑤
) of the polymer, as

determined by GPC, were 7,100 g/moL and 9,122 g/moL,
respectively.

2.2. AtomTransfer Radical Polymerisation. TheP3HTmacro-
initator (1 g, 0.1mmoL) and CuBr (0.14 g, 0.1mmoL) were
added to a dry Schlenk flask. After applying a vacuum,
followed by nitrogen purging for five cycles, the reactionmix-
ture was immersed in a thermostat oil bath at 100∘C. Then, a
solution of PMDETA (0.02mL, 0.1mmoL), styrene (1.70mL,
15mmoL) andCMS (2.13mL, 15mmoL) in 5mLof driedTHF
was transferred into the reaction flask, using a deoxygenated
syringe. The polymerisation was allowed to proceed at 100∘C
for a given time, ranging from 60 to 240min. After that,
the polymerisation was terminated by precipitation into a
large amount of methanol.The residual catalyst was removed
from the precipitate product by passing the polymer solution
through an alumina column. The product was then washed
with methanol. Notably, the product was also extracted with
ether, DMSO, and acetone (which are selective solvents for
this system) in order to ensure that the synthesised copolymer
was free from any possible homopolymer contaminants.
Finally, the product was dried in a vacuum oven at 45∘C for
24 h, or until it reached a constant weight.

To determine the monomer conversion and theoretical
molecular weight of the polymerised product, the sample

was periodically withdrawn from the reaction mixture with
a degassed syringe. Monomer conversion was evaluated from
the 1H-NMR spectrum of the crude product. In addition,
theoretical values of degree of polymerisation (DP

𝑛
) of

the polymerised product with respect to styrene and CMS
monomers can also be determined by using

DP
𝑛(𝑖)
=
[𝑀
𝑖
]
0

[initiator]0
× conversion. (1)

2.3. AGET-ATRP and SR&NI ATRP. By using CuBr
2
as a

replacement for the CuBr transition metal catalyst, the
AGET-ATRP, and SR&NI ATRP were carried out in similar
procedures. In these cases, Sn(EH)

2
and AIBN were used

as an activator and initiator, respectively (Figure 2). More
specific details concerning the polymerisation recipe for each
ATRP system are summarised in Table 1.

2.4. Preparation ofDonor-Acceptor BlockCopolymers. Finally,
a kind of electron donor-acceptor block copolymers, namely
poly(3-hexyl thiophene)-b-fullerene grafted polystyrene
(P3HT-b-PSFu), to be used as a compatibilizer in bulk
heterojunction polymer solar cells were prepared via a
fullerenation. The fullerene (C

60
) groups were attached

onto the P3HT-b-P(S-co-CMS) molecules via an Atom
transfer radical addition (ATRA). Typical experimental
procedures are as followed. To a 250mL three-necked flask,
0.1 g of the P3HT-b-P(S-co-CMS) was mixed with the C

60

(0.013 g), bipyridine (0.03 g), and dichlorobenzene (15mL).
The solution was purged with nitrogen gas for 15min and
then sealed with paraffin film and kept for further ATRA
reactions. Next, Cu (0.013 g) and CuBr (0.0086 g) were added
to a 250mL three necked round bottom flask. The flask was
closed with a rubber septum and sealed before undergoing
vacuum and nitrogen purge for 5 cycles. Then, the above
prepared polymer solution was introduced into the reaction
flask by injection with a syringe through the rubber septum.
The mixture was then refluxed at 100∘C in an oil bath for
24 h. After cooling to room temperature, content in the
reaction flask was filtrated and precipitated with excess
amounts of methanol. The crude precipitated product was
re-dissolved in THF and the mixture was passed through
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Table 1: Recipes for carrying out ATRP for styrene and chloromethylstyrene with the use of P3HT macroinitiator.

Polymerization methods Molar compositions of the chemicals
[Cu(I)Br] [Cu(II)Br2] [PMDETA] [AIBN] [Sn(EH)2]

AGET ATRP — 1 1 — 0.2
SR&NI ATRP — 1 1 0.2 —
Normal ATRP 1 — 1 — —
Styrene = 1.7mL, chloromethylstyrene = 2.13mL, P3HT = 1 g, Cu(II)Br2 = 0.223 g, PMDEA = 0.02mL,
(i) Sn(EH)2 = 0.00648mL for the AGET-ATRP system.
(ii) AIBN = 0.003mL for the SR&NI-ATRP system.
(iii) Cu(I)Br = 0.14mL for the normal ATRP system.

an alumina column in order to remove the copper catalyst
and then and precipitated into a large amount of methanol.
The crude precipitated product was re-dissolved in THF,
and then precipitated in methanol again. Hexane, which is
a selective solvent for C

60
and a nonsolvent for the polymer,

was used to remove any residual C
60

from the product.
UV-visible spectroscopy was used to examine the presence
of a characteristic absorption peak of free C

60
in the leached

solvent. The washing process was carried out until the
aforementioned UV-visible peak (wavelength 335 nm) was
absent. Finally, the purified product was dried in a vacuum
oven at 45∘C until reaching a constant weight (∼24 h).
The donor-acceptor block polymer was characterized by
UV/Visible spectroscopy and thermal gravimetric analysis
(TGA). More details concerning the characterizations can be
found elsewhere [16].

2.5. Characterisations. The chemical structure of the synthe-
sised polymer was verified using the 1H-NMR technique.
The sample for the 1H-NMR experiments was prepared
by dissolving 5mg of the polymer in 5mL of deuterated
chloroform (CDCl

3
). The NMR experiment was carried

out with a Bruker instrument (500MHz, ADVANCE DPX
300 model) using tetramethylsilane (TMS) as an external
reference at 20∘C.

The molecular weight of the purified products was deter-
mined by using a gel permeation chromatography (GPC)
technique, with the use of a Water (Breeze2 HPLC System)
instrument equippedwith an RI detector. THFwas used as an
eluent and 100 𝜇L of the sample solution (3mg/mL in THF)
was prepared and filtered with a nylon 66 membrane before
injection. GPC was operated at a flow rate of 1.0mL/min.
The obtained GPC chromatogram was then translated into
a molecular weight distribution (MWD) curve via the use
of a polystyrene narrow molecular weight calibration curve.
The average molecular weight and polydispersity index were
determined using standard equations.

Thermal behaviour of the synthesised block copolymer
was characterised by thermal gravimetric analysis (TGA),
using a Mettler Toledo (TGA/SDTA 851) instrument. The
sample (10mg) was used and then heated over temperatures
ranging from25 to 800∘C, at a heating rate of 10∘C/min, under
nitrogen atmosphere.

Morphology and surface topographical features of the
prepared block copolymers were examined by Atomic Force
Microscopy (AFM; Seiko Instruments SPA-400). Briefly,

16.00 18.00 20.00 22.00

(min)

P3HT-b-P(S-co-CMS) P3HT-MI

Figure 3: Overlaid GPC chromatograms of the P3HT macroinitia-
tor and that of the product obtained from ATRP.

a solution of the sample was spin coated onto a silicon (Si)
substrate, at room temperature. Solvent was evaporated by
drying at 50∘C under reducing pressure in a vacuum oven
(10−2mbar). The samples than underwent AFM analysis and
the corresponding images were examined by using a phase
image tapping mode and a topographic mode.

