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Editorial corner — a personal view
Electrical properties of polymer matrix composites: current impact

and future trends

G. C. Psarras®

Department of Materials Science, University of Patras, Patras 26504, Hellas (Greece)

It is more than 30 years since polymer matrix com-
posites became an important class of engineering
materials. The enormous growth of composite tech-
nology was based on their superior mechanical per-
formance, light weight, and cost effectiveness.
During all these years thorough studies were
focused on manufacturing, thermal and mechanical
behaviour initially of micro- and recently of
nanocomposites. The electrical performance of
these systems came into play with a significant
delay. Although this delay can be considered as a
historical perspective of materials science, the
importance of electrical properties is remarkable.
Materials can be classified to conductors and
dielectrics (insulators and semiconductors) through
their conductivity. Our civilization is based on this
property, or in other words is based on materials
which easily permit the charge carriers migration or
to others which prohibit it. It is difficult to imagine
personal and professional life without the safe and
convenient distribution of electric power.

Since polymer matrix composites are basically
electrical insulators, their primary applications
result from this property and combine flexibility,
ease processing, light weight, shock resistance and
environmental stability. Sequentially, the develop-
ment of conductive systems and moreover the abil-
ity to tailor electrical performance by switching
from insulating to conductive behaviour opened
new fields for technological applications, such as
electromagnetic interference shielding, static dissi-
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pative plastics, conductive coatings or adhesives
and memory switchers. The evolution of polymer
nanocomposites started a new round of challenges
and possibilities. Electrical behaviour is now gov-
erned by a small amount of the nanofiller, while the
systems performance is improved. Forthcoming
technological changes comprise ‘printing’ circuits
in nanoelectronics, transmission lines and energy
storing devices. The so called ‘all polymer cable’
consisted by a single polymer system, able to trans-
mit signals and transport power and at the same
time protect and insulate the caring line, as well as
‘structural batteries’ where nanoinclusions can act
as energy storing devices are not far away. Last but
not least, studies on the electrical properties of
polymer nanocomposites accumulate valuable
knowledge for their structure-properties relation-
ships and related phenomena in nanoscale, opening
new opportunities for high-tech applications.
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Abstract. A 3-dimensional finite element model is developed to simulate and analyze the temperature and degree of cure
field of epoxy casting part during cure process. The present model based on general finite element software ABAQUS is
verified by literature example and experimental data. The numerical results show good agreement with literature example
and measured data, and are even more accurate than the simulation of literature. After modeling successfully, the influence
of temperature cure cycle ramps have on the temperature and degree of cure gradient is investigated. Moreover, the effect
of non-uniform temperature and degree of cure field within epoxy casting part on hardness is demonstrated. The present
model provides an accurate and novel method that allows further insight into the process of cure for epoxy resin.
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1. Introduction

From their discovery by Pierre Castan in 1938 to
nowadays, epoxy resins kept on attracting the inter-
ests of the industry and academia community. This
is because they maintain an excellent balance
between various properties such as adhesion prop-
erties, electrical insulation properties, humidity
resistance, heat resistance, and mechanical proper-
ties [1-5].

Determination of cure cycle is one of the important
factors for successful fabrication of thick epoxy
product with dependable quality and at low cost.
The first concern is a non-linear increase in internal
temperature induced by the exothermic chemical
reaction of epoxy, resulting in temperature over-
shoot. The second concern relates to the complex
temperature and degree of cure gradients that
develop during the curing process. Non-uniform
curing can lead to incomplete cure or resin degrada-
tion and entrapped volatiles or voids, which may
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ultimately cause a reduction in the overall quality
and in service performance of the finished compo-
nent. Therefore, numerical simulation was
attempted to predict temperature rise during cure
and the cure simulation was applied to suggest an
optimal cure cycle for specific epoxy structures.
Although few works focused on the cure simulation
of epoxy, there have been many numerical models
on the curing of thick thermosetting matrix com-
posites, which can be applied to epoxy either.

Loos and Springer [6] developed a one-dimen-
sional model to simulate the curing process of a
flat-plate by solving the governing equation using
finite difference method. Lee and coworkers [7-9]
studied modeling for cure simulation of thick com-
posite cylinders. They established one-dimensional
cure model using the finite difference method.
Bogetti and Gillespie [10] also used finite differ-
ence method to develop a two-dimensional cure
simulation analysis of thick thermosetting compos-
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ites. They compared their simulation result with
measured data and predicted the temperature and
degree of cure distributions within an arbitrary
cross-sectional geometry. White and Hahn [11, 12]
proposed an optimal temperature cycle that can
reduce residual stress during cure of composite
structures. Ciriscioli et al. [13] developed an algo-
rithm that can minimize void and residual stress
inside the composite structure. They measured the
temperature, ionic conductivity and compaction in
thick graphite/epoxy laminates, and the data were
compared to the results calculated by the Loos-
Springer CURE model. Twardowski et al. [14]
compared the experimental temperature profiles of
a thick part to the results calculated by a one-
dimensional simulation, from which the effect of
initial degree of cure was investigated. Hojjati and
Hoa [15] established model based on dimensionless
parameters for cure of thermosetting composites
and predicted the temperature and degree of cure
fields of a thick composite. White and Kim [16]
proposed the stage cure technique for fabricating
thick composites and investigated the effect of
stage cure on the mode I interlaminar fracture
toughness and shear strength. Yi et al. [17] con-
ducted the finite element simulation by assuming
thermal properties as a function of temperature and
degree of cure. Kim and Lee [18] developed an
autoclave cure cycle with cooling and reheating
steps for thick thermosetting composite laminates
using finite difference analysis. They indicated that
the developed cure cycle was effective for reducing
temperature overshoot. Blest et al. [19] developed a
model including resin flow, heat transfer, and the
cure of multiplayer thermosetting composite lami-
nates during an autoclave processing, which was
validated by comparing the numerical results with
the experimental data. Park and Lee [20] developed
a two-dimensional cure simulation by finite ele-
ment method. They calculated through-the-thick-
ness temperature distributions of arbitrary shape
composite structures including the mandrel. Oh and
Lee [21] studied the cure cycle for glass/epoxy
composite laminate by 3-dimensional finite ele-
ment model based on commercial finite element
software ANSYS. An optimized cure cycle with the
cooling and reheating steps was developed by min-
imizing the objective function to reduce the tem-
perature overshoot in the composite. Park et al.
[22] introduced a three-dimensional finite element

model that can be used for cure simulation of com-
posite structures with arbitrary geometry under
non-uniform autoclave temperature distribution.
Guo et al. [23] developed a cure model for ther-
mosetting matrix laminates also based on ANSYS,
and proved the conventional cure cycles recom-
mended by prepreg manufacturers for thin lami-
nates should be modified to reduce out-of-plane
temperature gradient. Yan [24] developed a two-
dimensional finite element model to simulate and
analyze the mechanisms pertaining to resin flow,
heat transfer, and consolidation of laminates during
autoclave processing. Numerical examples, includ-
ing a comparison of the numerical results with one-
dimensional and two-dimensional analytical
solutions, were given to validate the finite element
formulation. Yan [25] conducted two-dimensional
cure simulation of thick thermosetting composites
by using a weighted residual method. Numerical
examples proved that heat transfer anisotropy has
an important effect on the temperature field.

In most of the previous researches, the temperature
and degree of cure fields were simulated using one
or two dimensional finite difference analysis. Only
a few literatures studied the temperature and degree
of cure fields by finite element analysis. Although
several special-purpose numerical softwares have
been developed to study the curing process, few
analyses made by general-purpose numerical soft-
ware [21, 23] were published. Because general-pur-
pose finite element software has well developed
pre- and post-processors, researchers can be
released from the tedious programming work, and
devote their most efforts to the explanation and
employment of the simulation results. In the previ-
ous studies [5, 21, 23], general finite element soft-
ware ANSYS were used for predicting curing of
resin matrix composites and also for casting resins.
But large amount of code was still needed, and pro-
grammed by APDL (ANSYS parametric design
language). Compared with ANSYS, finite element
analytic software ABAQUS has original advantage
in dealing with non-linear coupled problems.
ABAQUS subroutines in FORTRAN provide a
convenient and flexible way for defining degree of
cure, cure kinetic equation, and heat outflow
process. Moreover, the decoupling of heat conduc-
tion equation and cure kinetics equation can be
accomplished by ABAQUS automatically. The
objective of this study is to gain a fundamental
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understanding of the cure process unique to thick
epoxy casting product. Three-dimensional transient
heat transfer finite element model during cure cycle
for a thick epoxy cylinder part is established by
ABAQUS with its subroutines. The simulation of
the cure process accounts for thermal and chemical
interactions during cure process. The effect of tem-
perature cycle on the hardness of epoxy is also dis-
cussed.

2. Heat conduction analysis and FEM
equations

The heat conduction process of resin materials cur-
ing is a transient thermal transfer process with non-
linear internal heat generation source, which is
from the exothermic enthalpy of resin curing
process. According to Fourier’s heat conduction
equation and energy conservation law, the mathe-
matical model was established as Equation (1):

2 2 2
prV,H,d—a+km d T+kyy G T+kzz T =
dz x> oy T 07’
oT
=pC, — 1
pc, % (D

where kyx, kyy, kz; are heat transfer coefficients of x,
y and z directions, respectively; p and C, are the
density and the specific heat of composite material;
pr Vr, o, do/dt are the density, volume fraction,
degree of cure, curing rate of resin; H, is the
exothermic enthalpy from resin curing process. The
rate of cure could be expressed by the function of
degree of cure and time, the formula of which is
given through the study of resin curing kinetics
(Equation (2)):

&~ foun @
dr
The FEM equations of Equation (1) are well docu-
mented and the reader is referred to the text by the
Park [20] in this regard. Newton-Raphson iteration
with quadratic convergence is employed to solve
nonlinear problems in this paper. Using 3-D 8
nodes element DC3D8 in ABAQUS, the degree of
freedom of nodes are temperature and degree of
cure. The heat outflow process of resin is defined
by ABAQUS subroutine HETVAL; degree of cure
is defined by ABAQUS subroutine USDFLD; the

convection boundary condition is defined by
ABAQUS subroutine FILM; temperature boundary
condition is defined by ABAQUS subroutine DISP.

3. Experimental
3.1. Materials and sample preparation

The resin used in this paper was obtained by mixing
diglycidyl ether of bisphenol-A(DGEBA)-based
epoxy (E-51 and E-20 from Wuxi resin factory, the
epoxy equivalent of which is 196 and 500 respec-
tively) and cure agent DAMI (long chain flexible
aromatic amine, amine equivalent is 517, devel-
oped by advanced polymer materials institute, Nan-
jing University of Technology). The mass ratio of
E-51/E-20/DAMI is 1:1:0.922. The mixture was
prepared at 130°C with continuous stirring for
2 minutes, and then poured into the cylindrical
glass-mould of 12 cm diameter.

3.2. Temperature and mechanical property
measurements

The cylindrical glass-mould with the resin sample
was put in an oven heated by air with preset tem-
perature profile. The temperature profiles at various
locations within the epoxy casting part were meas-
ured by thermocouple, and recorded by computer.
The hardness values of samples were tested by
Shore D-type hardness instrument.

4. Results and discussion
4.1. Literature example model verification

Employing the data from literature [10] for valida-
tion, [0/90] glass/polyester laminate is studied and
the material property is listed in Table 1. The com-
posite curing kinetic equation was given as Equa-
tion (3):

do AV
E—Aexp[—ﬁ}l (1 (X) (3)

The values of parameters of above equation are
listed in Table 2, where A is pre-exponential coeffi-
cient, AE is activation energy, R is universal gas

Table 1. Thermal properties of glass/polyester composite

P G Fexx kyy=kz
[kg-m-3] [JkgK-1] | [W-mK-1] | [Wm-1-K-1]
1890 1260 0.4326 0.2163
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Table 2. Cure kinetics parameters for glass/polyester com-
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Figure 2. Cure rate versus degree of cure for epoxy

Table 3. Thermal properties of epoxy

p Gy kxx=kyy=k,
[kg'm-3] [J-kg-K-1] [Wem-1-K-1]
1225 967 0.191

Table 4. Cure kinetics parameters for epoxy

posite
A [min-'] 3.7-1022
AE [J-mol-1] 1.674-10°
m 0.524
n 1.476
R [kJ-kg~!-mol-1-K-1] 8.31434
H,[J-kg'] 77 500
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100 Lo
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Figure 1. Temperature profiles at the center point of
2.54 cm thickness laminate

constant, 7 is absolute temperature, m and n are
exponents, and H, is the total heat of reaction.

The dimension of the composite laminate in the
example is 15.24x15.24x2.54 cm. The heat con-
vection coefficients & on the top and bottom sur-
faces are 37.636 and 54.075 W-m—2-K-1, respec-
tively. In addition, insulated boundary conditions
were employed on the sides to isolate through the
thickness effects. Figure 1 gives the comparison of
temperature between calculation results and experi-
mental results from the literature, located in the
center of the laminate, from which the validation of
the model in this paper is verified. It can be also
concluded from Figure 1 that the results from the
model in this paper is closer to experimental data
than the calculation results from the literature [10].

4.2. Experimental example model verification

The established model for laminate composite is
applied to epoxy resin, after that was verified by lit-
erature example. The cure kinetic model of the
epoxy resin system described in paragraph 3.1 was
obtained conducting isothermal scanning tests by
Netzsch DSC204 F1. The reaction rate expression
for the epoxy resin was given as Equation (4). Fig-
ure 2 shows comparison between the heat flow rate

Aq [min-1] 1246.2
Az [min-1] 4926
Ei [J-mol1] 38330
E> [J-mol-1] 20 000
m 0.786
n 3.207
R [KJ-kg~!‘mol- - K-1] 8.31434
H, Dkg ] 277 000

measured during the isothermal scanning and those
calculated by the cure kinetic model of Equa-
tion (4). The developed cure kinetic model agreed
well with the experimental results. The thermal
properties and cure kinetic parameters of the epoxy
resin are presented in Table 3 and Table 4 respec-
tively (Equation (4)).

d m n
d—(:=(k1 + ko™ )(1 - 00) 4)

where m and n are exponents, k1 and k> and defined
by the Arrhenius rate expressions (Equation (5)):

AE
ki = A exp| — 2oL
1 1P( RT]

AE
k, = A, exp| - —2
2 2 P( RT)

where A1 and A are pre-exponential coefficients,
R is universal gas constant, AE| and AE» are activa-
tion energies, T is absolute temperature. Because
the glass mould is very thin, it was assumed that the

6))
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Figure 3. Temperature profile of epoxy cylinder part

resin part contacted with exterior environment
directly. The epoxy cylinder part with 12 cm diam-
eter and 1.2 cm height was subjected to cure cycle
temperature history indicated in Figure 3 with spec-
ified h =5 W-m-2-K-1. Figure 3 illustrates the com-
parison of temperature between calculation results
and experimental results of the epoxy concerned,
located in the center of the cylinder part, from
which the validation of the model is verified.

4.3. Cure cycle temperature ramp effects

The cure cycle temperature ramp can strongly
influence the temperature and degree of cure gradi-
ents that develop during the cure. The effect of the
temperature cure cycle ramp on the degree of cure
gradients is examined in an epoxy part described
above exposed to various cure cycle temperature
ramps. The epoxy part with specified temperature
boundary (h=
5 W-m—2-K-1) on all the surfaces is used here
respectively. The temperature cure cycle is illus-
trated in Figure 4. Predicted values of the degree of
cure at the center point (point A in Figure 7) minus
the degree of cure at the surface point (point F in
Figure 7) of the part (0.—0L) with temperature and
convective boundary conditions, are plotted in Fig-
ure 5 and Figure 6 as a function of cycle time for
the various temperature ramps investigated, respec-
tively.