3. Results and Discussion

The molecular weight of P3HT-b-P(S-co-CMS) was deter-
mined using the GPC technique, as shown in Figure 3. The
GPC peak of the macroinitiator shifted to a shorter retention
time, indicating that the molecular weight of the polymer
product increased. By using a calibration curve, 𝑀

𝑛
of the

P3HT macroinitator and the corresponding product were
7,100 and 9,300 g/mol, respectively.This indicates that further
reactions with styrene and CMS extended the chain length of
the macroinitiator.

The chain extension of the P3HT macroinitator was
further confirmed by the 1H-NMR. Figure 4 shows the 1H-
NMR spectrum of the P3HT macroinitator. Characteristic
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Figure 5: 1H-NMR spectrum of the P3HT-b-P(S-co-CMS).

monomer peaks at 1.9, 3.2 and 4.3 ppm that represent the pro-
tons in the bromopropionate end groups of themacroinitiator
can be seen. The peak at 6.8 ppm can be ascribed to the
aromatic protons of the P3HTmain chains. After carrying out
the ATRP, the peaks at 7.0 and 7.3 ppm emerged (Figure 5).
These could be attributed to the aromatic protons in the
repeating units of P(CMS) and PS, respectively. On the
other hand, the above spectrum lacks peaks at 5.2 and
5.7 ppm of the olefinic proton, indicating that there are no
residual monomers in the purified product. The peak at 4.3,
representing the protons in the bromopropionate end group
of the macroinitiator, also disappears, whereas the peak at
4.6 ppm, belonging to the methylene protons adjacent to
the chlorine atom of the P(CMS) repeating units, appears.
The above spectral changes are sufficient to confirm that the
P3HT-b-P(S-co-CMS)was obtained. Similar spectral changes
were observed from the 1H-NMR spectrum of P3HT-b-P(S-
co-CMS), prepared by using different ATRP conditions. In
addition, by using the characteristic NMRpeaks representing
each repeating unit, compositions of the copolymers can be
determined. These results are summarised in Table 2.

It is worth noting that a majority of the P(S-co-
CMS) block contains PS repeating units, regardless of the
monomer/macroinitiator mole ratio. The composition also
changed with the polymerisation time, that is, the longer
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Figure 6: TGA thermogram of the P3HT-b-P(S-co-CMS).

the time, the greater the P(CMS) content. This could be
ascribed to the different monomer reactivity ratios and to a
composition drift effect [17]. In addition, our earlier work
concerning a synthesis of PPV-g-P(S-co-CMS) via iniferter
polymerisation [18] also revealed that the reactivity ratios
of CMS and styrene, determined using the Fineman-Ross
equation [19], are 0.11 and 0.51, respectively.

In addition, side reactions during ATRP might also
be possible. Our control experiments involving free rad-
ical copolymerisations of styrene and CMS via the use
of either AIBN or iniferter polymerisations revealed that
the P(CMS) composition in the P(S-co-CMS) chains are
47.57% and 43.82%, respectively.These values are significantly
higher than those obtained from the ATRP when the same
monomer/feedmole ratio was used (50/50).This discrepancy
implies that some side reactions might occur during the
ATRP. This includes a chain transfer reaction to the chlorine
atoms in the P(CMS) units of the copolymer, leading to some
changes and/or deviations in the copolymer composition.

Figure 6 shows a TGA thermogram of the product
obtained from copolymerisation of styrene and chloro-
methylstyrene at 100∘C for 180min via the ATRP technique.
A three-step transition can be observed. The first transition
occurred over a temperature range of between 50 and 150∘C,
involving approximately a 10% weight loss, which can be
ascribed to the evaporation of absorbed water on the sample’s
surface. Next, the second weight loss (27wt%) occurred over
a temperature range of 220–390∘C. This could be related to
the decomposition of P(S-co-CMS) units [20, 21]. Finally, the
third transition, which accounted for 48% of the weight loss,
represents the decomposition of P3HT [22]. Above 700∘C, no
further weight loss was observed and the remaining weight is
attributed to residual solids.

3.1. ATRP Kinetics. Figure 7 shows that the monomer con-
version increases with the polymerisation time and tends to
reach a plateau after 120min. This can be ascribed to the fact
that the ATRP is a type of controlled radical polymerisation.
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Table 2: Effects of monomer :macroinitiator mole ratios and polymerization times on monomers conversions, molecular weights, and
compositions of the P3HT-b-P(S-co-CMS) copolymers obtained from ATRP of styrene and chloromethylstyrene.

Conditions Monomers
conversion (%)

P3HT-b-P(S-co-CMS) compositions Molecular weight analysis
Polymerization
time (min)

Monomers/P3HT
mole ratios

P(SCMS) block
(% mol) PS (% mol) P(CMS)

(%mol) 𝑀
𝑛
(g/mol) PDI

60 300 : 1 25.40 14.16 72.73 27.27 9,774 1.09
200 : 1 19.63 4.84 77.06 22.94 8,249 1.07

90 300 : 1 30.27 16.32 73.85 26.15 9,973 1.09
200 : 1 26.18 8.41 73.85 26.15 9,321 1.05

120 300 : 1 36.04 18.37 74.67 25.33 11,698 1.06
200 : 1 29.99 12.79 69.70 30.30 10,112 1.05

180 300 : 1 43.08 20.51 69.70 30.30 13,488 1.13
200 : 1 35.51 16.53 70.97 29.03 11,190 1.08

240 300 : 1 50.14 28.57 65.61 34.39 15,934 1.12
200 : 1 38.55 18.57 68.21 31.79 12,079 1.11

Styrene/CMS mole ratio = 50/50.
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Figure 7: Relationships betweenmonomer conversion and reaction
time during ATRP of styrene and CMS at 100∘C.

The propagating chains are reversibly reacted with bromine
atoms, serving as a capping agent. Consequently, the longer
the reaction times, the higher the chances for monomers to
react with the propagating chains. After a prolonged poly-
merisation time beyond 120min, the conversion gradually
increased with time, possibly due to changes in monomer
composition and depletion of the macroinitiator.

Figure 7 also shows that by increasing the monomers/
macroinitiatormole ratio from 200 : 1 to 300 : 1, themonomer
conversion and percentage mole of the P(S-co-CMS) block
increases, regardless of the polymerisation techniques. This
is due to the fact that the higher the mole ratio, the greater
the polymerisation rate. The above statement is supported by
the results from the kinetic plot of 𝐿𝑛[𝑀

0
]/[𝑀] versus time
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styrene and CMS with the P3HT macroinitator (using different
monomers/macroinitiator mole ratios).

for the ATRP of styrene and CMS (Figure 8), which led to the
calculated rate constants of 1.9× 10−3 and 2.7× 10−3 s−1 for the
ATRP using the mole ratios of 200 : 1 and 300 : 1, respectively.

Figure 9 shows the dependence of the molecular weight
and polydispersity index (PDI) on monomer conversion for
the ATRP of styrene and CMS with the P3HT macroinitator.
The PDI values of the polymerised products ranged from
between 1.05 and 1.13. These values are considerably lower
when compared to those obtained from normal free radical
polymerisations and/or other controlled radical polymeri-
sation techniques, such as iniferter polymerisation [9]. For
example, our control experiments concerning free radical
copolymerisation of the styrene andCMS via the use of AIBN
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Table 3:Monomers conversions,molecular weights, and compositions of the P3HT-b-P(S-co-CMS) copolymers obtained fromvariousATRP
systems.

Conditions Monomers
conversion (%)

P3HT-b-P(S-co-CMS) compositions Molecular weight analysis
Polymerization
time (min) ATRP methods P(SCMS) block

(% mol) PS (% mol) P(CMS)
(%mol) 𝑀

𝑛
(g/mol) PDI

60
AGET ATRP 35.75 22.74 75.73 24.27 9,194 1.09
SR&NI ATRP 16.78 16.45 86.11 13.89 9,671 1.07
Normal ATRP 25.40 14.16 72.73 27.27 9,774 1.09

90
AGET ATRP 41.34 24.78 75.61 24.39 10,314 1.05
SR&NI ATRP 25.12 18.51 81.48 18.52 10,067 1.06
Normal ATRP 30.27 16.32 73.85 26.15 9,973 1.05

120
AGET ATRP 45.03 25.54 72.22 27.78 11,541 1.13
SR&NI ATRP 38.71 20.25 73.33 26.67 11,572 1.08
Normal ATRP 36.04 18.37 74.67 25.33 11,698 1.12

180
AGET ATRP 50.71 25.60 70.09 29.91 12,592 1.11
SR&NI ATRP 45.65 23.78 68.35 31.65 13,646 1.05
Normal ATRP 43.08 20.51 69.70 30.30 13,488 1.21

180 Iniferter n/a n/a 56.18 43.82 8,504 1.84

180 Normal FRP
with AIBN n/a n/a 52.43 47.57 9,069 2.28

240
AGET ATRP 54.82 29.58 64.29 35.71 16,989 1.12
SR&NI ATRP 55.54 31.11 60.67 39.33 16,404 1.09
Normal ATRP 50.14 28.57 65.61 34.39 15,934 1.23

Monomers/P3HT macroinitiator mole ratio = 300/1; styrene/CMS mole ratio = 50/50.
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Figure 9:Dependence ofmolecularweight and polydispersity index
on monomer conversion for the ATRP of styrene and CMS with
the P3HT macroinitator (using different monomers/macroinitiator
mole ratios).

and/or the use of iniferter polymerisation revealed that the
obtained PDI values of the products lies between 2.28 and
1.84, respectively (Table 3).

Notably, in all cases, the actual𝑀
𝑛
determined from the

GPC technique is lower than that of the theoretical 𝑀
𝑛
,

regardless of the monomers/macroinitiator mole ratios. In
particular, the polymers prepared using the higher mole ratio
(300 : 1) showed this trend at the highest level, that is, the
higher the mole ratio, the greater the discrepancy. This result
implies that nonnegligible chain transfer reactions occurred
during the polymerisation [11].

3.2. Comparisons of Various ATRP Systems. Figure 10 shows
the relationships between monomer conversion and reaction
time during the copolymerisation of styrene and CMS using
normal ATRP, AGET-ATRP and SR&NI ATRP, respectively.
The monomer conversion linearly increases with time before
reaching a plateau. This can be explained in a similar fashion
to the above results, as shown in Figure 8. It is worth
nothing that at a shorter polymerisation time, the monomer
conversion obtained from the AGET-ATRP system is higher
than those obtained from the normal ATRP and SR&NI
ATRP. This is because CuBr

2
is more stable than its lower

oxidation state analogue (CuBr) that was used in the normal
ATRP system. In the case of AGET-ATRP, the reduction
of CuBr

2
with Sn(EH)

2
leads to a shift toward a dormant

species. In this system, homo-polymerisation of the styrene
and CMS is less likely to occur due to the fact that there
is no radical initiator in this system. This is not the case
for the SR&NI-ATRP system where the decomposition of
AIBNmight induce homo-polymerisation of the monomers,
leading to the lower rate of polymerisation. Similar results
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were observed by Lacroix-Desmazes et al. [23] in a study on
poly(chloromethylstyrene-b-styrene) block copolymers.

Kinetic plots of 𝐿
𝑛
[𝑀
0
]/[𝑀] versus time for the poly-

merisation of styrene and CMS via different ATRP systems
are illustrated in Figure 11. The three types of ATRP systems
led to the first order kinetics with respect to the monomers.
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Figure 12: Dependence of molecular weight and polydispersity
index on monomer conversion for the polymerisation of styrene
and CMS via different ATRP systems, using the P3HTmacroinitator
(monomers/macroinitiator mole ratio = 300/1).

This behaviour is similar to those behaviours reported in the
literature for the homopolymerisation of styrene via ATRP
[12, 13]. In this study, we found that the polymerisation rates
among the three ATRP systems are slightly different.The rate
constant (𝑘) for the AGET ATRP system is the highest (4.1 ×
10−3 s−1), followed by that of SR&NI ATRP (3.4 × 10−3 s−1)
and normal ATRP (3.2 × 10−3 s−1), respectively.

Dependencies of the molecular weight and PDI on the
monomer conversion of styrene and CMS from the three
ATRP systems are also shown in Figure 12. PDI values of the
products ranged from between 1.05 and 1.23. The values are
considerably smaller than those generally obtained from a
normal free radical polymerisation, as well as the other types
of controlled radical polymerisation.Molecular weight values
of the synthesised products, determined by GPC technique,
are lower than the theoretical values, calculated by assuming
a truly living polymerisation condition. This indicates that
the ATRP polymerisation is not a truly living polymerisation
and the reaction is not totally free from any chain transfer
reactions. In addition, the chlorine atom of CMS has reactive
functionality for ATRP and can act as an initiator and/or a
chain transfer agent [24]. Therefore, chain transfer reactions
to CMS and/or to the propagating polymer chains can occur.
In theory, these side reactions could lead to the formation
of various polymer structures, such as P(S-co-CMS) linear
chains or P(S-co-CMS) grafted copolymers (structure No.
(3) in Figure 13), in addition to more complex architecture,
such as the hyper-grafted copolymer, based on P3HT-b-P(S-
co-CMS) backbone. The latter two by-products cannot be
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Figure 13: A schematic structure of a tentative byproduct attributed to chain transfer reactions occurring during the ATRP of styrene and
CMS.

isolated from the main product by multiple extractions with
several selective solvents. Due to the different molecular
architectures and chain conformations, it might be possible
that the presence of these remaining by-products contributed
to a deviation of𝑀

𝑛
(determined fromGPC technique) of the

prepared product from its theoretical𝑀
𝑛
value.