Both Figure 5 and Figure 6 show a negative peak
and the absolute peak value in Figure 6 exceeded in
Figure 5. This could be due to that heat transfer by
diffusion is low, the surface cure reaction took
place earlier than center point, and the heat transfer
with temperature boundary condition is more rapid

and convective conditions
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Figure 4. Temperature cure cycle ramps
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Figure 5. Effect of the temperature ramp on non-uniform
curing in epoxy part with temperature boundary
condition
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Figure 6. Effect of the temperature ramp on non-uniform
curing in epoxy part with convective boundary
condition

than with convective boundary condition. It is also
concluded that with the temperature ramp increas-
ing, the final value of (o—0) rise. Figure 5 and
Figure 6 were locally amplified when the curves
deviated from each other. It indicated that the value
of (o —0Ls) steadily increased from negative value to

538



Zhang et al. — eXPRESS Polymer Letters Vol.3, No.9 (2009) 534-541

positive value for convective boundary condition.
While for the temperature boundary condition, the
value of (0—0) decreased from positive value to
negative value, and then increased to positive value
again. Otherwise, with the temperature ramp
increasing, the absolute negative peak value rise.
Consequently, the surface temperature initiates the
cure reaction. The exothermic reaction accelerates
the cure and as a result creates non-uniform degree
of cure field interior the part. Non-uniform curing
potentially entraps voids and volatile byproducts of
the cure reaction and enhances warpage and resid-
ual stress development. It can be concluded that,
the temperature ramp can significantly influence
the mechanical properties of epoxy plate.

4.4. Effects on hardness

Normal mechanical testing can not be conducted in
single point of epoxy part, while hardness can
reflect tensile strength and Young modulus. There-
fore, Shore hardness is used here to evaluate the
mechanical property of single point of epoxy part.
The tested positions are showed in Figure 7, and
the hardness of which (average value of 5 times
test) is listed in Table 5. Samples for measurement
are the epoxy casting part described above cured at
the temperature cycle illustrated in Figure 8, with
convective boundary conditions (2 =5 W-m-2-K-1)
on all the surfaces. It was assumed that epoxy resin
with higher degree of cure could have higher hard-
ness, but the data listed in Table 5 does not obey
this simple rule. Consequently, the mechanical
property is not only related to the degree of cure but
to the thermal history during cure process. Figure 8
illustrates the thermal history for each point. With-

Figure 7. Hardness measurement points of epoxy part

Table 5. Final degree of cure and hardness of epoxy part
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Figure 8. Temperature profiles of epoxy part

out considering the postcure process, the value of
temperature peak decreased for point A to point F,
while point D has the highest Shore hardness.
Released heat resulting from exothermic curing
reaction is slow to dissipate by conduction inside
epoxy part and may potentially raise local tempera-
ture to levels risking material degradation or car-
bonization, which leads to the decline of hardness.
On the other hand, because of the non-uniform tem-
perature field interior epoxy part there is relatively
low local temperature inside the epoxy part. When
local temperature is excessive low, epoxy resin can
not cure completely. Low crosslink density
decreases the hardness either. It is essential for
epoxy resin casting part that designs a proper tem-
perature cycle neither causes temperature over-
shoot nor resulting in incomplete cure.

5. Conclusions

In this paper, a 3-dimensional finite element model
based on general finite element software ABAQUS
was developed to study the temperature and degree
of cure distribution in epoxy casting part during
cure process. The present model is validated by
example from literature and experimental data. The
predicted results show good agreement with litera-
ture example and measured data, and are even more
accurate than the simulation of literature. By apply-
ing present model, the influence of temperature
cure cycle ramps have on the temperature and

Position Point A Point B Point C Point D Point E Point F
Final degree of cure [10-3] 926.115 926.104 926.091 926.040 925.874 925.346
Shore hardness 76 76 82 90 80 74
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degree of cure gradient is investigated. Moreover,
the effect of non-uniform temperature and degree
of cure field within epoxy casting part on hardness
is demonstrated. The non-linear internal heat
source and heat transfer process causes non-uni-
form temperature and degree of cure field internal
epoxy part. By comparing the calculated tempera-
ture profile and degree of cure with Shore hardness
of a series of internal locations, it indicates that
hardness depends not only on the degree of cure but
also on the thermal history during cure process.
This work, therefore, represents an accurate and
novel method that allows further insight into the
process of cure for epoxy resin, which can improve
mechanical property and in-service performance of
the finished component by reducing warpage and
residual stress during the cure process.
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Abstract. The aim of this work was to study the activity of several nanosized zinc oxides in the crosslinking of carboxy-
lated nitrile elastomer (XNBR). In this article, we discuss the effect of zinc oxide nanoparticles with respect to their specific
surface area, particle size and morphology (spheres, whiskers, and snowflakes) on the crosslinking density and mechanical
properties of vulcanisates.

The morphology of nanoparticles considerably influences the activity of zinc oxide towards carboxylated nitrile rubber. As
a crosslinking agent, zinc oxide with snowflake particles seems to be the most active. The application of nanosized zinc
oxide allows the amount of ZnO to be reduced by almost 40%, as compared to vulcanisates containing microsized particles.
Moreover, vulcanisates crosslinked with zinc oxide nanoparticles exhibit thermoplastic properties that enable this material

to be recycled, which is very important from an ecological point of view.

Keywords: nanocomposites, rubber, mechanical properties, zinc oxide, carboxylated nitrile elastomer

1. Introduction

Carboxylated nitrile rubber (XNBR) can be
crosslinked by sulphur with accelerators; however,
the most relevant method is the application of biva-
lent metal oxides, especially zinc oxide (ZnO) [1,
2]. The crosslinking of elastomer occurs via the
reaction of its carboxylic groups with zinc oxide,
resulting in the formation of carboxylic salts, con-
sidered to be ionic crosslinks. In contrast to the
covalent crosslinks formed during conventional
vulcanisation with sulphur/accelerator systems or
peroxides, ionic crosslinks are multifunctional and
labile [3]. Carboxylic salts group together, forming
clusters or multiplets [4]. According to Ibarra and
Alzorriz [2], multiplets consist of six to eight dipole
ions associated to form larger multiplets, which dis-
perse in the elastomer matrix without forming a
separate phase. These multiplets have a consider-
able impact on the glass transition temperature of

“Corresponding author, e-mail: magdalena.przybyszewska@p.lodz.pl
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the elastomer and its sensitivity to water. Clusters
are considered as ionic aggregates, in separate ion-
pair-rich regions, immersed in an elastomer matrix
[1]. The presence of ionic clusters is responsible for
the improved physical properties of ionic elas-
tomers, even without filler addition, as compared to
those conventionally crosslinked with sulphur and
accelerators [5, 6]. The proportion of ionic
crosslinks present in the form of multiplets or clus-
ters in the elastomer network depends on the nature
and structure of the elastomer macromolecule as
well as the chemical nature and concentration of the
carboxylic salt groups [2, 7]. According to Eisen-
berg and King [8], clusters are formed by the asso-
ciation of multiplets. This association is caused by
electrostatic interactions between multiplets and is
impaired by the retractive elastic forces of the back-
bone chains. The restricted elastomer chain mobil-
ity in the proximity of ionic clusters results in the
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formation of a hard phase. The presence of a hard
phase in ionic elastomers or ionomers has been
confirmed by measurements of dynamic mechani-
cal properties, demonstrating the occurrence of a
biphasic transition in XNBR/zinc oxide composites
[9, 10]. Apart from the low glass transition temper-
ature of elastomers, there is a high transition tem-
perature due to the formation of a hard phase
arising from the ionic clusters. Mandal et al. [5]
confirmed the relationship between the high tem-
perature transition and the presence of ionic aggre-
gates in elastomer networks. Treatment of
crosslinked samples with ammonia vapour caused
the disappearance of the high temperature transi-
tion in the dynamic mechanical spectra. Ammonia
acts as a plasticiser for the ionic aggregates, form-
ing coordinating bonds with zinc ions of carboxylic
salts or solvating the carboxylic ions. As a result,
the ionic clusters are resolved, and the vulcanisate
mechanical properties deteriorate.

Zinc oxide is a very effective and commonly used
crosslinking agent for carboxylated elastomers [5,
10-13]. It can be used to produce vulcanisates with
high tensile strength, tear resistance, hardness and
hysteresis. The improved mechanical properties of
ionic elastomers mainly result from their high abil-
ity for stress relaxation, due to elastomer chain slip-
page on the ionic cluster surface and reformation of
ionic bonds upon external deformation of the sam-
ple. Moreover, ionic elastomers possess a thermo-
plastic character and can be processed in a molten
state as a thermoplastic polymer [14]. However,
there are some disadvantages to zinc-oxide-
crosslinked carboxylic elastomers. The most impor-
tant are the scorchiness, poor flex properties and
high compression set [13]. In order to prevent
scorchiness, carboxylated nitrile elastomers are
crosslinked with zinc peroxide [2] or zinc perox-
ide/zinc oxide systems [13]. The vulcanisation of
XNBR with zinc peroxide mainly leads to the for-
mation of ionic crosslinks; covalent links are also
formed between elastomer chains due to the perox-
ide action. However, higher vulcanisation times are
required to achieve vulcanisates with a tensile
strength and crosslink density comparable to that of
vulcanisates crosslinked with zinc oxide [2]. In the
case of XNBR vulcanisation with zinc peroxide/
zinc oxide systems, the curing is the sum of at least
three processes: a very fast formation of ionic
crosslinks due to the initial zinc oxide present, per-

oxide crosslinking that leads to the formation of
covalent links (peroxide action) and
crosslinking due to the production of zinc oxide
from peroxide decomposition. The last process,
which decays with vulcanisation time, is most
likely related to the formation of ionic species [13].
The achieved vulcanisation times are considerably
higher, as compared to those of XNBR crosslinking
with zinc oxide. Therefore, apart from the scorch
problems, zinc oxide is still commonly used as a
crosslinking agent of carboxylated nitrile rubbers.
Taking into account the fact that, during the
crosslinking process, zinc oxide reacts with car-
boxylic groups of elastomer, which leads to the for-
mation of carboxylic salts (ionic crosslinks), the
most important parameters influencing zinc oxide
activity are its specific surface area, particle size
and morphology. These parameters determine the
size of the interphase between the crosslinking
agent and elastomer chains.

The influence of zinc oxide particle size on the cur-
ing of carboxylated rubbers was reported by
Hamed and Hua [15]. However, there are still some
important aspects, which should be clarified. The
effect of zinc oxide particle morphology on the
crosslinking process and vulcanisate properties has
not yet been reported.

In this work, we applied zinc oxides with different
specific surface areas, particle sizes and morpholo-
gies (spheres, whiskers, snowflakes) as crosslink-
ing agents of carboxylated nitrile elastomer, in
order to determine the relationship between zinc
oxide characteristics and activity in the crosslink-
ing process.

ionic

2. Experimental section
2.1. Materials

Carboxylated nitrile elastomer XNBR (Krynac
X7.50) containing 27 wt% acrylonitrile and
6.7 wt% carboxylic groups was obtained from
Bayer C.O. The Mooney viscosity was (ML1+4
(100°C):47). Zinc oxides with different specific
surface areas, particle sizes and morphologies were
applied as crosslinking agents. Didodecyldimethy-
lammonium bromide (DDAB, Fluka) was used to
improve the dispersion of the zinc oxide particles in
the elastomer matrix.

The physical characteristics of the zinc oxides
applied are given in Table 1.
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Table 1. Characteristics of zinc oxides

Symbol | Specific surface area [m?/g] | Particle morphology Producer

Zn0O 10 10.00 spheres and rods Sigma-Aldrich

ZnO 15 15-25 whiskers Sigma-Aldrich

ZnO 24 24.43 snowflakes Institute of High Pressure Physics, Polish Academy of Science
ZnO 40 40.86 spheres Institute of High Pressure Physics, Polish Academy of Science
ZnO 42 42.50 spheres Qinetiq Nanomaterials Limited

ZnO 50 50.00 spheres Nanostructured & Amorphous Materials, Inc.

2.2. Zinc oxide specific surface area

The specific surface area of zinc oxide was meas-
ured using low-temperature nitrogen adsorption
(78 K) method with Sorptomatic 1900 (Fisons
Instruments) apparatus. The specific surface area
was determined with BET method based on the
first section of nitrogen adsorption isotherm for
P/Py = 0.05-0.35. Before the measurement zinc
oxide was vacuum out-gassed in the temperature
373 K for 24 h.

2.3. Zinc oxide aggregate size

The size of the zinc oxide aggregates was deter-
mined using a Zetasizer Nano Series S90 (Malvern
Instruments) apparatus. The size of the zinc oxide
particles in water suspensions was measured based
on the DLS (Dynamic Light Scattering) method.
The concentration of the suspensions was 0.05 g/I.

2.4. Preparation and characterisation of
rubber compounds

Rubber compounds with the formulation given in
Table 2 were prepared using a laboratory two-roll
mill. The samples were cured at 160°C until they
developed a 90% increase in torque, measured by
an oscillating disc rheometer.

The crosslink density (vr) of the vulcanisates was
determined by equilibrium swelling in toluene,
based on the Flory-Rehner equation [16]. The Hug-
gins parameter of the elastomer-solvent interaction

X was calculated from Equation (1) [12]:
x =0.487+0.228V, (D)

Table 2. Composition of the XNBR-based rubber com-
pounds [phr]

XNBR 100 100 100 100
ZnO 3 5 6 8
DDAB 1 1 1 1

where V, is the volume fraction of elastomer in the
swollen gel. In order to determine the content of
ionic crosslinks in the elastomer network, samples
were swollen in toluene in a dessicator with satu-
rated ammonia vapour (25% aqueous solution).
The content of ionic crosslinks (Av) was calculated
from Equation (2):

AV = u.loo%
Vr

2)

where vy is the crosslink density determined for
samples treated with ammonia vapour using the
Huggins elastomer-solvent interaction parameter
described by Equation (3) [17]:

x =0.483+0.320V, 3)

The tensile properties of the vulcanisates were
determined according to ISO-37, with a ZWICK
1435 universal machine.

2.5. Dynamic-mechanical analysis

Dynamic-mechanical measurements were carried
out in the tension mode using a DMTA V visco-
analyser (Rheometric Scientific). Measurements of
the dynamic moduli were performed over the tem-
perature range (—100-150°C) with a heating rate of
2°C/min, at a frequency of 1 Hz and a strain ampli-
tude of 0.02%. The temperature of the elastomer
glass transition was determined based on the maxi-
mum of tand = f{T), where tand is the loss factor
and 7 is the measurement temperature.

2.6. Shrinkability measurements

In order to measure the shrinkability of the XNBR
vulcanisates, the samples were stretched at ambient
temperature until reaching an elongation of 300%
at the time 48 h; they were then stabilised in the
stretched form at (-7°C) for 8 h. Finally, the
stretched samples were allowed to shrink at 70°C
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for 48 h. The lengthwise shrinkage was calculated
according to Equation (4) [18]:

-L

L
S, [%] =S”L—S’"-100 (4)

str
where S, is the percentage of shrinkability, Ly, is
the length of the sample after stretching, and Ly, is
the length of the shrunk sample.