Table 3 shows that by increasing the polymerisation time
to 180min or more, some differences in PDI values between
the polymers obtained from the normal ATRP and those
from the modified ATRP systems (AGET-ATRP and SR&NI
ATRP) were noted. In the latter cases, the PDI values
of P3HT-b-P(S-co-CMS) ranged from 1.05–1.12, which are
slightly lower than the values from the normal ATRP (1.21–
1.23). This indicates that the AGET-ATRP and SR&NI ATRP
systems are the better-controlled polymerisation systems.

Last but not least, morphology of the various block
copolymers deserved a consideration. Figure 14 shows AFM
micrographs of the P3HT-b-P(S-co-CMS), experiencing dif-
ferent types of ATRP methods. The micrographs obtained
from a phase image tapping mode reveal the presence of
two separated phases. The dark area represents the material
with a relatively low modulus whereas the brighter area
was more rigid. In relation to this study, these two phases
corresponded to the P3HT block and the P(S-co-CMS) block
in the copolymer, respectively. This was due to the fact that
glass transition temperature of P(S-co-CMS) is about 81∘C
[24] which is greater than that of the P3HT macroinitiator
(67∘C). From the above micrographs, a kind of dispersed

particle morphology was noted, regardless of the types of
ATRP systems used for the polymerization. The P(S-co-
CMS) block was a minor phase being dispersed within the
continuous P3HT matrix. This is in a good agreement with
the results fromTable 3, showed that percentage composition
of P(S-co-CMS) block in the copolymer is lower than that
of the P3HT block. In other words, majority of the block
copolymer molecule is P3HT. In this study, the effect of
polymerization systems onmorphology and phase size of the
copolymerwas not obvious.Thiswas due to the fact that com-
position of the block copolymers was very similar (Table 3).
Nevertheless, the above results indicate that the two blocks
were incompatible and the phase separated morphology was
induced.

Interestingly, after grafting fullerene groups onto the
block copolymer molecules, using the ATRA technique,
the AFM micrographs (Figure 15) in a topographic mode
revealed that surface roughness of the block copolymers
increased significantly. The above change could be attributed
to the presence of C

60
. In relation to the bulk heterojunction

polymer solar cell application, photovoltaic performance of
the BHJ depends on many factors including the morphology
ofmaterials in the active layer. Generally speaking, the higher
the surface roughness of the donor and acceptor materials,
the greater the contact area between the active layer and
the metal electrodes. Consequently, more efficient charge
collection at the interface and the greater power conversion
efficiency can be expected.
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Figure 14: AFMmicrographs of the P3HT-b-P(S-co-CMS) prepared by variousATRP systems; normalATRP (top row), AGET-ATRP (middle
row), and SR&NI ATRP (bottom row).Themicrographs were recorded in a phase image tappingmode (left column) and a topographic mode
(right column).

4. Conclusions

P3HT-b-P(S-co-CMS) block copolymers were prepared via a
chain extension of the P3HT macroinitator with styrene and
CMS comonomers. Kinetics of three different ATRP systems,

normal ATRP, AGET-ATRP, and SR&NI ATRP, were studied.
Results from the 1H-NMR analysis shows that the copolymer
product containing the P(S-co-CMS) block (with polystyrene
repeating units as a major component) was obtained. The
three types ofATRP systems led to the first order kineticswith
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Figure 15: AFM micrographs of the donor-acceptor block copolymers (P3HT-b-PSFu) prepared by various ATRP systems; normal ATRP
(top row), AGET-ATRP (middle row), and SR&NI ATRP (bottom row).The micrographs were recorded in a phase image tapping mode (left
column) and a topographic mode (right column).

respect to the monomers. The rate of polymerisation among
the three different systems increased in the order of AGET-
ATRP > SR&NI-ATRP > normal ATRP. Polydispersity index
values of the copolymer products obtained from themodified
ATRP systems (AGET-ATRP and SR&NIATRP) ranged from

1.05–1.12, which are slightly lower than are the values from
the normal ATRP system (1.21–1.23). The number average
molecular weight (𝑀

𝑛
) of the block copolymer products

is lower than that of the theoretical 𝑀
𝑛
values, regardless

of the polymerisation conditions. The discrepancies were



Advances in Materials Science and Engineering 13

discussed in light of the side reactions, including the chain
transfer reaction from the propagating chain ends to the
chlorine atoms along the P(CMS) repeating units of the
copolymer chains. Results from AFM micrographs (phase
image) indicated that the synthesized block copolymers are
phase separated. Morphology of the block copolymers was
also changed significantly after grafting with fullerene.

Conflict of Interests

There is no conflict of interests in this paper.

Acknowledgments

Mr. Nattawoot Rattanathamwat would like to thank the
National Nanotechnology Center (NANOTEC) for the finan-
cial support during this doctoral study (Grant no. P10-10588).
This work was also supported by the Nanotechnology Center
(NANOTEC), NSTDA, Ministry of Science and Technology,
Thailand, through its Center of Excellence Network pro-
gramme.

References

[1] X. Fan, C. Cui, G. Fang et al., “Efficient polymer solar cells based
on poly(3-hexylthiophene): indene-C

70
bisadduct with a MoO

3

buffer layer,” Advanced Functional Materials, vol. 22, no. 3, pp.
585–590, 2012.

[2] B. C. Thompson and J. M. J. Fréchet, “Polymer-fullerene com-
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Prepolymer of polyurethane (PU) was prepared by toluene diisocyanate (TDI) and polyether diol through polymerization,
organically modified montmorillonite (OMMT) gained by montmorillonite (MMT) that was modified by octadecyl trimethyl
ammonium chloride (OTAC), and the OMMT was used as intercalator; alcohol-based OMMT/PU adhesive was synthesized.
The micromorphology of OMMT/PU adhesives was observed by XRD, SEM, and AFM, and the shear strength, elongation at
break, peel strength, and water resistance were tested and the relationship between structure and properties of the adhesives was
observed and analyzed. XRD suggested that OMMT has been completely peeled in the polyurethane matrix and the spacing of
layers has increased. SEM and AFM indicated that the OMMT dispersed evenly in the PU matrix and had a good transition with
PUmatrix, and the interface effects between two phases were strong.The results of the mechanical properties showed that OMMT
could significantly help to improve properties of OMMT/PU adhesive, and the shearing strength, fracture tensile strength, and peel
strength of 4wt% OMMT/PU adhesive were 7.24MPa, 2.14MPa, and 451.2N/m, respectively; the water absorption quantity was
2.82%. Compared with the unmodified PU, the shearing strength, tensile strength, and elongation at break of 4wt% OMMT/PU
adhesive were increased by 36.75%, 134.90%, and 76.80%, respectively. The peel strength decreased by 30.76%, and the water
absorption decreased by 17.54%, in the meanwhile.

1. Introduction

Nanoparticles have much large surface area and shorter
interparticle distance at the same particle content, exist in
superior properties, andmay have a significant impact on the
electrical properties, heat resistance, and mechanical prop-
erties of the composites, and the montmorillonite (MMT)
is the one of nanoparticles, which is a kind of natural clay
mineral and has a layered structure. It consists of stacked,
layered silicate about 1 nm thickness including two silica
tetrahedral sheets sandwiching an edge-shared octahedral
sheet of either aluminum or magnesium hydroxide. There
are some hydrophilic cations residing in the gallery, such as
Na+ or K+ ions, which can be exchanged by other cations
[1]. MMT and related layered silicates are the materials
of choice for polymer/clay nanocomposites with excellent
performances.