2.7. Scanning Electron Microscopy (SEM)

The morphology of the zinc oxide particles and
their dispersion in the elastomer matrix were esti-
mated using Scanning Electron Microscopy with a
LEO 1530 SEM microscope. The XNBR vulcan-
isates were broken down in liquid nitrogen, and the
fracture surfaces of the vulcanisate were examined.
Prior to the measurements, the samples were coated
with carbon.

3. Results and discussion
3.1. Zinc oxide particle size and morphology

The particle size of zinc oxide is a main parameter
that has a great influence on the ZnO activity. A
reduction in particle size results in an increase in
the zinc oxide specific surface area, providing bet-
ter contact between the crosslinking agent particles
and the elastomer chains. Moreover, the morphol-
ogy of the ZnO particles determines the size of the
interphase between zinc oxide and the elastomer.
The sizes of the zinc oxide aggregates are presented
in Table 3. Figure 1 shows the distribution of parti-
cle sizes as a function of particle number.

The morphologies of the zinc oxide particles or
aggregates are presented in Figure 2a—2f.

Agglomerates of microsized zinc oxide (Figure 2a)
used commercially in XNBR crosslinking con-
sisted of primary particles with a wide size distribu-
tion from several hundreds of nanometres to
several micrometres. The ZnO 10 particles revealed

Table 3. Zinc oxide aggregate size

. . Aggregate size | Size of the aggregate | Number
Zinc oxide # [lfm] main fracti(g)ﬁ [r:gm] [%]
ZnO 10 1886-2671 2118 46
ZnO 15 185-664 371 26
Zn0 24 147-262 185 35
Zn0 40 92-131 116 38
Zn0O 42 185-295 234 36
Zn0 50 130-208 165 36

50

Zn0 50 Zn0 10
40 . \' - Zn0 42 -
2 Zn0 40 {
30 e Zn0 15
g f
£20 [
3 |
10
0
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Figure 1. Zinc oxide particle size distribution by number

a variety of morphologies and irregular shapes
(deformed spherical particles, elongated rods and
blocks with sharp edges). The microsized ZnO
agglomerates were broken down upon ultrasonic
treatment. The aggregate size distribution deter-
mined in water dispersion ranged from 1.9-2.7 pm,
with the main aggregate fraction at 2.1 um (46%).
The ZnO 15 particles were elongated whiskers with
a length of 100-300 nm and a diameter below
100 nm (Figure 2b). The aggregate size, as deter-
mined was within the range of
185-664 nm, with the size of the main number
fraction being 371 nm (26%). However, in the case
of elongated particles, the orientation of the
whiskers in the field of laser radiation influenced
the obtained data. Therefore, it could be supposed
that the measured particle size was a combination
of whisker diameter and length.

Interesting morphological structures were observed
in the case of ZnO 24 (Figure 2c¢). Zinc oxide
aggregates revealed a shape of snowflakes or three-
dimensional flowers consisting of several wires and
plates growing from a single core. The primary par-
ticles with a size of about 200 nm formed micro-
sized aggregates. In water dispersion, the size of the
zinc oxide aggregates was reduced upon ultrasonic
treatment to 185 nm (35%) (Table 3).

Zinc oxides with specific surface areas of 40.86,
42.5 and 50 m?/g were found to be spherical with a
size of about 100 nm, which agglomerated, forming
clusters 10-20 um in size (Figure 2d-2f). Upon
ultrasonic treatment, the ZnO agglomerates were
reduced in the water dispersion to aggregates with
sizes ranging from 92-131 nm (ZnO 40), 185-—
295 nm (ZnO 42) and 130-208 nm (ZnO 50)
(Table 3).

Elastomers have a hydrophobic nature; therefore,
the size of the zinc oxide particles was measured in
a liquid hydrophobic medium-paraffin oil, which
was chosen as the model for an elastomer matrix
(Table 4). The aim of this study was to estimate the

in water,
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Figure 2. SEM images of zinc oxides: a) ZnO 10, b) ZnO 15, ¢) ZnO 24, d) ZnO 40, e) ZnO 42, f) ZnO 50

Mag = 100,00 KX LEO 1530 - WG PaN

Table 4. Zinc oxide agglomerate size in paraffin oil tendency of zinc oxide particles to agglomerate in
Zinc oxide Agglomerate size [im] elastomer. Unfortunately, zinc oxide particles

ZnO 10 10.0 exhibited a high ability for aggregation or agglom-
7ZnO 15 7.9 : . ff. -1 P . . 1 f
700 24 79 eration in paraffin oil. Primary particles formed
7n0 40 3 microsized clusters with sizes ranging from 1.3 um
7Zn0 42 9.3 (ZnO 40) to 10 um (ZnO 10).
Zn0 50 5.4
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3.2. Dispersion of zinc oxide particles in
elastomer matrix

Assuming that zinc oxide particles diffuse through

the elastomer matrix and react with carboxylic

groups of elastomer chains, forming ionic

crosslinks, the dispersion of ZnO particles in elas-
tomer has a great importance as far as the activity
of zinc oxides and their influence on vulcanisate

PEM | ag= 2500KX LEO 1530 WG PAN

a)

300
= MM hag= 2500KX LEG 1530 - WG PAN

PLEM | g 2500KX LEO 1530 - WG PAN

e)

properties are concerned. The dispersion of
nanoparticles in the elastomer was estimated based
on the SEM images of vulcanisate surfaces (Fig-
ure 3a-3f).

The zinc oxide particles were poorly dispersed in
the elastomer matrix and, therefore, were not homo-
geneously distributed (Figure 3a). They created
microsized agglomerates with complex structures.

\ .
PLM | g 2500KX LEO 1530- WG PAN. |
d)

P S

PLUM 4 og= 2500K% LEO 1530- WG PAN

f)

Figure 3. SEM images of XNBR vulcanisates with: a) ZnO 10, b) ZnO 15, ¢) ZnO 24, d) ZnO 40, e) ZnO 42, f) ZnO 50
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The whisker particles of ZnO 15 (Figure 3b) cre-
ated agglomerates several micrometres in size,
which were surrounded by an elastomer film and
were tightly bound to the elastomer matrix. It could
be supposed that the wetting of ZnO 15 clusters
with elastomer resulted in the good mechanical
properties of the XNBR vulcanisates, despite the
poor dispersion of the whiskers.

The ZnO 24 snowflake particles exhibited the
weakest tendency to agglomerate. They created
clusters about 3 um in size (Figure 3c). The opti-
mal dispersion of ZnO 24 in elastomer should lead
to its high activity in the crosslinking process.

The spherical zinc oxide particles (ZnO 40, ZnO 42
and ZnO 50) were distributed very heterogeneously
in the carboxylated nitrile rubber. The primary
nanoparticles formed microsized agglomerates
with irregular shapes, which displayed poor adhe-
sion to the elastomer (Figure 3d-3f). Specifically,
hollow structures were created by the ZnO 40
nanoparticles (Figure 3d). The strong tendency of
ZnO nanoparticles to agglomerate arises from their
high surface energy. The differences in the dis-
persed states of ZnO 40, ZnO 42 and ZnO 50
spherical nanoparticles in the elastomer resulted
from different dispersive components of their sur-
face energy and ability to undergo specific interac-
tions. The influence of these parameters on the
compatibility between zinc oxide particles and
elastomer was thoroughly discussed [19]. The pres-
ence of impurities on ZnO 40 surface is probably
the reason for its poor interfacial interaction with
rubber. ZnO 40 was achieved by calcination of zinc
oxalate, which was precipitated from hydrous solu-
tion of ammonium oxalate. Therefore, it contains
some residues of hydroxyl groups, that remained
after reaction. Moreover, the lowest content of
crystalline phase (88%) compared to other zinc
oxides (95-98%) as well as the presence of defects
(oxygen vacancies) in the crystalline structure of
7ZnO 40 affect its activity towards XNBR elas-
tomer.

3.3. Mechanical properties and crosslink
density of vulcanisates

The influence of zinc oxide particle size and mor-
phology on the activity in crosslinking of carboxy-
lated nitrile elastomer was estimated based on the
tensile properties and crosslink density of the vul-

40

30

20

TS [MPa]

Zinc oxide content [phr]

Figure 4. Tensile strength of XNBR vulcanisates

canisates. The results are given in Table 5 and Fig-
ure 4.

From the data presented in Figure 4, it follows that
the application of zinc oxide nanoparticles consid-
erably increased the tensile strength of the vulcan-
isates, as compared to those produced using con-
ventional microsized ZnO 10. The tensile strength
of the vulcanisates increased with the amount of
zinc oxide in the composite. Moreover, the stress at
a relative elongation of 300% increased, and the
elongation at break decreased, due to an increase in
the vulcanisate crosslink density (Table 5). The
increment in vulcanisate tensile strength with the
amount of zinc oxide arises from the increase in
ionic crosslink content in the elastomer network
(Av). The presence of strong and multifunctional
labile ionic clusters, which are able to move on the
surface of the solid zinc oxide particles, resulted in
the high ability of vulcanisates for stress relaxation,
and as a consequence, an improvement in mechani-
cal strength was achieved. Moreover, the consider-
able chain slippage and reformation of bonds in the
elastomer network upon external stress contributed
to the increase in vulcanisate tensile strength.

It could be supposed that the activity of zinc oxides
in the crosslinking process will rise with the spe-
cific surface area. The presented results prove that
the morphology of zinc oxide particles affects the
vulcanisate crosslink density and mechanical prop-
erties more strongly than the specific surface area.
The highest tensile strength (about 40 MPa) was
achieved with a vulcanisate containing zinc
oxide with three-dimensional snowflake particles
(ZnO 24) (Figure 4). Moreover, the highest
crosslink density and ionic crosslink content in the
elastomer network (70%) were achieved for vul-
canisates crosslinked with ZnO 24. Most likely, the
high activity of this zinc oxide arises from a better
contact between the surface of the crosslinking
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Table 5. Mechanical properties and crosslink density of XNBR vulcanisates

Zinc oxide ZnO content [phr] SE300 [MPa] EB [%] V106 [mol/cm3] Av [%]
ZnO 10 (microsized) 8 3.6 426 24.1 29
3 1.8 802 12.2 29
ZnO 15 5 2.4 740 14.1 27
(whisker particles) 6 2.9 717 15.2 24
8 3.2 709 20.9 42
3 1.6 871 27.0 45
Zn0 24 5 3.2 652 48.3 63
(snowflake particles) 6 4.8 617 62.9 70
8 7.0 586 64.6 68
3 1.6 705 8.9 28
ZnO 40 5 2.5 554 23.5 15
(spherical particles) 6 33 580 29.1 17
8 33 582 31.0 19
3 2.5 579 17.1 16
Zn0 42 5 4.1 518 19.2 13
(spherical particles) 6 4.8 576 23.6 11
8 53 514 28.7 21
3 1.2 861 20.0 49
Zn0O 50 5 2.1 682 28.1 54
(spherical particles) 6 2.9 620 30.6 67
8 3.0 631 37.0 64

SE300 — stress at 300% relative elongation; TS — tensile strength; EB — elongation at break; vr — vulcanisate crosslink density;

Av — content of ionic crosslinks in elastomer network

agent particles and the elastomer chains (especially
elastomer carboxylic groups), as compared to other
zinc oxides. The specific shape and complex struc-
ture of ZnO 24 aggregates cause an increase in the
size of the interphase between the elastomer and the
snowflake particles, as compared to the spheres.
Moreover, ZnO 24 nanoparticles exhibited the best
dispersion in the elastomer matrix, which also con-
tributed to the higher tensile strength and crosslink
density in these vulcanisates, especially containing
the high amount of ZnO (6; 8 phr). High tensile
strength was also observed for the vulcanisates
containing zinc oxide with whisker particles
(ZnO 15).

Among the zinc oxides with spherical particles, the
highest tensile strength was observed for vulcan-
isates with ZnO 42, especially with the small
amount of zinc oxide (3; 5 phr). The weaker activ-
ity of the other zinc oxides was probably due to the
poor dispersion of the particles in the elastomer
matrix. Large and expanded agglomerates could act
as critical sites, which may generate microcracks
and initiate breaking of the sample under external
stress. Moreover, the agglomeration of zinc oxide
particles caused the surface area to decrease, fol-
lowed by a decrease in the size of the interphase
between the zinc oxide and the rubber chains.
ZnO 40 was observed to be less efficient as a

crosslinking agent of carboxylated nitrile rubber,
mainly due to the presence of hollow, large
agglomerates with poor adhesion to the elastomer.
Weak dispersion of ZnO 50 nanoparticles (Fig-
ure 3e) was also a reason for deterioration of vul-
canisates tensile strength, despite the high content
of ionic crosslinks.

It should be noticed that not only the size and mor-
phology of ZnO nanoparticles or their tendency for
agglomeration affect zinc oxide activity in elas-
tomer crosslinking. The surface properties of ZnO
and its ability to specific interactions, which were
reported in our previous work [19], must be taken
into account. Considering the zinc oxide acceptor-
donor properties and the ability to undergo specific
interactions, it was concluded that ZnO 15 and
ZnO 24, which had strong interactions with donor
solvents as well as ZnO 50, which strongly inter-
acted with acetonitrile, are most prone to interac-
tions with elastomers containing donor functional
groups (e.g. nitrile groups —C=N). From physico-
chemical point of view, these oxides reveal the
highest activity towards carboxylated acrylonitrile-
butadiene elastomer. As a consequence, vulcan-
isates with high content of ionic crosslinks were
achieved.

In previous work, we proved that it is possible to
reduce the amount of zinc ions in acrylonitrile-
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butadiene rubber [20]. It should be noted that the
application of zinc oxide nanoparticles allowed the
amount of ZnO to be reduced in XNBR com-
pounds, without a detrimental effect on the vulcan-
isate properties. The highest reduction in the zinc
oxide amount is possible in the case of ZnO 42,
since the vulcanisates crosslinked with 3 phr of this
oxide exhibited a tensile strength twice as great as
that of vulcanisates produced with microsized zinc
oxide, which is used commercially in crosslinking
process. This is very important from an ecological
point of view, because the European Union requires
that the amount of zinc oxide be reduced as much
as possible.

3.4. Dynamic-mechanical properties of
vulcanisates

A dynamic-mechanical analysis was performed to
confirm the existence of ionic clusters in the elas-
tomer network. The loss factor tand, as a function
of temperature, for the vulcanisates with micro-
sized zinc oxide ZnO 10 and with zinc oxide
7ZnO 42 with spherical nanoparticles is presented as
an example in Figure 5. The values of glass transi-
tion temperature 7, are given in Table 6.

The existence of two transitions can be observed.
The first transition is the glass transition of the elas-
tomer at low temperatures, with a maximum that
represents 7. The determined glass transition tem-
perature for the vulcanisate with ZnO 10 was

1.2

0.8 \
04 ’ \\\/ >
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ZnO 42
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Figure 5. Tand versus temperature for XNBR vulcanisates
containing zinc oxide

Table 6. Glass transition temperature of XNBR vulcan-

isates
Vulcanisate Ty [°C]
XNBR/ZnO 10 -4.5
XNBR/ZnO 15 =5.1
XNBR/ZnO 24 -4.9
XNBR/ZnO 40 -5.5
XNBR/ZnO 42 -5.3
XNBR/ZnO 50 -5.1

(—4.5°C), whereas for vulcanisates with zinc oxide
nanoparticles Tg values were within the range from
(-4.9°C) to (-5.5°C). Therefore, it can be con-
cluded that the zinc oxide particle size and mor-
phology did not affect the elastomer 7, value
considerably. The presence of additional maxima in
the tand plot at the temperatures 6°C (ZnO 10) and
17°C (ZnO 42) was probably due to the existence
of differently immobilised elastomer phases on the
ZnO particle surfaces.