Polyurethane (PU) is widely used in engineering ther-
moplastic material with excellent properties such as good
mechanical properties and thermal property; more attention
has been given to the PU/filler composites [2, 3]. The curing
cycle of water-soluble PU adhesive is long and has a low solid
content. The infiltration of solvent-free PU adhesive is bad
and the production cost is high; alcohol-based PU adhesive
is used widely in the field of fabric, plastic flexible packaging
and leather finishing [4, 5], because it has no NCO groups,
it is nontoxic, it does not pollute the environment, and it
saves energy, and it has excellent flexibility and oil resistance,
abrasion resistance [6, 7]. But the drawback of alcohol-based
PU adhesive is low bond strength and permeability is not
ideal, in some special cases.MMT is lamellarmaterial, having
large length thick ratio, but it is difficult to form intercalated
or exfoliated structure whileMMT is used tomodify polymer
matrix directly. Polymer chain is difficult to insert between
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the MMT layers because the polarity of MMT is strong
and the layer thickness is very small, so the MMT should
be organically modified (OMMT). On one hand, OMMT
has a good compatibility with the PU matrix; on the other
hand, due to the presence of nanomaterial, the composite
material exhibits high mechanical strength, high modulus,
and high thermal stability properties, and nanocomposite
modified by OMMT shows excellent performance in these
areas [8, 9]. OMMTcan improve themechanical properties of
PU adhesive and reduce the permeability effectively [10, 11].

Toluene diisocyanate (TDI) and polyether diol were used
to prepare PU andOMMTwas used asmodifier in this paper,
the microstructure and mechanism were studied by XRD,
SEM, and AFM, the shear strength, peel strength, and water
absorption ofOMMT/PUfilm are tested, and the relationship
of structure and properties has been researched and provided
experimental data and theoretical basis for the development
and application of PU.

2. Experimental

2.1. Materials. MMT (200 mesh, 90∼110mmol/100 g) was
obtained from Henan Yongshun Water Treatment Materials
Co., Ltd. (CHN). Polyether diol (𝑀

𝑛
= 1000) was obtained

from Jiangsu Haian Petroleum Chemical Plant. Toluene
diisocyanate (TDI) was from Shanghai Shengan Chemical
Industry Co. (CHN), industrial products. Diethylenetri-
amine was fromNewtop Chemical Material (CHN) Co., Ltd.,
AR grade. Epoxy resin (E-51) was from Wuxi Guangming
Chemical Factory. Octadecyl trimethyl ammonium chloride
(OTAC) was from Boxing County Runda chemical Co., Ltd.
(CHN).

2.2. Modification of Na-MMT. MMT (20 g) was placed in
a 500mL flask, and then distilled water (380 g) and OTAC
(7.66 g) were added, where the quality of OTAC could be
calculated according to the following formula. The reaction
temperature was controlled at 353K and rapidly stirred for
4 h and filtered. Modified MMT was rinsed with distilled
water for 3–5 times and placed in an oven, dried for 6 h at
373K, grinded and collected OMMT (organically modified
montmorillonite) sieved by 200 mesh:

𝑚OTAC =
CEC × 10−3

100
× 𝑚Na-MMT ×𝑀OTAC, (1)

where𝑚OTAC was themass of OTAC, CECwas themaximum
capacity when Na+ in Na-MMT would exchange with the
outside cations, 𝑚Na-MMT was the mass of Na-MMT, and
𝑀OTAC was the molar mass of OTAC.

2.3. Preparation of Prepolymer. Polyether diol (𝑀
𝑛
= 1000)

was added into the flask and vacuum dried at 373K and
2mmHg for 0.5 h and cooled to 353K, and TDI, isopropyl
alcohol, acetone, and diethylenetriamine were added into
above solution, stirred for 1.5 h, heated continuously to 373K,
and kept for 2 h.Themixture was allowed to cool to 318 K and
stirred for 3 h before being used.

2.4. Preparation of A and B Component

A Component. Chain growth agent diethylenetriamine was
quickly added into the prepolymer and stirred for 1 h at
313 K∼328K. The temperature was raised to 343K, and sol-
vent was volatilized for 0.5 h, when the distillate reduced sig-
nificantly, continued to heat up to 393K∼398K, and started
vacuum, kept for 0.5 h. Lower the temperature to 343K and
added anhydrous ethanol and stirred 0.5 h, got OMMT/PU,
finally.

B Component. Curing agent was prepared by the epoxy resin
E-51 and acetic ether. The B component was mixed with A
component in a certain proportion before being used.

2.5. Preparation of OMMT/PU Adhesive. B component
mixed with A component according to the mass ratio of
1 : 10, was cured for 24 h at 60∘C (333K), and got OMMT/PU
adhesive.

2.6. Methods of Testing

FT-IR.The FT-IR spectra, which are used to characterize the
chemical structure of the polymermatrix, are performedwith
EQUINOX-55 Fourier transform spectrometer (GER), in the
400–4000 cm−1 range; 5 scans are averaged for each spec-
trum. And it could be seen that there exist the characteristic
absorption peaks of material.

XRD. X-ray diffraction (XRD) patterns are obtained using
a Philips (Holland) Y500 diffractometer with a back
monochromator and Cu anticathode (scanning rate 1.5∘/min,
scanning range 2–14∘, and step 0.15406 nm). Special attention
is paid to the 2𝜃 region for accurate determination of 𝑑

001

(i.e., the MMT and OMMT d-spacing). Spacing of MMT and
OMMT are analyzed, and the dispersion effect of OMMT in
PU matrix is identified.

SEM. The fracture structures of samples were examined on
the HITACHI S-4300 scanning electron microscope (SEM,
JAPA). Samples were deposited on a sample holder with
adhesive carbon foil and were sputtered with gold. The
dispersion effect of MMT and the interfacial morphology of
OMMT in PU matrix are also observed and analyzed.

AFM. Atomic force microscope (Veeco Instruments, USA) is
used to observe decentralized state and roughness of OMMT
in PU matrix.

2.6.1.MechanicalMeasurements. Tensile strength, elongation
(%), and peel strength are measured using a universal testing
machine (model 3000, Shoreatzo Co., Japan) at 23±2∘ (276±
278K), with a tensile speed of 5 ± 1mm/min, according to
GB/T7124-1986. The dimensions of the sample are 2mm in
width, 12.5mm in thickness, and 35mm in length. The mean
value of five measurements for each sample is taken.
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Scheme 1: The reaction equation of performed polymer in the system.