The second transition is the ionic transition, occur-
ring at high temperatures (50-100°C), resulting
from the occurrence of a hard phase arising from
ionic associations-ionic clusters or aggregates.
Similar transitions were observed for all XNBR
vulcanizates. This confirms the existence of a
biphasic structure in the XNBR-ZnO system.

In the case of the vulcanisate containing ZnO 42,
the considerable decrease in the tand versus tem-
perature maximum resulted from higher interac-
tions between ZnO 42 and the elastomer, which
prevented the rubber chains from a free relaxation
at the glass transition temperature.

3.5. Shrinkability of XNBR vulcanisates

Heat-shrinkable polymers are widely used in pack-
aging and in the cable industry; therefore, the
shrinkability of XNBR vulcanisates crosslinked
with zinc oxide is very important from a technolog-
ical point of view. According to Mishra et al. [18],
the shrinkage of polymer occurs due to an internal
rearrangement of the structural elements within the
stretched sample. The shrinkage driving force orig-
inates from oriented polymer chains of crystalline
and amorphous phase. In the case of polyolefin/
elastomer blends, the crosslinked elastomeric phase
causes an enhancement in the blend shrinkability
upon heating. It is believed that crosslinked points
in the elastomer network serve as memory points,
enhancing the heat shrinkability [21].

The examined samples were stretched above the
glass transition temperature 7, until reaching an
elongation of 300%; they were then stabilised in
the stretched form at (-7°C) and shrunk above the
ionic transition temperature at 70°C. The heat
shrinkability values of the XNBR samples contain-
ing 8 phr of zinc oxide are presented in Table 7.
Vulcanisates of carboxylated nitrile elastomer
crosslinked with zinc oxides exhibited heat shrink-
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Table 7. Shrinkability of XNBR vulcanisates

Vulcanisate Lstr [cm] Lshr [em] Sh [%]
XNBR/ZnO 10 11.2 3.9 65
XNBR/ZnO 15 11.2 3.5 69
XNBR/ZnO 24 11.2 2.7 76
XNBR/ZnO 40 11.2 3.5 69
XNBR/ZnO 42 11.2 2.7 76
XNBR/ZnO 50 11.2 2.6 77

ability. The highest shrinkage upon heating (76 and
77%) was achieved for vulcanisates containing
7Zn0 24 snowflake nanoparticles and spherical par-
ticles of ZnO 42 and ZnO 50. The lower shrinkabil-
ity of the vulcanisates with the other zinc oxides
(ZnO 10, ZnO 15 and ZnO 40) resulted from a
lower crosslink density and ionic crosslink content
in the elastomer network. Since the crosslinked
points in the elastomer network serve as shape
memory sites, a higher crosslink density improves
the shrinkability of the vulcanisate. The stretched
XNBR samples were shrunk upon heating above
the temperature of the ionic transition, due to the
occurrence of ionic multiplets in the elastomer net-
work, which are multifunctional and labile
crosslinks. Therefore, it can be concluded that the
decomposition or rearrangement of the ionic clus-
ters is one of the causes of heat shrinkability in
XNBR vulcanisates containing zinc oxide.

4. Conclusions

Zinc oxides with different particle sizes and mor-
phologies were used as crosslinking agents of car-
boxylated nitrile elastomer.

We conclude that the application of zinc oxide
nanoparticles allowed for the realisation of vulcan-
isates with considerably better mechanical proper-
ties and higher crosslink density, as compared to
vulcanisates crosslinked with microsized zinc
oxide, which is used commercially as a crosslink-
ing agent. Vulcanisates containing the same
amount of zinc oxide nanoparticles exhibited a ten-
sile strength about four times greater than that of
vulcanisates with microsized particles. Moreover,
3 phr of nanosized ZnO 15, ZnO 24 or ZnO 42 is
sufficient to obtain composites with comparable or
even better tensile strengths, as compared to vul-
canisates containing 8 phr of industrially used
microsized ZnO. Therefore, the application of
nanosized zinc oxide allows the amount of zinc
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oxide to be reduced by almost 40%. This is a very
important ecological goal, since zinc oxide is clas-
sified as toxic to aquatic species, and the European
Union requires that the amount of zinc oxide in rub-
ber compounds be reduced. Moreover, it should be
noted that vulcanisates of carboxylated nitrile elas-
tomer crosslinked with zinc oxide reveal heat
shrinkability.

The morphology of zinc oxide particles mainly
affects the activity in the crosslinking process. Par-
ticle size or zinc oxide specific surface area does
not seem to have a considerable influence on the
crosslinking agent efficiency. The highest activity
was observed for zinc oxide with a specific surface
area of 24.43 m?2/g and three-dimensional snowflake
particles (ZnO 24). The specific shape and complex
structure of ZnO 24 aggregates, consisting of wires
or plates growing from a single core, provide an
increase in the size of the interphase between the
elastomer carboxylic groups and the snowflake par-
ticles. As a result, vulcanisates with higher
crosslink density and ionic crosslink content are
achieved. These vulcanisates exhibit the best
mechanical properties (TS about 40 MPa), mainly
due to the high content of ionic clusters, which are
multifunctional and labile crosslinks and can
rearrange upon external stress, leading to stress
relaxation. Moreover, ZnO 24 nanoparticles have
the lowest ability for agglomeration in the elas-
tomer matrix and create the smallest agglomerates,
which concentrate the stresses during sample defor-
mation to a smaller degree, as compared to the
large agglomerates formed by other zinc oxides.
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Abstract. A novel matrix composed of chitosan-graft-polyaniline (CHIT-g-PANI) was electrochemically prepared to
investigate the immobilization of creatine amidinohydrolase (CAH). CAH enzyme was covalently immobilized with the
CHIT-g-PANI matrix using glutaraldehyde as a linker. The resulting CAH/CHIT-g-PANI biomatrix was characterized with
Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), contact angle measurement and cyclic
voltammetry (CV) taking CHIT-g-PANI as a reference. The influence of various parameters on CAH enzyme activity
within the matrix was investigated including pH, temperature, and time. The Michaelis-Menten constant and apparent
activities for the CAH enzyme were calculated to be 0.51 mM and 83.59 mg/cm?, respectively; indicating CHIT-g-PANI

matrix has a high affinity to immobilize CAH enzyme.

Keywords: polymer synthesis, molecular engineering, chitosan-graft-polyaniline, creatine amidinohydrolase, immobiliza-

tion matrix

1. Introduction

Creatinine is an important clinical analyte for the
diagnosis of renal and muscular dysfunction [1]. It
is a dehydrogenated form of creatine (i.e., a meta-
bolic byproduct of amino acid) that provides
energy to muscles tissue. The normal clinical range
of creatinine in the human blood is ranging from 44
to 106 uM; however, it can exceed up to 1000 uM
during nephrons malfunction [2]. Therefore, pre-
cise monitoring of creatinine in the blood is com-
pulsory during routine check up.

Most of the existing creatinine biosensors utilize
creatine amidinohydrolase (CAH) as a sensing ele-
ment [3-5]. Typically, CAH is a homodimer
enzyme, which hydrolyzes creatinine into urea and
sarcosine [6]. The concentration of creatinine is

*Corresponding author, e-mail: tiwari @uwm.edu
© BME-PT

quantitatively measured by monitoring the librated
hydrolyzed byproducts using a range of transducers
such as amperometric, potentiometric, optical, etc.
[7, 8]. However, these biosensors are offered only
limited biosensor stability due to low functional
stability of CAH enzyme within the matrix [9]. In
practice, performance of enzyme based biosensors
usually depends on the physicochemical properties
of the electrode materials as well as process of the
enzyme immobilization and also enzyme concen-
tration on the electrode surface [10]. Although, var-
ious matrices are reported in the literature for the
immobilization of CAH enzyme to use in creatinine
biosensors, the method of immobilization and elec-
trode matrices, both are considered promising fac-
tor during the determination of the operational and
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storage stability of the biosensors [11]. The low
intrinsic stability of CAH enzyme has encouraged
for applying biomaterials engineering to improving
stability [12]. Specifically, this study investigates
the feasibility of CHIT-g-PANI as potential CAH
immobilization matrix.

Polyaniline (PANI) is a unique conducting polymer
and its reversible conductivity can be controlled by
the protonation of the imine sites or the oxidation of
the main polymer chain [13]. However, traditional
PANI does not have such enzyme loading capabil-
ity as its chemically modified forms [14]. Mean-
while, Chitosan (CHIT) has become a widespread
biopolymer owing to its remarkable chemical and
biological characteristics. It is a hydrophilic mate-
rial due to the presence of both amino and hydroxyl
groups; however, CHIT is insoluble in water and
aqueous basic media [15]. It was chosen as the ori-
entation directing matrix because there are large
quantities of amino and hydroxyl groups on the
CHIT units, which have a strong binding ability to
enzyme and DNA [14, 16]. Moreover, in acidic
condition CHIT showed a cationic nature that may
provide an electrostatic core environment to zwitte-
rion molecules such as enzyme.

In the present work, we describe the fabrication of a
novel matrix based on CHIT-g-PANI, covalent
immobilization and stabilization conditions for the
CAH enzyme. Further, Michaelis-Menten kinetic
parameter and apparent activities for the CAH
enzyme were calculated correspondingly using
electrochemical and photometric techniques.

2. Experimental
2.1. Materials

Chitosan (CHIT, >85% deacetylated, M,, 1.86-105),
aniline (99%), creatinine (anhydrous) and urease
(Urs, from Canavalia ensiformis) were purchased
from Sigma-Aldrich, USA. Creatine amidinohy-

Q
N

NH,  NH, /

—9 .

Glutaraldehyde
CHIT-g-PANI matrix
having free NH,, groups

One end of Glutaraldehyde coupled
with CHIT-g-PANI

drolase (CAH, from Actinobacillus sp., CRH-211)
was taken from Toyobo Co., Ltd. and used without
further purification. All supplementary chemicals
were of analytical grades and solutions were pre-
pared with nanopure water. Indium-tin-oxide (ITO)
coated glass sheets (Balzers) with a resistance of
15 Q/cm? were used as substrates for the deposition
of electrodes.

2.2, Preparation of CHIT solution

CHIT solution was prepared by dissolving 2.0 g of
CHIT flakes into 100 ml of 1.0% acetic acid and
stirred for three hours at room temperature until
completely dissolved. The CHIT solution was
stored in a refrigerator when not in use.

2.3. Electrochemical synthesis of
CHIT-g-PANI

Aniline (180 ul), and 2.0% CHIT solution (75 pl)
was mixed with 10 ml of 0.5M HCI in an electro-
chemical cell and the mixture was ultrasonically
agitated for about four hours. The CHIT-g-PANI
was chronoamperometrically synthesized onto an
ITO coated glass surface using a three-electrode
assembly with ITO glass as working, platinum as
counter, and Ag/AgCl as reference electrodes at a
potential of 0.9 V and duration of 200 seconds. The
resulting CHIT-g-PANI/ITO electrode was washed
with deionized water followed by a phosphate
buffer saline (PBS) solution of pH 7.0 in order to
neutralize the electrode surface.

2.4. Immobilization of CAH enzyme

The CAH enzyme was covalently immobilized
over the CHIT-g-PANI matrix using glutaralde-
hyde as a linker. Ten pl of 25% gluteraldehyde
solution was spread over the CHIT-g-PANI/ITO

CAH covalent bonding of
free —-CHO end of coupled
glutaraldehyde-CHIT-g-PANI

Figure 1. Covalent immobilization of the CAH on CHIT-g-PANI graft copolymer matrix using gluteraldehyde as a linker
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electrode and kept for five hours at room tempera-
ture, then 10 ul CAH (350 units/pl) was spread on
top of the electrode and dried (Figure 1). The
resulting CAH/CHIT-g-PANI/ITO bioelectrode
was thoroughly washed with PBS of pH 7.0 to rinse
off any loosely bound CAH enzyme from the bio-
electrode.

2.5. Characterization

CHIT-g-PANI and CAH/CHIT-g-PANI biomatrix
were characterized using FTIR, AFM, contact
angle, and CV measurements. FTIR spectra were
recorded on a Perkin Elmer, Spectrum BX II spec-
trophotometer. The surface topology of the elec-
trodes was studied using AFM (Veeco DICP2)
under the tapping mode. Contact angles of the elec-
trodes were measured with a video-based, auto-
matic research grade contact angle measurement
system, FDSC-OCA 20 using water as liquid
phase.

Electrochemical measurements of the electrodes
were carried out on a Potentiostat/Glavanostat
(Princeton Applied Research, 273A) unit with three
electrodes in a 50 mM phosphate buffer solution
(pH 7.0, 0.9% NaCl) containing 5 mM Fe(CN)g3-/4-.
The working electrode was either CHIT-g-PANI/
ITO or CAH/CHIT-g-PANI/ITO. Platinum foil and
Ag/AgCl were used as the counter and reference
electrodes, respectively. All measurements were
carried out at 25°C.

2.6. Photometric apparent enzyme activity
measurement

Photometric study was performed using a Varian
Cary 100 Bio UV-visible spectrophotometer. For
photometric measurements, a CAH/CHIT-g-PANI/
ITO bioelectrode was dipped in a 5 ml phosphate
buffer solution (50 mM, pH 7.0), which contained
200 pl of Nessler’s solution, 50 pul urease enzyme
(50 mg/ml) and 1 ml of creatinine solution with
varying concentrations. After 3 min of CAH/CHIT-
g-PANI/ITO electrode incubation, the absorbance
of the colored product (i.e., NH,Hgol3, a complex
formed between the Nessler’s reagent and ammo-
nia produced by the enzymatic hydrolysis of creati-
nine) in the solution at Amax 385 nm, was measured
to monitor the CAH enzyme kinetics.

3. Results and discussion
3.1. Graft copolymerization, enzyme
immobilization and characterization
In the electrochemical copolymerization synthesis,
the aniline monomer initially became protonated
with HCI and propagated to form an intermediate
called PANI radical cation (Figure 2a) [17-19].
PANI radical cation simultaneously generated
CHIT macro radicals (Figure 2b) by the abstraction
of hydrogen from the —OH and —-NH; groups of the
CHIT macromolecules [15, 16].
The PANI cation radicals and CHIT macro radicals
then copolymerized and yielded CHIT-g-PANI
(Figure 2¢).

NH*CI™

cr cr "

— e e Nwd-
| | "
H H

Aniline.HCI PANI radical cation [a]
a)
OH -OH -0* ~OH
o P .

0
\]/O/ ‘j/ + [a] —_— e
R\l ds R\ Al e

CHIT CHIT macroradical [b]
b) }
IEH NH
.
> .
H—N*CI- CrN=—H
0 O
r B
H_T“Cl CIrN=—H
’_,O /,,.OH 0 /_,,OH
[a] + [b] o o Lo 0 %/
a) + o o 3/0 ‘:,,O P N
W i e e
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» ™
~ - \f:
il o
L g
CDNH“ HEI+.CI,
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¢

Figure 2. Electrochemical copolymerization synthesis.
a) PANI radical cation, b) CHIT macro radical,
¢) CHIT-g-PANI
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Figure 3. FTIR spectra of the (spectrum A) CHIT-g-PANI
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T T T
500 1000 2000 2500 4000

The FTIR spectrum of the CHIT-g-PANI/ITO elec-
trode (Figure 3, spectrum A) illustrated the charac-
teristic peaks of PANI, as well as CHIT [16]. The
following key characteristic bands were observed:
1) 3150 to 3542 cm-! (free O-H stretching and
N-H stretching with hydrogen bonded secondary
amino groups); 2) 3021 cm~! (aromatic C-H stretch-
ing); 2926 and 2862 cm-! (aliphatic C-H stretch-
ing); 3) 1632 cm~! (C=0 stretching of carbonyl
group, typical saccharide absorption); 4) 1584 cm-!
(C=C stretching of quinoid rings); 5) 1483 cm-!
(C=C stretching vibration of benzenoid rings); and
6) 1245 cm~! (C-N stretching). The absorption
band of the N=Q=N bending vibration of proto-
nated pure PANI was observed at 1236 cm-!, but
shifted to 1123 cm~! in the CHIT-g-PANI copoly-
mer due to the steric effect of CHIT [16].

Stable enzyme-substrate coupling was achieved
with gluteraldehyde as a cross-linking agent [20].
One end of the gluteraldehyde is attached to the
—NH> group of the CHIT-g-PANI/ITO electrode
through a reaction between the -CHO end group of
glutaraldehyde and the —NH> groups of terminal
PANI and CHIT. The other end of the gluteralde-
hyde is attached to CAH through a reaction
between the -CHO group of gluteraldehyde and
—NH> group of CAH, which resulted in a CAH/
CHIT-g-PANV/ITO bioelectrode (Figure 1). It may
be possible that some of the glutaraldehyde attached
within the free -NH> groups of the CHIT-g-PANI
matrix but probability of cross linking between
—NH; functionalized electrode to enzyme is quite
common [20]. The FTIR spectrum of the CAH/

umidiv
0.0050 <§

b)

Figure 4. AFM images of the (a) CHIT-g-PANI and (b)
CAH/CHIT-g-PANI

CHIT-g-PANU/ITO electrode (Figure 3, spectrum B)
showed phosphate vibration at 1224 cm-! (accred-
ited from phosphate backbone of immobilized
cDNA) with the peaks broadening at 1) 3123 to
3564 cm~! (addition of N-H stretching vibration);
2) 3022 to 2856 cm™!; and 3) 1631 cm-! to 1664
due to the attachment of CAH with the CHIT-g-
PANI matrix. Hence, FTIR spectra confirmed the
immobilization of CAH onto the CHIT-g-
PANI/ITO electrode.

The surface morphology of the electrodes was
observed with AFM and is shown in Figure 4. The
CHIT-g-PANI/ITO electrodes exhibited a rela-
tively rough surface topology in comparison to
CAH/CHIT-g-PANI/ITO electrode, which may
facilitate the immobilization of CAH onto the
CHIT-g-PANI/ITO electrode. To study the relative
surface hydrophilicity, the contact angles of CHIT-
g-PANI/ITO and CAH/CHIT-g-PANI/ITO elec-
trodes were measured [21] and were about 29+2°
and 38+2°, respectively. The work of adhesion
between the surface of the electrodes and the water
droplet (W,) can be calculated from the Young-
Dupre Equation (1):

W, =7v (1 + cos 6) (1)

where 7 is the surface tension and 0 is the contact
angle. If the liquid is attracted to the solid surface
(e.g., water on a strongly hydrophilic solid), the
droplet will completely spread out on the solid sur-
face and the contact angle will be close to 0°.
According to this equation, the work of adhesion is
higher at a lower contact angle. Since the contact
angle increased after the CAH was immobilized on
the surface of the CHIT-g-PANI/ITO electrode,
this indicates that the CAH/CAH/CHIT-g-PANI/
ITO electrode surface has a weaker affinity to the
hydrophilic moiety than CHIT-g-PANI/ITO elec-
trode surface.
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3.2. Electrochemical measurement

Figure 5 shows the CVs of the electrochemical
cells using either CHIT-g-PANI/ITO or CAH/
CHIT-g-PANI/ITO electrode at a constant 50 mVs-!
scan rate in 50 mM phosphate buffer solution
(pH 7.0, 0.9% NaCl) containing 5 mM Fe(CN)g3-/+-.
The current of the electrochemical cell using the
electrode CHIT-g-PANI/ITO (7.69-10¢ A) was
about five times of that using the CAH/CHIT-g-
PANI/ITO bioelectrode (1.72-10-¢ A).

Thus, immobilizing CAH onto the bare electrode
reduced the current. A decrease in current after the
immobilization of CAH may be attributed to a
slower redox behavior when compared with the
bare CHIT-g-PANI/ITO electrode. The covalent
binding of CAH on the CHIT-g-PANI/ITO elec-
trode controls the moment of the supporting elec-
trolytes [11]. Also, the non-conducting nature of
the CAH molecules might have contributed to the
decrease in current when using the CAH/CHIT-g-
PANI/ITO electrode.

Current [uA]

200 400 600 800 1000

Potential [mV]
Figure 5. Cyclic voltammograms of the (A) CHIT-g-PANI/
ITO and (B) CAH/CHIT-g-PANI electrodes in
PBS (50 mM, pH 7.0, 0.9% NaCl, 5 mM
Fe(CN)g3-4-) at 50 mVs-! scan rate

2400 —200 0

The affinity of CAH to the CHIT-g-PANI/ITO
graft copolymer matrix was estimated using the
Hanes plot [22]. The Michaelis-Menten kinetic
parameter (K,,%PP) was calculated to be 0.51 mM
for the CAH/CHIT-g-PANI/ITO electrode. K%
usually depends on the electrode material as well as
the enzyme immobilization process [23]. The K%
of the CAH/CHIT-g-PANI/ITO bioelectrode is
much less than that of these previously reported
biosensors (typically 2 to 7 mM). The small K%
value indicates a high affinity of CAH to the CHIT-
g-PANI matrix over the electrode surface, which
may be attributed to 1) the advantageous —NH>
functionalized surface of the CHIT-g-PANI matrix
for the enzyme immobilization that can favor con-
formational changes of the enzyme, and 2) the high
positive electrostatic interaction, which can help to
effectively immobilize CAH onto the CHIT-g-
PANI/ITO electrode.

3.3. Photometric study

A photometric study was performed to calculate the
apparent enzyme activity of the CAH enzyme.
CAH catalyzes the hydrolysis of creatinine (II) to
produce sarcosine (III) and urea (IV). In the pres-
ence of urease, urea further hydrolyzed into ammo-
nia, which in turn reacts with the Nessler’s reagent
(K2 Hg> 14) to form a colored product, NH2Hg»I3
(Figure 6). Through taking the absorbance of
NH>HgolI3 at 385 nm, apparent enzyme activity of
the CAH enzyme can be determined [24]. The
apparent enzyme activity (¢2aqpp) was calculated
using Equation (2):

enz — AV
“wp ets

2)

o]
COOH // NH
COOH 0\ 2
-H,0 CAH NH
H,C—N ——= H;C—N NH ——
3 \fNHz d N H,0 . o~ + Y
i | 8 NH,
MNH NH
Creatine (i) Creatinine (ji) Sarcosine (jii) Urea (iv)
NH
(o] 2
H.O K. Hg,l
AN — 2" 2NH, 4 CO, 2 04 NHHg,ls + NH; + 5F
Urease Messler's reagent (v)
NH Colored
2 complex (vi)
Urea (iv)

Figure 6. Production of photomerically active NHoHg>I3 as a sensing element resulting from the reaction of Nessler’s
reagent and librated NHj3 (i.e., obtained from enzymatic hydrolysis of creatinine)
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where A is the difference in absorbance before and
after incubation, V is the total volume of the solu-
tion, € is the millimolar extinction coefficient, 7 is
the reaction time and s is the surface area of the
electrode. The apparent enzyme activity was calcu-
lated to be 83.59 mg/cm?; indicating 83.59 mg of
CAH was actively immobilized per unit area of
CHIT-g-PANI matrix.

3.4. Effect of pH, temperature and time

The peak current varied with the value of pH in the
range 6.0-8.0; the optimum current is obtained at
pH 7.0. It suggests that optimum CAH enzyme
activity is found at pH 7.0. The thermal stability of
the CAH/CHIT-g-PANI/ITO bioelectrode was
studied by measuring the current at different tem-
peratures ranging from 25 to 45°C in the presence
of creatinine 150 uM and a phosphate buffer
(50 mM, pH 7.0). It was observed that the reaction
rate increased with the temperature up to 32°C and
the optimum temperature range was between 30—
32°C due to the increased kinetic energy of the
reacting molecules. The storage stability of the
CAH/CHIT-g-PANI/ITO electrode was ampero-
metrically measured and a similar current response
was found after it was stored for ~300 days at 4°C.
Hence, the CAH/CHIT-g-PANI/ITO bioelectrode
exhibited an excellent operational and storage sta-
bility.

4. Conclusions

Creatine amidinohydrolase was covalently immo-
bilized onto the CHIT-g-PANI graft copolymer
matrix. The relatively low Michaelis-Menten con-
stant of 0.51 mM indicates that the CHIT-g-PANI
matrix had a high affinity for the CAH enzyme.
The enzyme holding capacity of graft copolymer
matrix was determined to be 83.59 mg/cm? and was
affected by pH, temperature, and time. Present
efforts aim to use CAH/CHIT-g-PANI/ITO bio-
electrodes with a good shelf life to fabricate an effi-
cient creatinine biosensor that can detect creatinine
from the blood and urine.
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Abstract. In this work, a conventional textile braiding machine was modified and added to a pultrusion line in order to pro-
duce glass fiber reinforced composite rods by braiding-pultrusion technique. Braid-pultruded (BP) rods were produced with
three braid roving linear densities and also with three different braid angles. To study the influence of overbraiding on
mechanical properties of pultruded rods, unidirectional (UD) rods, without braided fabric, were produced, as well. All rod
types were subjected to tensile, bending and torsion tests. The experimental results showed that BP rods have considerably
higher shear modulus, but lower tensile modulus and flexural rigidity than those of UD pultruded rods, when fiber volume
fraction is kept constant. Moreover, rods produced with higher braid roving linear densities had better torsional, but lower

tensile and flexural properties. The highest shear modulus was observed in BP rods with braid angle of 45°.

Keywords: polymer composites, mechanical properties, braiding, pultrusion, rod

1. Introduction

Braiding has traditionally been used for producing
textile structures such as shoelaces and ropes. How-
ever, in recent years, fiber reinforced composites
and medical implants have become interesting
application areas for braiding. As a technique for
manufacturing preforms for composite structures,
braiding has been attracting a great deal of atten-
tion. Composite structures reinforced with braided
fabrics have a number of advantages over other
competing structures such as woven and filament
wound composites, as follows. Braided composites
have superior toughness and fatigue strength in
comparison to filament wound composites. In fila-
ment wound composites, cracks propagate readily
along the fibers while points of interlacement in
braided composites act as crack arresters [1, 2].
Woven fabrics have orthogonal interlacement

*Corresponding author, e-mail: mjohari @aut.ac.ir
© BME-PT

while the braids can be constructed over a wide
range of angles, from 10 to 85°. An additional set of
axial yarns can be introduced to the braiding
process to produce triaxial braids; triaxial braids
are more stable and exhibit nearly isotropic proper-
ties [1, 3, 4]. Braids can be produced either as
seamless tubes or flat fabrics with a continuous
selvedge. Composites produced with the braided
fabrics exhibit superior strength and crack resist-
ance in comparison to broadcloth composites, due
to fiber continuity [1].

Braided composites have good shear and torsional
strength and stiffness. They also offer increased
transverse moduli, transverse strength, damage tol-
erance, dimensional stability and near net shape
manufacturing capabilities [5-9].

Braiding can also be integrated with the pultrusion
process, which is a well-known method for manu-
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Braided cover Core fibers

Braid angle

Figure 1. Structure of a BP rod

facturing composite parts in a continuous way. A
number of researchers worked on various aspects
of braiding-pultrusion process and recommended it
as a new low-cost and efficient fabrication tech-
nique [10-16].

A simple product of the braiding-pultrusion tech-
nique is a braid-pultruded (BP) cylindrical rod
which is comprised of a braided cover and a core of
unidirectional fibers (Figure 1). Some of the appli-
cations and unique features of this kind of rods
were investigated in various works [13, 17-19].
However, there are a few works investigating
mechanical properties of BP rods. Saito et al. [20]
and Hamada et al. [21] investigated the properties
of BP rods under crush test and showed that these
rods had superior properties in comparison to the
unidirectional rods in terms of energy absorption
capabilities. They came to the conclusion that when
BP rods are subjected to compressive loads, the
braided layer protects the unidirectional core fibers
against axial splitting and consequently makes the
structure absorb more energy before failure. Hier-
mer et al. [22] investigated the torsional failure
behaviour of cylindrical carbon/epoxy implant
rods, which were structurally similar to BP rods.
They manufactured the specimens in a manual
multi-stage process, in which, first the cylindrical
rods were produced from carbon/epoxy plates by
means of cutting and grinding, then over-wound
with a layer of braided fabric. They showed that the

glass roving creal

(o pre— = —y

pre-die

\

bralder

main resin bath

torsional properties of the rods with braided fabric
were much better than those without braided fabric.
Nevertheless, as in some applications known for
BP rods, such as rebars or medical implants, they
can be subjected to different types of loading, like
tension, torsion and bending [19, 22], a comprehen-
sive study on their mechanical behavior under such
loading types seems to be of great importance.
Therefore, the aim of this paper is to compare ten-
sile, torsional and flexural properties of GFRP
(glass fiber reinforced polymer) braid-pultruded
rods to those of their UD counterparts and also to
study the effect of some parameters such as braid
angle and braid yarn linear density on mechanical
properties of BP rods.

2. Development of a braiding-pultrusion
line

The combination of braiding and pultrusion
processes has been also named pull-braiding,
braided-pultrusion and braidtrusion in different
works. For setting up the braiding-pultrusion pro-
duction line in the current work, a conventional tex-
tile braiding machine was modified at Textile
Engineering Department of Amirkabir University
of Technology and added to a pultrusion produc-
tion line at Iran Polymer & Petrochemical Institute.
A schematic of braiding-pultrusion production
arrangement used in the present work is shown in
Figure 2. Roving strands are unwound from the
bobbins held in the creel and pass through an align-
ment card. The card prevents twisting of the rov-
ings together and at the same time prepares the core
part of the braid-pultruded structure which is unidi-
rectional. Once all the fibers are aligned, they are
passed through a resin bath. To make sure the fibers

spools of glass roving

puller
cut-off saw
secondary resin bath heated die '
J—Es:l:zi:ﬂ_"—lzm Sececey

—

Figure 2. Arrangement of the braiding-pultrusion process used in the present work
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are fully wetted, the strands are passed through a
series of rollers, which flatten and spread out the
individual roving. The resin used is normally of
good and rapid impregnation properties with long
gel-time and short curing time. Following the resin
bath, the unidirectional fibers are over-braided
using the braiding machine.

To be combined with the pultrusion line, in this
work, a traditional textile braider was changed from
vertical to horizontal configuration and equipped
with specially designed spools suitable for winding
glass roving. Braid angle, which is the angle
between braid yarns and axis of the braid structure
and is one of the most important structural parame-
ters affecting mechanical properties of braids (Fig-
ure 1), is calculated from Equation (1) [1]:

oc:tan‘l(‘”—RJ (1)

1%

where o denotes braid angle, ® average angular
velocity of spools around the braider center point, R
the core material radius and v take-up speed of the
braid.