3. Results and Discussions

3.1. FT-IR Spectral Analysis. FT-IR spectra of composite
materials were presented in Figure 1. The curves of (a), (b),
and (c) were PU adhesive solution, EP resin, and the film
after curing in the FI-IR spectra, respectively. The reaction
equation was listed in Schemes 1 and 2. As seen in Figure 1(a)
few absorption peaks can be found at 3297 cm−1, 2970 cm−1,
and 1725 cm−1 which can be attributed to –OH and –NH
stretching vibration [12, 13], stretching vibration absorption
peak of –CH, and –C=O stretching vibration, respectively,
indicating that the organic modifier has been exchanged
into the galleries of the silicate layers. This showed that the
urethane groups were generated by the reaction of –NCO
and –OH in the system. The absence of the characteristic
absorption spectral bands of the –NCO at 2280∼2270 cm−1

confirmed that the –NCOgroupswere completely consumed.
According to the curve (a), the carbamate was formed due
to the reaction between –NCO group of TDI and –OH of
polyether.

Curve (b) was the FT-IR spectrum of curing agent
(epoxy resin E-51); 909 cm−1 and 840 cm−1 were the vibration
absorption peak of the epoxy ring. The absorption peak at
1508 cm−1 belonged to the p-substituted benzene absorption,
and a strong absorption peak at 1242 cm−1 was due to the
aliphatic aromatic ether bond antisymmetric stretching
vibration.

The small peak at 1100 cm−1 in curve (c) was due to –O–
stretching vibration, which was wider than the curve (a),
because of the overlap of the –O– in the EP and PU stretching
vibration [14, 15].The absence of the peak of the epoxy groups
at 915 cm−1 confirmed the epoxy groups were completely
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Figure 1: FT-IR spectra of the alcohol-based polyurethane adhe-
sives.

consumed. According to the curve of (a), (b), and (c) the
target product of alcohol soluble polyurethane adhesive was
gained by the reaction betweenTDI and polyether polyol.The
reaction between PU and EP was complete, formed network
structure, and achieved the purpose of curing. The reaction
mechanism is indicated in Schemes 1 and 2.

3.2. SEM and AFM Analysis. The SEM images of MMT and
OMMT were shown in Figure 2. Figure 2(a) was SEM of
MMT; it indicated that lamellar spacing was fuzzy, layer
spacing was not clear, and there were a lot of granular
impurities on the surface of layer, and thiswould influence the
performance of MMT as filler material [16, 17]. Figure 2(b)
was the SEM image of OMMT (organically modified by
OTAC),which showed that the surface of the lamellawaswith
no impurities, clean and clear, and the lamellar spacing was
increased. Meanwhile, it was noted that the ratio of length to
thickness of OMMT was large, and the thickness was about
1 nm; while the length was about 100 nm, the layer was peeled
in the PU matrix and could be further confirmed from the
result of XRD.

Figure 3 was the AFM images of OMMT/PU adhesive
[18], and Figure 3(a) was the appearance diagram, and Fig-
ure 3(b) was three-dimensional phase diagram. The bright
part was the higher area, OMMT component, while the dark
part was the lower area, PU matrix, in Figures 3(a) and 3(b).
OMMT component of the phase diagram was nanoscale
dispersion and was uniformly dispersed in PU matrix. The
interface between PU matrix and OMMT was fuzzy, which
could indicate that the modifier OTAC could play a role of
bridge between OMMT and PU matrix, and showed that
the surface of OMMT/PU film was jagged, and this could
prove the layer of OMMT was peeled completely in matrix,
and spatial distribution of layer was random occurrence. The
reason was that crossing reaction between PU and OTAC
would lead the layer of OMMT to peel completely. On the
other hand, there existed electrostatic force between OTAC
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Figure 2: The SEM photographs of OMMT.
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Figure 3: The AFM images of OMMT/PU.

and the layer of MMT, so it could play a very good transition
connecting role between matrix and inorganic components.

3.3. XRD Analysis of OMMT/PU. Figures 4(a) and 4(b) were
the XRD [19] patterns of MMT and OMMT; 2𝜃 angle of
them were 6.4∘ and 4.3∘, respectively. According to Bragg’s
law, 2𝑑 sin 𝜃 = 𝑛𝜆, X-ray was a copper target, and the wave-
length was 0.15406 nm, 𝑛 = 1, and then spacing of MMT
andOMMTwas 1.38 nm and 2.05 nm, respectively.The inter-
layer spacing was increased 48.6%, which suggested that the
interlayer spacing of OMMT was improved.

Figure 5 was XRD patterns of OMMT/PU; it showed that
2𝜃 angle at the range of 3∘∼4∘ gradually appeared as peak with
the increase of OMMT content; the peeling effect was fine
when the content of OMMTwas in the range of 1∼4wt%, and
it dispersed disorderly, so no obvious peak appeared. When

the content of OMMT was 5wt%, weak peak appeared in the
range of 3.8∘ nearby, and it may influence OMMT dispersion
in the matrix and there was locally orderly arrangement that
was intercalated structure.

3.4. Mechanical Properties Analysis of OMMT/PU Films

3.4.1. Shear Strength Analysis. Shear strength was tested
according to GB/T 7124-1986; the sample was made with 45
carbons steel, and the size of length was 100 ± 0.2mm, width
was 25±0.2mm, and thickness was 2±0.1mm.The length of
the bonding part was 12.5 ± 0.5mm, and stretching rate was
5 ± 1mm/min.

Figure 6 noted the change of shear strength of PU
adhesive with the increase of content OMMT from 1wt%
to 5wt%. The shear strength increased with the content of
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Figure 5: XRD patterns of OMMT/PU.

OMMT 1wt%∼4wt%. The maximum shear strength was
7.24MPa when the content of OMMT was 4wt%, which
increased by 36.75% than that of pure PUmaterial. But shear
strength decreased when the content of OMMT exceeded
5wt%. The reason was that too many OMMT would result
in appearing of the phenomenon of agglomeration. It would
help to enhance the interactions of OMMT and weaken the
interactions betweenOMMT and PU. So, it rapidly decreased
the shear strength.

3.4.2. Peel Strength Analysis. Peel strength [20] was tested
according to GB/T 2791-1995, 200mm in length, 25±0.5mm
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Figure 6: The shear strength curve of OMMT/PU.
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Figure 7: The peel strength curve of OMMT/PU.

in width, and 3mm in thickness. Speed of peeling was
100 ± 10mm/min, and the length of peeling part was more
than 125mm. The peeling strength was decreased when the
content of OMMT was 0%–5wt% in Figure 7. When the
content of OMMT was 4wt%, there was an inflection point,
and it was because the amount of urethane and carbamido
which played the role of connection increased, instead of
inorganic component OMMT, so the peeling strength of
OMMT/PU decreased.The inflection point might be because
the dispersion of OMMT in 4wt% OMMT/PU was better
than that of 3 wt% OMMT/PU, OMMT on the surface of
3 wt% OMMT/PU was little, and its peeling strength was
lower than that of 4wt% OMMT/PU, but the overall trend
was reduced.
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Table 1: Tensile strength and elongation at failure of OMMT/PU.