Changing the braid angle in braiding machines is
usually performed by changing the take-up speed.
However, in the combination of braiding and pul-
trusion processes, as all production stages, i.e. resin
impregnating, braiding and curing are carried out
continuously, any change in take-up rate leads to
change in curing time. Hence, in the present work,
to change the braid angle, angular velocity of
spools around the center of the braider was
changed. For this purpose, the braider was equipped
with a frequency controlled motor for the spools
drive. As a result, all rod types could be produced
with the same curing speed, and it was also possible
to easily change the braid angle during the process.
Moreover, a pre-die was embedded in the center of
the braider. The pre-die bundles the unidirectional
core fibers together and gives them a circular cross
section before being dressed by the braided cover.
Wetting the braid yarns with resin can be done in
several ways. Using a resin curtain and injecting
resin by a resin pump are among them which can be
found in various works [13, 15, 19, 20, 23]. In this
work, a secondary resin bath was designed and
installed after the braider in order to ensure a per-
fect wetting of braid yarns, though the excess resin
of core fibers in some types with relatively low
cover/core fiber weight ratio was almost enough to

wet out the braid fibers as they wrapped around
them under tension.

After the secondary resin bath, the structure is
guided into the heated die at one end and exiting at
the other as a cured structural component. The die
was 500 mm in length, 6 mm in diameter, and with
curing temperature of 120°C. The pulling station is
located at the end of the braiding-pultrusion line. A
set of padded clamps grip the cross-section and hor-
izontally pull the rod. For the current work, pultru-
sion was carried out with the speed of 100 mm/min.
The final process in the braided pultrusion tech-
nique is the cut-off that is done by the cut-off saw
located immediately after the pulling station.

3. Material and manufacture of rods

The glass fiber roving used for manufacturing the
rods was supplied by CPIC Inc. with the designa-
tion ER-469L. The matrix material was unsaturated
isophthalic polyester resin with the designation
751129 by Bushehr Chemical Industries Co. Ben-
zoyl peroxide (BPO) supplied by Merck Chemical
Co. was used as curing initiator at 3 phr. Release
agent of PAT-654/M by CRC Co. was also used in
resin formulation at 1 phr. Fiber and resin proper-
ties are listed in Table 1.

In this study, rods with diameter of 6+0.1 mm were
produced by braiding-pultrusion method. For all
rod types, braiding process was carried out using
8 spools of glass roving and with the diamond pat-
tern (1/1 repeat).

For investigating the effect of braid roving linear
density, three types of rods were produced using
three linear densities of roving; 300, 600 and
900 tex as braided cover roving. The braid angle
was kept 45° in these types. To study the influence
of braid angle on the mechanical properties, rods
with two other braid angles, i.e. 30 and 55° were
also produced. Moreover, unidirectional rods were
pultruded without using braid fibers to investigate
the effect of overbraiding.

Table 1. Fiber and resin properties

Tensile Tensile Density
Material specification | strength | modulus 3
[MPa] | [GPa] | &™)
Glass fiber, ER-469L 1700 73 25
Unsaturated Isophthalic
Polyester resin, 751129 55 4 1.1
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Table 2. Specifications of manufactured rods

Rod type Linear density of Linear density of core Braid angle Fiber volume Cover/core fiber

braid roving [tex] fibers [tex] [°] fraction [ %] weight ratio [ %]
300-45 (300%8) (2400x18) + 1500 45 63.1 7.7
600-45 (600%8) (2400x17) + 300 45 63.5 13.7
900-45 (900%8) (2400x15) + 1800 45 63.4 26.9
900-30 (900%8) (2400%16) + 1200 30 63.1 21.5
900-55 (900x8) (2400x14) 55 61.4 40.8
UD - (2400%20) - 60.6 0.0

All rods were produced with almost the same fiber
volume fraction. Therefore, it was necessary to use
the same amount of fibers in the unit length of each
rod. Since the amount of fibers in the braided cover
changes when braid angle and/or braid yarn linear
density change, the total weight of fibers in the unit
length of each rod was kept the same by changing
the amount of core fibers. After manufacturing the
rods, some specimens were prepared for burn-off
test in order to measure the actual value of fiber
volume fraction. Burn-off test was conducted at
600°C for 90 minutes. Cover/core fiber weight
ratio was also measured on the specimens after
burn-off test by separating braided cover from core
and weighing them. The specifications of manufac-
tured rods are listed in Table 2.

The produced rods had good surface quality and
accurate dimensions. The results of torsion and
bending tests showed there was a good bond
between braided cover and unidirectional core. Fig-
ure 3 shows some of the manufactured rods (a), and
a specimen after burn-off test (b).

Figure 3. (a) Some manufactured rods and (b) a specimen
after burn-off test

4. Test equipment and procedure

4.1. Torsion test

For preparation of torsion test specimens, rods were
cut into pieces of 120 mm length. All pieces were
embedded at the two ends in specially designed
steel pipes with epoxy resin. Inner diameter of steel
pipes was designed to be 6.2 mm in order to make
sure the rods are aligned in the center of both pipes.
To ensure that the rods will not twist in the pipes
under torsional load, one steel pin was used at each
end (Figure 4). Four specimens were prepared from
each type for torsion test.

The specimens were tested by torsion tester
machine STS-50, which was developed by Santam
Engineering Design Co. (Figure 5). Twisting the
specimens was carried out manually, and the torque
associated with each twist angle was shown digi-
tally on the machine. The torque-angle curve was
plotted for each rod type using the measured data.
In order to analyze shear performance of rods, their
shear modulus was calculated (Equations (2) and
(3)). For cylindrical rods subjected to torsional
loads:

Figure 4. Photograph of a torsion test specimen

Figure 5. Torsion tester machine
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TL

G= ) 2)
D4
J= ”32 3)

where G denotes shear modulus of elasticity, 7 tor-
sional torque, J polar inertia moment for circular
cross sectional area, 0 angle of twist, L length and
D diameter of the rod.

Based on Equations (2) and (3), shear modulus of
elasticity was calculated for each rod type.

4.2. Tensile test

For measuring tensile modulus of produced rods,
three specimens were prepared from each type for
tensile test. Rods were cut into pieces of 450 mm.
Two ends of all specimens were threaded using a
soft file and then filament wound with glass fiber
and epoxy resin. To achieve this, sufficient length
of glass roving was impregnated with epoxy resin
and wound around 100 mm length of each end of
the specimens, until it reached the diameter of
about 15 mm. After curing, the ends were ground
and polished in order to reach uniform cylindrical
shapes. Three specimens were prepared from each
type for tensile test.

The specimens were then tested by the universal
testing machine STM-150 made by Santam Engi-
neering Design Co., using an extensometer and
with cross head speed of 5 mm/min. Stress-strain

Figure 6. A specimen during tensile test

Figure 7. A specimen under bending test

data series were measured and tensile modulus was
calculated for each specimen. Figure 6 shows a
specimen during tensile test.

4.3. Bending test

Three point bending test was also carried out by the
universal testing machine STM-150 (Figure 7). The
specimens were supported over a span of 120 mm.
However, they were made of longer length in order
to ensure they do not slip from the supports. Four
specimens from each type were tested with loading
rate of 5 mm/min. The bending loads versus deflec-
tions were measured until failure and then flexural
rigidity values of all specimens were calculated.
For components subjected to flexural load, flexural
rigidity can be computed using Equation (4):

3
;= PL
480

where EI is flexural rigidity, in which E and I are
modulus of elasticity and the second moment of
inertia of the beam section, respectively, P is con-
centrated load acting on a simply supported beam,
L is the beam span length and 0 is deflection.

4

5. Results and discussion

Using the data measured in the torsion test, torque-
angle curves for all rod types were plotted (Fig-
ures 8 and 9). From these figures some phenomena
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Figure 8. Torque-angle curves of the types 300-45, 600-
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Figure 9. Torque-angle curves of the types 900-30, 900-
45, 900-55 and UD

can be well identified. Regarding BP rods, it was
observed that they had linear torque-angle behavior
with no fiber breakage in the beginning of the test.
Afterward, fibers in the braided cover started to
break gradually. Torque increased with braid angle
quasi-linearly, but with a lower slope, in this region
until complete failure of braided cover, where
torque value collapsed suddenly. At this point the
interface between braided cover and UD core was
debonded, causing the shear strength to diminish
dramatically. This pattern can be seen for all BP
rod types.

Considering torque-angle curves of the types
300-45, 600-45 and 900-45 in Figure 8, and also
the average calculated shear modulus of the rods
which is shown in Figure 10, one can find out that
as the braid roving linear density increases, the
braid cover fails at higher torques and higher
angles. It can also be seen that shear modulus is
higher in rods with higher braid roving linear densi-
ties.

It may also be noted from the properties of types
900-30, 900-45 and 900-55 that the rods with braid
angle of 45° have the highest shear modulus and
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Figure 10. Average shear modulus of the rods

torsional stiffness, which is expected from the the-
ory of composite structures. However, the highest
braid cover failure torque was observed in 900-55.
It may be because of some manufacturing faults
during production or test specimens preparation in
the case of 900-45. In fact, the rods with braid angle
of 45° were more subjected to fiber misalignment
as the impregnated structure entered the die.
Comparing the torque-angle curve of UD rod to
those of braid-pultruded ones (Figures 8 and 9),
one can obviously see how overbraiding changes
the torsional behavior of rods. The UD rods show
an elastic behavior in the beginning and then a
combination of such failure mechanisms as matrix
cracking and fiber breakage causes the curve to
continue with a little increase in applied torque
according to the angle. It can be observed that shear
modulus of UD rod is the lowest values among
those of all BP ones. It is interesting that in type
300-45, with the lowest braid/core fiber weight
ratio, i.e. 0.77, shear modulus is about 1.5 times
higher than that for UD rod.

Although there are a few works investigating the
properties of BP rods, comparing the experimental
results to those of similar braided structures in the
literature shows good agreements [22, 25, 26].
Results from tensile and bending tests showed all
rods had linear behavior in tension and flexure. Fig-
ures 11 and 12 show average values of elastic mod-
ulus and flexural rigidity of the rods, respectively.
It is clear that UD rods have the highest elastic
modulus and flexural rigidity, which is expected, as
they have the highest amount of axially oriented
fibers in their structures.

Regarding BP rods, it can be seen that as the braid
roving linear density increases, elastic modulus and
flexural rigidity fall down. It is due to the fact that
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all rods were produced with the same fiber volume
fraction and therefore, rods with higher braid rov-
ing linear density had more amount of radial fibers
and less amount of axial core fibers in their struc-
tures.

Comparing properties of the types 900-30, 900-45
and 900-55 shows that both elastic modulus and
flexural rigidity are higher in samples with lower
braid angles, which is due to two reasons. First,
decreasing braid angle leads to more contribution
of braided cover fibers in resisting axial loads. Sec-
ond, in samples with lower braid angles, the
amount of axial fibers is higher when all rods are to
be produced with the same fiber volume fraction.
A simple theoretical model was also utilized to pre-
dict the tensile moduli of the rods and compare
them to experimental findings. In the model, the
structure was assumed to be comprised of two main
parts; braided cover and UD core. Tensile moduli
were calculated for both parts according to basic
formulas of micromechanics, and then were used to
calculate the tensile modulus of the whole structure
based on the averaging technique [24]. The braided

cover was assumed a [+0] laminate. Therefore,
fiber undulation was neglected in this model. The
comparison between experimental tensile moduli
and model prediction is shown in Figure 11. Rela-
tively good agreement between the model predic-
tion and the test results can be observed. It can be
seen that the model over-predicts the tensile moduli
for all types. The main reason for this phenomenon
is that fiber undulation is not taken into account in
the model.

Moreover, tensile experimental results were in
good agreement with those of similar braided struc-
tures in the literature [19, 27, 28]. Similar reports
on the bending behavior were also observed in
some research works [25, 26].

All in all, overbraiding the unidirectional core in
pultruded rods, leads to a considerable improve-
ment in their shear modulus and at the same time, a
drop in their tensile and flexural properties com-
pared to their UD pultruded counterparts with the
same fiber volume fraction and diameter. Compar-
ing the results shows a 56.4% improvement in
shear modulus, a 20.4% drop in elastic modulus
and a 36.5% drop in flexural rigidity in the type
900-45 compared to UD rod. However, it is a mat-
ter of design priorities to find optimum values for
braid roving linear density and braid angle in order
to achieve desirable torsional properties and at the
same time, keep tensile and flexural properties at an
acceptable level.

6. Conclusions

In this work a braiding-pultrusion production line
was developed by modifying a conventional textile
braiding machine and adding it to a pultrusion line
for production of braid-pultruded (BP) composite
rods. With this method it was possible to produce
rods with a reinforcement structure comprised of a
braided fabric cover and unidirectional core fibers.
In order to evaluate mechanical properties of BP
rods and study the effect of some braiding parame-
ters, they were produced with different braid roving
linear densities and braid angles. The results were
also compared to those of unidirectional (UD) pul-
truded rods which were produced without braided
fabric cover, but with the same fiber volume frac-
tion and diameter.

Overbraiding was proved to have a great effect in
improving shear performance of pultruded rods. BP
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rods had higher shear modulus compared to UD
pultruded rods. Even with the lowest cover/core
fiber weight ratio, shear modulus was about
1.5 times higher than that for UD rod. Neverthe-
less, tensile elastic modulus and flexural rigidity
were lower in BP rods compared to UD ones when
fiber volume fraction is kept constant.

It was also concluded that increasing the braid rov-
ing linear density leads to an improvement in shear
modulus, but a reduction in tensile modulus and
flexural rigidity.

Moreover, the rod with braid angle of 45° had
higher shear modulus compared to those with braid
angles of 30 and 55°. Tensile modulus and flexural
rigidity were higher in BP rods with lower braid
angles.
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Abstract. The aim of this study was the characterization of polymer flows within an extrusion die using particle image
velocimetry (PIV) in very constraining conditions (high temperature, pressure and velocity). Measurements were realized
on semi-industrial equipments in order to have test conditions close to the industrial ones. Simple flows as well as disrupted
ones were studied in order to determine the capabilities and the limits of the method. The analysis of the velocity profiles
pointed out significant wall slip, which was confirmed by rheological measurements based on Mooney's method. Numeri-
cal simulations were used to connect the two sets of measurements and to simulate complex velocity profiles for compari-
son to the experimental ones. A good agreement was found between simulations and experiments providing wall slip is

taken into account in the simulation.

Keywords: rheology, wall-slip, particle image velocimetry, extrusion, polycarbonate

1. Introduction

Due to the severe pressure and temperature condi-
tions involved during polymer processing, the tool-
ing is made of steel or aluminum and gives little
access to the inside of the mold cavity or the die.
The consequence is an incomplete knowledge of
the phenomena that can appear in this ‘black box’
especially concerning the way the flow develops
and is affected by the processing conditions and the
mold or die specificities. It is therefore interesting
to develop and implement techniques that can give
more information about what happens during the
process and also to check the validity of the numer-
ical models.

Several methods have been investigated to charac-
terize the flow within an injection mold or an extru-
sion die. The basic one is based on direct
observation of the flow through a transparent win-
dow that is generally made of glass or quartz in

*Corresponding author, e-mail: lacrampe @ensm-douai.fr
© BME-PT

order to withstand pressure and heat. This approach
was successfully used by Yokoi et al. [1-5] to
study phenomena such as jetting, weld lines and
flow marks formation. Dowling and Bress [6] and
Nabialek [7] also used this technique to compare
mold filling simulations to actual behavior. Unfor-
tunately, this method provides mainly qualitative
information about the flow front and gives no quan-
titative measurements that would describe the flow
more precisely.

In order to get a better description of the flow, opti-
cal techniques have been adapted to polymer pro-
cessing. They are commonly used in other engi-
neering sectors such as aero- or hydrodynamics but
are not extensively used in polymer processing due
to the difficulty of implementation in conditions
close to industrial ones. One of the main difficulties
is that these methods generally request one or two
optical accesses to the flow, which means molds or
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dies with transparent walls withstanding very high
pressure and temperature.

Most techniques are based on laser particle
velocimetry with two main physical principles to
determine the local velocity. The first one uses the
Doppler effect to measure the speed of seeds that
are inserted into the fluid (Laser Doppler Velocime-
try — LDV). It was used by several authors [8—11]
to study polymer flow features such as flow insta-
bilities in extrusion molding, wall slip and die
swell. This method is very precise and convenient
for detailed analyses of some phenomena. It is
however time consuming due to the measurement
principle, one point after the other, and is therefore
not suitable for the study of transient flows such as
those occurring during injection molding.

The second group of methods is based on optical
particle tracking with different variants such as par-
ticle tracking velocimetry (PTV), particle streak
imaging (PSV) or particle image velocimetry
(PIV). They normally need two optical accesses to
the flow, one for laser lighting and the other for
particle movement recording. All variants use seeds
to make the flow visible, at rather low concentra-
tion for PTV and PSV in order to be able to follow
the particles individually, at a higher concentration
for PIV due to the global analysis of the pictures.
Martyn et al. [12] used PSV and PTV to study the
recombination of polyethylene flows within a die
whereas Yokoi et al. [13] used the same kind of
techniques to study the filling of a mold with poly-
styrene. However, if the PIV technique is being
increasingly used in the analysis of flow kinematics
of non-newtonian fluids, in particular in the study
of flow instabilities and wall slip, it has been rarely
used to study molten polymer in industrial configu-
rations (materials, machines and molds) due to the
unfavorable and very constraining environment
imposed by polymer processing (high pressure and
temperature). As a consequence, little work has
been published concerning measurements on real
engineering thermoplastics (such as polycarbonate
for example). Nigen et al. [14] used this method to
analyze flow instabilities of model polymers (liquid
at room temperature) when passing a sudden die
contraction.

The measurement method chosen for this study is
PIV. The aim was to check its applicability and
efficiency to characterize the flow in test conditions
as close as possible to real processing ones i.e.

using a semi-industrial extrusion die connected to
an industrial extruder and fed with an engineering
polymer (polycarbonate). High temperatures and
pressures were therefore involved in the experi-
ments. Simple flows in a rectangular die were
investigated as well as disrupted ones generated by
a flow restriction. The direct observations of actual
flows were then compared to numerical simula-
tions. Due to significant wall slip appearing in the
PIV measurements, wall slip was also taken into
account in the simulation through rheological
measurements based on the classical Mooney’s
method.

2. Experimental

The material chosen for this project was polycar-
bonate (PC, Lexan® from GE Plastics). For a com-
parison purpose, an other polymer, namely a
polystyrene (PS, HH999 from BP Chemicals) has
been used punctually. The processing equipment
consisted of a single screw extruder (Kaufman®,
screw diameter: 40 mm, L/D = 22) and a rectangu-
lar die specially developed for PIV measurements,
connected to the extruder by an adaptation device.
The die had a rectangular section (6 mmx60 mm)
and a length equal to 200 mm, and contained a
quartz transparent window (14 mmx80 mm) on
two orthogonal faces (Figure 1) in order to meet the
requirements of the PIV method. In a second step,
the basic geometry was slightly modified by fixing
a small obstacle (4 mmx8 mmx14 mm) on the bot-
tom surface of the die. The maximum flow rate of
the extruder was 30 kg/h, which corresponds to a
maximum average velocity of 20 mm/s and a maxi-
mum apparent shear rate of 20 s-1. Melt and die
temperatures were set at the same level (280 to
320°C for polycarbonate and 220°C for poly-
styrene). The temperature control system of the die
was that of the industrial extrusion machine. It is
therefore necessarily less efficient than the temper-

Quartz windows

Obstacle holder Adaptation device
a) b) c)

Figure 1. Extrusion die: a) overview, b) transverse sec-
tion, ¢) adaptation device
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ature control systems attached to laboratory devices
such as capillary rheometers. That is why the
experiments carried out on the industrial extruder
have been always performed under the same condi-
tions, after stabilization so as to reach a steady state
and thus to limit this inconveniency.

PIV equipment was supplied by Dantec Dynamics.
The principles of this measurement technique can
be found elsewhere [15]. The lighting was gener-
ated by a Nd:YAG laser emitting at 532 nm
(green). Optical lenses are used to create a 1 mm
thick laser sheet. A CCD camera recorded the pic-
tures. Aluminum powder (average diameter:
1.5 um) was used as tracer at a weight concentra-
tion of 5 to 10-10~*%. This material was chosen due
to its high light reflectivity that appeared adequate
after comparison with others materials (talcum,
glass spheres). The time between photographs was
adapted to the extrusion flow rate and varied from
5000 to 30000 ps. The size of the interrogation
window (IW) was kept constant, equal to
64x64 pixels (i.e. 558x558 um). The observation
zone covered 25 IW resp. 11 IW in the flow direc-
tion resp. in the transverse direction. The choice of
these parameters is the result of a compromise
between the size of the gap to be observed, the
image quality, the average displacement of the par-
ticles between two successive images and the mean
flow rate.

Rheological measurements were carried out on a
rheograph (Géttfert) using 0.5 and 1 mm capillary
dies with a L/D ratio of 20. Wall slip was deter-
mined using the classical Mooney’s method [17,
18]. For a capillary flow, it is based on Equa-
tion (1):

N

R

(D

Ya=TYast

where V; is the slip velocity, Y4 the apparent shear
rate (calculated from flow rate Q and die radius R
by Equation (2)) and Y4 s the apparent shear rate
corrected for slip, which is only a function of the
wall shear stress (Ty).

_40

R> @

Ya
At constant shear stress, the slip velocity can then
be calculated from a plot of y4 vs. 1/R, which is a
straight line of 4V, slope. To apply this method, it is
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therefore necessary to measure the flow curves T,
vs. Ya for capillaries of various diameters.
Numerical simulations were performed using REM
3D software package supplied by Transvalor. This
finite elements software is dedicated to the three
dimensional simulation of extrusion and injection
molding processes and their variants (co-injection,
co-extrusion, gas and water assisted injection mold-
ing). It contains a specific module based on a power
law model (Equation (3)) to introduce wall slip in
the computation.

1=KV, (3)

with T the shear stress, o the slip coefficient, K the
consistency, Vy the slip velocity and n the exponent
of the power law.

3. Results and discussion

Two slightly different geometries were analyzed.
The first corresponded to a basic flow in a rectan-
gular die. It was used to implement and validate the
method, and set the measurement parameters. It
was also used to study the velocity profile through
the thickness of the die. In the second case, the flow
was disrupted by means of a geometrical disconti-
nuity. This obstacle generated an abrupt step in the
flow and a complex deviation of the latter. The
resulting velocity profile was then compared to
numerical simulations introducing wall slip in the
computation on the basis of rheological measure-
ments.

3.1. PIV measurements
3.1.1. Simple flows

A typical example of a velocity field measured in
the rectangular die for polycarbonate is presented
in Figure 2. Figure 3 shows the profiles through the
thickness of the die for the different flow rates that
can be reached with the processing equipment.
Though the velocity profiles appear globally as
quadratic power laws as one could expect for New-
tonian flows (which is the case of polycarbonate in
the range of temperature and flow rates covered by
this study) between parallel plates, several peculiar-
ities can be seen on these profiles. First, some
velocity profiles are not symmetric with respect to
the axis of the die. However it is worth reminding
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Figure 2. Typical experimental velocity field through the
die (temperature: 280°C, shear rate: 8.2 s-1)

that the experiments were carried out on an indus-
trial machine, whose temperature regulation is not
perfect and may be slightly non-symmetric. Sec-
ondly, the speed is non-zero at the wall and can rep-
resent a significant part of the maximum speed for
the lowest flow rates (Figure 3b). Thirdly, the pro-
files measured at shear rates above 13 s~! have a
bell shape instead of a pure parabolic one as it
appears at lower flow rates.

The observations concerning wall slip are rather
surprising if we consider the low shear rates
(< 20 s71) involved in these experiments. Neverthe-
less, the measurements are relevant since the flow
rate calculated from the velocity profile and the one
obtained from melt weight measurements at the
exit of the die show a good match (Figure 4). Wall
slip has to be there to get this match. Furthermore,
the measurements close to the wall fit perfectly to
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Figure 3. Flow profiles for various shear rates (tempera-
ture: 280°C): a) whole series of profiles,
b) detail of the profiles at low shear rates
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Figure 4. Comparison of the flow rates calculated from
the velocity profiles and measured by melt
weighing at the die outlet

the global velocity profile, and the same result
would have been obtained by extrapolating the wall
velocity from the central part of the profile. The
measurements close to the wall are therefore reli-
able and we can fairly conclude that there is a sig-
nificant slip at the wall within the spatial precision
range of the measurement technique (0.2—0.3 mm).
A non-slip layer thinner than the resolution of the
system is obviously possible but such layer has not
been reported in the literature even when 10 time
more precise methods were used [9, 10].
Furthermore, similar tests were punctually carried
out with PS. The analysis of the measured velocity
fields (in the same flow rate range) does not show
wall-slip phenomena, the measured velocity at wall
being not significant (<102 mm/s). Rheometry
measurements carried out with PS also confirm the
sticky nature of the flow in that case. These results
tend to confirm that the peculiarities of the velocity
profiles observed with PC may effectively be
ascribed to its ability to slip at the die wall.

The consequence of wall slip in case of polycarbon-
ate is that the velocity profiles are sensibly different
from what can be expected when making the non-
slip assumption as it can be seen on Figure 5. The
velocity gradient is lower when slip is present
(‘flatter’ profiles), the maximum speed is reduced
and the flow can be quite close to plug flow with
slip speed as high as 70% of the maximum speed.
This also influences the other parameters of the
process, for example by a reduction in the die inlet
pressure, as it will be reported in section 3.2.

The evolution of the wall slip vs. shear rate is given
in Figure 6. It shows a linear evolution at low flow
rates and then tends to stabilize. This evolution can
be explained by two phenomena acting in opposite
ways on the wall slip. Since the tests are performed
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Figure 5. Experimental (symbols and dashed lines) vs.
theoretical (solid line) velocity profiles through
the die (Newtonian isothermal model between
infinite parallel plates)

on an industrial extruder, the melt temperature is
not fully controlled and depends on shear heating in
the screw. Regarding the flowpath length, the vis-
cous shear heating may become significant, con-
trary to what is observed on laboratory devices
such as rheometers. As a consequence, the melt
temperature rises when the screw rotation speed
and therefore the flow rate are increased. Tempera-
ture measurements at the die exit showed a discrep-
ancy of about 20°C between shear rates of 3 and
15 s-! (Figure 6), whereas the shear heating
induced temperature variations measured on the
capillary rheometer remain lower than 2°C. This
shear heating, which is important in industrial con-
figurations, should generate more slip [16—18]. On
the other hand, the results are presented vs. shear
rate and not shear stress. The rise in temperature
comes together with a decrease in viscosity and
shear stress, and therefore a lower slip. In the par-
ticular case of polycarbonate considered in this
study, the first phenomenon appears to be domi-
nant, and, for a given apparent shear rate at the die
wall, the reduction of the apparent shear stress (and
thus the wall slip velocity) linked to the viscosity

8 320

C]

310

Slip velocity [mm/s]

B
(=1
Melt temperature [*

0 270
0 5 10 15

Shear rate [s7']

Figure 6. Wall slip velocity and melt temperature at the
exit of the die vs. apparent shear rate (nominal
temperature: 280°C)

decrease is not enough to compensate the increase
of the slip velocity induced by the temperature ele-
vation.

The distortion of the profiles at high flow rates
(Figure 3a) can also be explained by thermal
effects. Because of the shear heating of the melt
(Figure 6), the temperature profile through the die
is no longer isothermal when the flow rate is
increased. This temperature gradient comes
together with other gradients of physical properties
of the melt, especially its density and its refractive
index. The melt acts therefore as a lens and deforms
the images that have to cross 30 mm of melt to exit
the die and reach the recording camera. This was
clearly visible at high flow rates because an appar-
ent image of the die surfaces was visible away from
the boundaries given by the steel surfaces. The
higher the speed was, the narrower the apparent
image was, which shows the temperature depend-
ence of the phenomenon. This effect was partly
corrected by resetting the walls position on the
basis of their apparent image but it was impossible
to have a perfect correction between these bound-
aries since the temperature gradient was unknown.
This explains the peculiar shape of the velocity pro-
files. This is a physical phenomenon that cannot be
avoided and that has to be taken into account when
analyzing the results.

3.1.2. Disrupted flows

In a second phase, the PC flow was disrupted by
introducing a geometrical discontinuity. The results
obtained with this configuration are presented in
Figures 7 and 8. Figure 7 presents the observation
from the side of the die, similar point of view to the
one used in the previous section. In Figure 8, laser
lighting and recording camera were swapped in
order to study the flow from above at two different
levels. Note that the observation window and the
obstacle are much narrower than the total width of
the channel (14 mm vs. 60 mm) i.e. the polymer
can flow beyond the observation window and the
obstacle.

These measurements give a good description of the
deviation of the flow when passing the discontinu-
ity. One can see the effect of a large step but also of
a small one. The lack of adjustment of the fixation
screw generates a 0.5 mm-deep depression on the
surface of the obstacle. This creates waves and
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aj

b)

Figure 7. Velocity field in the vicinity of an obstacle (side
view, flow from right to left): a) optical
overview, b) velocity field

speed changes in the flow above the obstacle,
which are recorded on the side view (Figure 7). The
outline of this screw can also be distinguished on
the top view (Figure 8c) through the distortion of
the velocity field. The observation from two
orthogonal points gives quantitative information
about the three-dimensional flow. In the next sec-
tion, these results will be compared to numerical
simulations.

c)

Figure 8: Velocity field in the vicinity of an obstacle (to
view, flow from right to left): a) optical
overview, b) velocity field below the obstacle
surface, c) velocity field above the obstacle

3.2. Rheological measurements and numerical
simulations

Since wall slip was pointed out in section 3.1.1. for
polycarbonate, this phenomenon was taken into
account in the numerical simulations. The numeri-

Rheology ) ) )
Simulation of capillary flow
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e

adn

I ™y
comparison Simulation of flow in
PIV Measurements -— rectangular die
(PIV geometry)
\ . A

Figure 9. Combination of the different measurement and
calculation results (for a given temperature)

cal slip parameters were determined using rheome-
try. Figure 9 gives an overview of the way the
experimental results and numerical simulations
were combined. The parameters of the numerical
slip law were first determined on the basis of
rheometry results, using the exponent m as it was
measured and adjusting the slip coefficient o in
order to get a good match between the numerical
and the rheological slip velocity when simulating a
capillary flow. Numerical simulations were then
performed on geometries corresponding to the PIV
die using the slip parameters determined at the pre-
vious step.