Index
sample

Thickness (mm) Width
(mm)

Gauge length (mm) Tensile force (MPa) Elongation at break (%) Tensile strength at break (MPa)

Pure 1.883 6.103 30.10 13.89 20.4 1.21

I 1.786 6.385 32.94 15.87 31.76 1.391

II 1.863 6.075 33.61 16.64 34.44 1.471

III 2.012 6.207 37.45 22.02 49.80 1.761

IV 2.113 6.015 36.98 27.16 47.92 2.14

V 1.996 6.154 36.27 18.44 45.08 1.50

3.4.3. Tensile Strength Analysis. The tensile strength of the
film was tested according to GB/T 528-1998, the sample size
was 25.0 ± 0.5mm in length, 2.0 ± 0.2mm in thickness,
and 6.0∼6.4mm in width, and stress rate was 500mm/min
± 50mm/min. Table 1 showed that the tensile strength and
elongation at break of the film mixed with OMMT increased
in some degree, and the mechanical properties of film
decreasedwhile the content of OMMTwas larger than 4wt%.
The reason was that the intercalation agent molecules reacted
with isocyanate groups and then formed a part of PU, and
electrostatic interactions existed between the intercalation
agent and MMT, so the intercalation agent between MMT
and PU matrix sheet played a role as a bridge. The effect
of stress concentration would produce around ions and the
matrix resin would produce many microcracks, absorbed
more fracture energy, and then blocked or inactivated the
further expansion of microcracks, while the matrix resin
was subjected to external force. So the tensile strength of
the composite increased. OMMT could not disperse in the
matrix uniformly while the content of OMMT was more
than a certain amount. Then made the microcrack develop
intomacroscopic fracture easily, and then the tensile strength
of the composite decreased. The tensile strength at break
of 4wt% OMMT/PU achieves was 2.14MPa that improved
76.8% than that of unmodified adhesive [21]; elongation at
break rose to 47.92% from 20.4% and improved by 134.9%,
and it accorded with the front analyzing result.

3.5. Water Absorption Analysis of OMMT/PU Film. The size
of PU film was 3 cm × 3 cm, and PU film was immersed in
the water (1–5 days) at room temperature and took it out; it
absorbed the water on the surface of film by filter paper. We
weighed the quality of wet film and dry film, from the formula
(𝑊2−𝑊1)/𝑊1, (𝑊1, the quality of dry film,𝑊2, the quality
of wet film) and calculated the water absorption quantity of
the film. Figure 8was the trend of the filmwater absorption. It
reduced the water absorption effectively; with the increase of
OMMT content, inflection point appeared when the content
of OMMT was 4wt% and continued to increase OMMT
that would increase water absorption quantity. It was because
the high content of OMMT could cause local reunion, the
resistance of water molecules entering into PU matrix was
small, and water absorption quantity was bigger, which was
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Figure 8: Water absorption curves of OMMT/PU.

consistent with the result of XRD. On the other hand, water
absorption quantity was increased with the extension of
soaking time, achieved a certain values, and tends to be stable.
The value of water absorption quantity tended to a certain
number when the soaking time was 2 d to 5 d, the reason was
that water molecule was quickly infiltrated in shallow film at
the beginning andmade the water absorption increase. It was
difficult to infiltrate deeply; as the lamella of MMT enlarged
the path of awatermolecule, thewaterwould slowly permeate
into the structure of OMMT/PU over time. On the other
hand, as the density of OMMT was larger than that of PU
matrix, the quality would increase at the same volume; even if
it absorbed the same quality ofmoisture, thewater absorption
quantity would reduce, too. Soaking time was 1d, water
absorption of pure film was 3.42%, and the film of 4wt%
OMMT/PU was lowest, which was 2.82%. Water absorption
quantity was reduced by 17.54% after addingOMMTfiller and
improved the performance of water resistance, effectively.
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Figure 9: The ideal path of water molecules through OMMT/PU
film.

Figure 9 showed the process of water molecules through
film that mixed with OMMT.The water absorption increased
rapidly at the beginning, because the water molecules could
rapidly infiltrate into the shallow surface film. But theOMMT
formed a barrier; then the path of water molecules crossed
PU matrix to increase, so it is difficult to penetrate deeply
into the film in limited time. The water absorption quantity
rate increased slowly with the increasing of time. On the
other hand, because the density of OMMT was much larger
than that of the adhesive film, the quality would increase in
the same volume. Although it absorbed the same quality of
moisture, water absorption rate still decreased.

4. Conclusions

OMMT/PU nanocomposites have synthesized, and the mor-
phologies, mechanical properties, and water absorption
property of OMMT/PU nanocomposites have been investi-
gated in this study. The research results lead to the following
conclusion. According to the results of FT-IR could deter-
mine the reaction product was the target product. SEM and
AFM images noted that the morphology of OMMT filler
was clear and OMMT dispersed uniformly in OMMT/PU
adhesive, and the size of OMMTwas nanoscale. Angle 2𝜃 and
spacing of OMMTwere 6.4∘ and 2.05 nm, which improved by
48.8% and 48.6% than that of MMT in XRD patterns, respec-
tively. When the content of OMMT was 4wt%, the shear
strength was 7.24MPa, tensile strength was 2.14MPa, elonga-
tion at break was 47.92%, peeling strength was 451.2N/m, and
water absorption decreased by 17.54%. The uniform mixing
of OMMT layer and PU matrix could achieve on nanoscale,
so mechanical properties of OMMT/PU were improved, and
water absorption quantity decreased.
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Laser surface hardening process is a very promising hardening method for ferrous and nonferrous alloys where transformations
occur during cooling after laser melting in the solid state. This study experimentally characterizes laser surface hardening of tool
steel in both water and air. For the underwater operation, laser surface scanning is performed over the tool steel surface which is
immersed in water.The laser surface hardening tests are performed with amaximum 200Wfiber laser with a Gaussian distribution
of energy in the beam. For the surface hardening, single-trackmelting experiment which sequentially scans elongated path of single
line has been performed. As the hardened depth depends on the thermal conductivity of the material, the surface temperature and
the penetration depth may be varied by underwater laser processing. The feasibility of underwater laser surface hardening process
is discussed on the basis of average hardness level and hardened bead shape.

1. Introduction

Lasers have been used in a number of ways to modify the
properties of metal surfaces. The most often objective of the
laser processing has been to harden the surface in order
to provide increased wear resistance [1–4]. The laser beam
irradiates the metal surface and causes very rapid heating
of a thin layer of material near the surface. When the beam
moves along the surface, the local heat deposited in the thin
layer will quickly be conducted away, and the heated area
cools rapidly. This is basically self-quenching process of the
surface region [5, 6]. Certain metals, notably carbon steel,
may undergo transformation hardening by heating followed
by rapid cooling [7, 8]. This process yields a locally hard-
ened surface. The hardened depth depends on the thermal
conductivity of the material.The surface temperature and the
penetration depthmay be varied by adjusting the laser power,
the surface scan speed, and the focusing of the beam. Greater
hardening depths may be obtained by slow scan rate and
larger laser power. Laser hardening is suitable for applications
that require high hardness with relatively shallow case depth
on selected surface areas, with no geometrical distortion [9–
11].

It can be used for geometries with irregular shapes,
grooves, lines, and gear teeth. The automotive industry, in
whichwear resistance on selected surfaces is desired, has been
the most important application area for laser hardening.

As the hardened depth depends on the thermal conduc-
tivity of the material, the surface temperature and the pene-
tration depth may be varied by underwater laser processing
[12, 13].

This study experimentally characterizes laser surface
hardening of tool steel in both water and air. For the
underwater operation, single line laser surface scanning is
performed over the tool steel surface which is immersion in
water. Underwater effects on laser surface hardening process
are estimated and discussed on the basis of average hardness
level, melted bead shape, and width of heat affected zone in
hardened layer.

2. Experimental

2.1. Materials. Specimen used in this study is AISI D2 cold
worked tool steel. AISI D2 is a high-Cr, high-C tool steel
alloyed with Mo and V. Chemical compositions of AISI D2
steel are shown in Table 1.
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Figure 1: Schematic drawing of direct laser hardening system.
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Figure 2: Immersed specimen for underwater experiment.

Table 1: Chemical compositions of AISI D2 steel.

Element Fe Cr C Mo Mn V Si
wt.% Bal. 12.10 1.50 1.00 0.45 0.35 0.25

Table 2: Experimental conditions for the direct laser hardening.

Test condition Laser power (W) Scan rate (mm/s)
Ar environment,
underwater 100, 150, 200 7.32∼21.96

2.2. Equipment. Figure 1 schematically shows the direct laser
hardening system. The source of radiation is a fiber laser
(IPG YLR-200) produced by IPG Photonics with a maxi-
mum power of 200W, wave length of 1.07 𝜇m, and a laser
beam diameter of 0.08mm in the focal position. A scanner
(SCANLAB hurrySCAN 20) was used to control the laser
scanning method. The chamber was filled by argon gas in
all experiments. The vertical movement of the cylinder was
driven by a motor. The experimental conditions for the laser
hardening are shown in Table 2.

Laser beam

Figure 3: Schematic drawing of single-track laser melting experi-
ment.

For the underwater surface hardening experiment, the
sample is immersed in distilled water of 25∘C during the
laser hardening, as shown in Figure 2. The sample with
water was placed in a cylindrical container. Through the
series of preliminary tests in a given laser hardening system,
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100𝜇m

(a)

100𝜇m

(b)

100𝜇m

(c)

Figure 5: Cross-sectional views of a single-line bead hardened at Ar environment. Scanning rates are (a) 7.32mm/s, (b) 14.64mm/s, and (c)
21.96mm/sec. Laser power is constant (150W).

the water layer above the sample surface is set to be 1mm.
For the comparison purpose, the laser forming in air is also
investigated. The distance between the lens and the sample
was kept constant during all experiments.

In order to understand the effects of the process parame-
ters such as laser power and scan rate, on the laser hardening
behaviors, a series of experiments were conducted. The com-
ponent properties are strongly influenced by the molten pool
size, which is mainly controlled by the laser energy input.
For the surface hardening, single-track melting experiment
which sequentially scans elongated path of single line has
been performed at various laser processing parameters, as
shown in Figure 3.

For the analysis of underwater effects on laser surface
hardening process, average hardness level, shape of hardened
bead, and width of heat affected zone have been analyzed.
Hardness values were measured at hardened layer, HAZ, and
base metal, respectively, and averaged.

For the analysis of shape of hardened bead and width
of heat affected zone, the bead shape in hardened zone was
classified by three geometrical variables: penetration depth
into the substrate (𝐷), deposition width (𝑊), andHAZwidth
(𝐴) as shown in Figure 4.

3. Results and Discussion

When the beam moves on, the surface will cool extremely
rapidly because of thermal conduction of the heat energy
from the thin heated layer into the interior of the metal. This
leads to transformation hardening of the areas that the laser

beam has traversed. To estimate the underwater effects on
laser surface hardening process, shape of hardened bead and
average hardness level have been analyzed.

To study the underwater effects on shape of hardened
bead, single line beads were produced at different scan
rates ranging from 7.32mm/s, 14.64mm/s, and 21.96mm/s,
respectively.

Figure 5 shows cross-sectional views of single line beads
hardened at Ar environment with different scan rates.

The deposition line width, the penetration depth, and
HAZ width have a strong dependence on scan rate. An
increase in the scan rate decreases the line width, the
penetration depth, andHAZwidth, since an increase in speed
decreases the melting depth as a consequence of the shorter
interaction time. In addition, the thermal gradient does not
allow sufficient time for the molten metal to penetrate deeply
into the substrate. Figure 6 shows cross-sectional views of
single line beads hardened at underwater condition with
different scan rates.

The effects of scan rates on shape of hardened bead are
somewhat similar, but the penetration depth and HAZ width
are significantly smaller than those of Ar environment shown
in Figure 7. This is mainly due to the refraction of the beam
in water layer, as shown in Figure 8. The laser spot diameter
was changed from 430 𝜇m to 380 𝜇m at 1mm water layer.
Furthermore, the accelerated heat dissipation along water
layer decreases the melting depth as a consequence of the
shorter interaction time.

Figure 9 compares the hardness for underwater condition
with those for Ar environment as a function of scan rates.
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Figure 6: Cross-sectional views of a single-line bead hardened at underwater condition. Scanning rates are (a) 7.32mm/s, (b) 14.64mm/s,
and (c) 21.96mm/sec. Laser power is constant (150W).
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Figure 7: Comparisons of laser scan rate effects on (a) deposition width, (b) depth from surface, and (c) HAZ width.
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Figure 8: Schematic drawings of (a) straight beam at Ar environment and (b) refracted beam in underwater condition.
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Figure 9: Comparisons of laser scan rate effects on microhardness
of laser hardened beads.

As the higher heat input (i.e., high laser power and lower
scan rate) provides more energy, the temperature of the
molten metal increases. High energy input in laser surface
hardening has high possibility of increased melting zone. As
shown previously, the shape and size of hardened bead gen-
erated by laser hardening process are strongly dependent on
3D heat dissipations from molten pool. While, the hardness
of hardened layer is mainly determined by microstructure,
the cooling rate of molten pool is very crucial for increased
hardness. In case of underwater laser hardening, additional
heat dissipation effect along water layer accelerates cooling
rate. Therefore the hardness of underwater laser hardened
layers shows approximately 30% higher hardness than those
of laser hardened layers at Ar environment.

4. Conclusions

The feasibility of underwater laser surface hardening process
has been discussed on the basis of hardened bead shape

and average hardness level. As the hardened depth depends
on the thermal conductivity of the material, the surface
temperature and the penetration depth have been varied by
underwater laser processing. The shape of hardened bead,
such as deposition line width, the penetration depth, and
HAZ width are somewhat similar, but the penetration depth
and HAZ width are significantly smaller than those of Ar
environment due to the refraction of the beam in water layer
and the accelerated heat dissipation along water layer. On
the viewpoint of hardness, harder layer has been obtained at
underwater hardening that is supposed to be caused by faster
cooling rate due to accelerated heat dissipation along water
layer.
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