Flow curves (Figure 10) were measured for differ-
ent die diameters. Based on Mooney’s method, the
discrepancy between these curves was used to cal-
culate the slip velocity using the slope of the curve
obtained when plotting the apparent shear rate vs.
the reverse diameter at constant shear stress. Fig-
ure 11 shows the evolution of the slip velocity with
the apparent shear stress. One can see that slip is
present and does not show any clear critical stress
corresponding to the onset of slip down to
0.04 MPa, the flow curves showing a progressive
departure from each other (Figure 10). Wall slip is
connected to shear stress through a power law
(Equation (4)) within the range of shear stress cov-
ered by this study (0-0.18 MPa).
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Figure 10. Flow curves for two capillaries diameters at
280°C
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Table 1 reports the parameters of the law for differ-
ent temperatures. It appears that temperature has a
limited influence on the exponent m whereas the
coefficient o is strongly sensitive to it. For a given
apparent shear stress, an increase in temperature
induces a high increase in wall-slip velocity. For
example, at an apparent shear stress of 0.1 MPa, the
wall-slip velocity increases by 90% between 280
and 300°C. The same trend was reported by
Hatzikiriakos and Dealy [16, 17] in the case of high
density polyethylene.

The ranges of shear rates used for capillary meas-
urements (25-300 s-!) and for PIV applied to extru-
sion (<15 s-1) are different, but it was unfortunately
not possible neither to measure accurately enough
the slipping velocity at lower shear rate on the cap-
illary rheometer (limitation due to the pressure sen-
sor resolution), nor to extrude at higher wall-shear
rates (limitation due to the extruder capacity).
However, the lower limit range of the shear rates
used in capillary experiments (25 s~1) is not very
far from the upper shear rates used in regular extru-
sion (15 s71). These rheological experiments thus
contribute to point out the existence of wall slip-
ping, and to explain at least in term of general
trend, the PIV measurements carried out on the
industrial extrusion machine.

Figure 12 compares the experimental and simulated
global velocity profiles through the thickness of the

Table 1. Parameters of the power law (V= o-T™) describ-
ing the evolution of wall slip (in mm/s) vs. the
apparent shear stress (in MPa) for different tem-

peratures

Temperature [°C] o [(mm/s)-MPa-m] m [-]
280 186 1.65
300 275 1.60
320 316 1.50

12

Velocity [mmy/s]

-3 -2 -1 0 1 2 3
Position [mm]

Figure 12. Experimental PIV velocity profiles through the

thickness of the rectangular die (solid lines)

and simulated profiles (dashed lines) for vari-

ous shear rates

die. One can see that the fit is good for the lowest
shear rates (3.3 and 4.9 s~1), whereas the discrep-
ancy is more important, especially concerning the
wall velocity, for the higher shear rates. This can be
seen in Figure 13 that represents this velocity vs.
apparent shear rate for simulation and experiment.
One can see that the numerical results follow a
power law as expected by the computing character-
istics of the software. On the other hand, PIV meas-
urements show a roughly linear evolution with
shear rate and tend to stabilize above 8 s~!. This
phenomenon was explained previously by thermal
effects and the higher effect of temperature-
dependence of wall slip compared to that of viscos-
ity. The divergence between numerical simulation
and direct observation by PIV can be attributed to
the fact that the simulation software package takes
into account the only temperature-dependence of
viscosity, but disregards the temperature-depend-
ence of the parameters of the slipping law. In order
to confirm this hypothesis, some calculations have
been performed as described hereafter. The poly-
mer melt temperature used in the simulation has
been increased (i.e. the value of the shear heating
experimentally measured at the die exit (Figure 6)
has been added to the polymer melt temperature).
Then, the parameters of the slipping law have been
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Figure 13. Experimental and numerical slip velocity vs.
shear rate in the rectangular die at 280°C
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Figure 14. Slip velocity vs. apparent shear rate: influence
of the increase in melt temperature on the sim-
ulated wall slip

adjusted accordingly by linear extrapolation
between the rheological measurements at 280 and
300°C. The simulated results obtained that way
(Figure 14) are much closer to the experimental
results, and also show the same wall-slip velocity
stabilisation at higher shear rates as the one
observed experimentally. Even if the difference
between simulation and measurements still remains
significant at higher shear rates, these results
demonstrate that it is interesting and of prime
importance to take the above-mentioned tempera-
ture-dependence in the slipping law.

Figure 15 represents the numerical velocity profiles
with and without slip. It definitely appears that the
velocity profile is significantly influenced by wall
slip with reduction in the velocity range through the
thickness and lower velocity gradients. Not taking
slip into account can therefore lead to numerical
simulations that are significantly different from the
reality, not only in terms of velocity profiles but
also concerning other important parameters of the
process. For example, the inlet pressure is divided
by two when wall slip is present (Figure 16).
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--6.65"slip — 6.6 57" no slip
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Figure 15. Numerical velocity profiles through the thick-
ness of the die without (solid lines) and with
(dashed lines) wall slip

Inlet pressure [bar]

% Without wall slip
W With wall slip

0 2 4 6 8 10
Apparent shear rate [s7']

Figure 16. Simulated pressure at the entrance of the die
vs. shear rate with and without wall slip

In a second step, the extrusion through the die with
the geometrical discontinuity was simulated. Wall
slip was introduced into the calculation using the
same parameter as the one determined in the simple
flow. Figure 17a shows the field of the x-compo-
nent (main flow direction) of the velocity. The evo-
lution of the speed globally as well as near the wall
shows a good agreement with what can be observed
in Figure 8. Wall speed changes in accordance with
the local fluctuation of the stress due to passing of
the complex obstacle.

Comparison with the non-slip case (Figure 17b)
emphasizes the regulating effect of stick. The
velocity fluctuations are much less pronounced in
the absence of slip since the speed at the wall is
always zero and is not sensitive to shear stress
changes generated by the geometrical discontinu-
ity. For example, the velocity in the center of the
gap above the obstacle does not show more than
5% of variation along the obstacle in the stick con-
dition whereas there is more than 30% decrease in
velocity between the side and the center of the
obstacle when wall slip is there. This shows that
wall slip tends to destabilize the flow when passing
geometrical singularities.

Figure 18 shows the flow lines around the disconti-
nuity seen from the side and from above at two dif-
ferent levels. The agreement with Figures 7 and 8 is
good, which proves the relevance of both experi-

mm's
4

Figure 17. Simulated x-velocity field around an obstacle
with (a) and without (b) wall slip (center plane,
shear rate: 3.3 s71)
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Figure 18. Simulated flow lines around an obstacle a) 3D
overview (background: x-velocity map),
b) side view, c¢) top view above the obstacle,
d) top view below the obstacle surface

mental PIV measurements and numerical simula-
tions. It is important to remember that the flow is
complex with a real three dimensional behavior as
shown in Figure 18a.

4. Conclusions and outlook

This study has shown the applicability of the PIV
technique to characterize polymer flows in an
extrusion die in very constraining conditions: real
polymer (and not model fluid), industrial equip-
ment (machine, tooling), high temperature, pres-
sure and velocity conditions. PIV was successfully
used to analyze the flow profiles globally as well as
for a detailed analysis of the surface phenomena in
the case of a particular reference of polycarbonate.
Furthermore, it was possible to highlight an
unusual behavior of the polycarbonate investigated,
characterized by a significant wall-slipping even at
very low shear rate, confirmed by rheometry meas-
urements. Numerical simulations using slip param-
eters determined on the basis of simple rheometri-
cal measurements showed a good agreement with
experimental direct observation at low shear rate.
At higher shear rate, the necessity to introduce a
temperature-dependence of the slip parameters has
been shown. This requires a more extensive charac-
terization of the temperature influence and the
development of the adequate models to account for
its effect more accurately in the simulation.

Nonetheless, determining the numerical slip param-
eters on the basis of simple rheometrical measure-
ments appeared, at least qualitatively, to be an
interesting way to introduce wall slip in the simula-
tion of flows in more complex geometries. PIV

measurements validated this approach, showing a
quite good agreement of the wall velocity in indus-
trial equipment with numerical simulations.
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Abstract. The structural integrity of a cell depends on its cytoskeleton, which includes an actin network. This network is
transient and depends upon the continual polymerization and depolymerization of actin. The degradation of an actin net-
work, and a corresponding reduction in cell stiffness, can indicate the presence of disease. Numerical simulations will be
invaluable for understanding the physics of these systems and the correlation between actin dynamics and elasticity. Here
we develop a model that is capable of generating actin network structures. In particular, we develop a model of actin
dynamics which considers the polymerization, depolymerization, nucleation, severing, and capping of actin filaments. The
structures obtained are then fed directly into a mechanical model. This allows us to qualitatively assess the effects of chang-

ing various parameters associated with actin dynamics on the elasticity of the material.

Keywords: modeling and simulation, biopolymers, actin networks, cytoskeleton

1. Introduction

The cytoskeleton is an intricate network of bio-
macromolecules which pervade the cytoplasm of
cells. The structural integrity of a cell depends upon
its cytoskeleton, and for small deformations the
elasticity of a cell depends on its actin network, a
major constituent of the cytoskeleton. Actin net-
works are dynamic and consist of growing and
shrinking filaments, and the cross-linking of these
filaments in to a dynamic network. The purpose of
this study is to capture the elasticity of actin net-
works as a function of their dynamic behavior. The
correlation between actin dynamics and cellular
elasticity can not only reveal interesting insights
into the physics of cell mechanics, but also indicate
the presence of disease [1]. For example, cancerous
cells have been found to exhibit an increase in
deformability commensurate with disease progres-
sion [2]. Understanding the interplay between

*Corresponding author, e-mail: gavin.buxton@case.edu
© BME-PT

cytoskeletal structure and stiffness, therefore, is
important for both the diagnosis and treatment of
this disease. In this study a computer model of actin
dynamics yields network structures which can be
directly fed into simulations of network elasticity.
In other words, we use computer simulations to
directly relate the elastic properties of an actin net-
work to the actin dynamics responsible for the for-
mation of this network.

Living cells have the ability to move and change
shape in response to environmental stimuli; a con-
sequence of the dynamic nature of the cytoskeleton
and its actin network [3]. In particular, actin net-
works are formed from actin filaments which are
transiently cross-linked by actin-binding proteins
(proteins with an affinity for actin). These actin fil-
aments continually polymerize and depolymerize
to ensure a recycling of actin monomers, as they
treadmill through the filaments, with a net polymer-
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ization at the barbed end typically balancing a net
depolymerization at the pointed end [4]. The
barbed (+) and pointed (-) ends are structurally dif-
ferent and possess different polymerization kinet-
ics. These dynamics are further regulated by
adenosine triphosphate (ATP) hydrolysis; the ATP
in free actin monomers that, once polymerized,
hydrolyzes to adenosine diphosphate (ADP) and
facilitates depolymerization [5]. Furthermore, cell-
specific regulatory proteins not only cross-link
these dynamic filaments but also cap, sever and
help nucleate them [6, 7]. In order to understand the
mechanical properties of actin networks we must
first elucidate their structure [8]. Therefore, we
develop a model which computationally captures
these complex dynamics and generates network
structures which serve as the input to an elastic
model.

There have been many mathematical models of
actin polymerization kinetics which yield average
quantities [9—11], or simulations of individual fila-
ments [12], however to directly simulate network
elasticity, large-scale discrete models are required.
For example, Huber et al. [13] have recently pre-
sented two-dimensional simulations of actin poly-
merization which included the diffusion and
polymerization of individual actin monomers.
Haviv et al. [14] adopted a similar kinetic Monte
Carlo approach to model the self-assembly of asters
and their transition into stars. Mogilner and Rubin-
stein [15] have also used stochastic models to simu-
late actin dynamics during filopedial protrusion.
We adopt a similar, but more computationally effi-
cient, approach and consider the filaments to be
discretized into 100 nm segments. Other investiga-
tions of actin network elasticity, such as the studies
of Huisman et al. [16] or DiDonna and Levine [17],
have considered randomly generated network
structures.

For many years the physics of elastic networks
have attracted attention in relation to the deforma-
tion and fracture of heterogeneous materials and
structures [18, 19]. However, recently this empha-
sis has shifted toward biological networks. Wil-
helm and Frey [20] and Head et al. [21] investi-
gated the deformation of two-dimensional net-
works and found that more densely packed
structures deform more affinely (i.e., with a more
uniform strain field) and that the individual fila-
ments increasingly deformed more through stretch-

ing than through bending. Using a three-dimen-
sional model of network elasticity we recently
observed a similar bending-to-stretching transition
as a function of network connectivity, which like-
wise corresponded with a transition to more affine
deformations [22]. The ability to computationally
capture the mechanics of network structures has led
to recent computational investigations of actin net-
works. Didonna and Levine looked at the effects of
protein unfolding in randomly generated two-
dimensional networks [17]. Huisman et al. [16]
looked at the deformation of three-dimensional ran-
dom network structures as a method of elucidating
the mechanics of actin networks. Recently, Broed-
ersz et al. have theoretically looked at networks
where the cross-links are assigned stiffnesses much
lower than that of the filaments [23]. Here, we
expand on these studies by considering network
structures which are created directly from a simula-
tion of the underlying actin dynamics. In other
words, the output from a model of actin dynamics
serves as the input to a mechanical model. The ben-
efits of such a two-step methodology is that the
mechanical properties of these networks can be
directly correlated with the actin dynamics which
led to network formation. We give details of this
methodology in the following section, before pre-
senting results and drawing relevant conclusions in
subsequent sections.

2. Methodology
2.1. Generation of network

We employ the first reaction method to simulate
actin dynamics, where actin filaments are dis-
cretized into regularly spaced nodes along the fila-
ment path [24]. Dynamic events are assigned rates
at which they are likely to occur; for example, the
polymerization and depolymerization at both fila-
ment ends, the nucleation of a filament, or the sev-
ering, capping and uncapping of existing filaments.
Upon capping the polymerization kinetics at the
barbed end are inhibited. Polymerization rates are
taken to be proportional to the availability of free
actin (i.e., w4 = k4-C, where C is the actin concen-
tration). Nucleation can occur either spontaneously
(through the formation of relatively stable trimers)
leading to a concentration dependence of the form
Whew = knew-C3 [25], or nucleation can be initiated
by actin binding proteins, with a rate given by
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Waew = knew+C. The concentration of free actin is
depleted as filaments are created or polymerize,
and increased when filaments depolymerize. Due to
the high diffusion coefficient of actin, and rela-
tively slow growth of filaments, we assume spatial
variations of actin can be neglected. The rate at
which a filament is likely to be severed is propor-
tional to its length (i.e., Wsever = ksever-l). Although it
is worth noting that the hydrolysis of ATP-actin
may effect the severing rate. For computational
efficiency we do not include ATP hydrolysis as one
of the kinetic events in the first reaction method,
but rather assign a probability of hydrolysis occur-
ring during the time step Ar of the form Ppyaro =
1 — exp(—knydro-At), where khydro is the rate of ATP
hydrolysis on the actin filament. A filament seg-
ment with ATP-actin undergoes hydrolysis if a ran-
dom number between zero and one is less than
Phyaro. Upon polymerization a new node at the end
of a filament is created with a position riy =
ri+ ro(ri — rio1 + 8)/(Ir; —ri-1 + 8l), where riy1 is the
position of the new node, ro = 100 nm is the spatial
discretization of the filament and d is a spherically
symmetric random vector whose magnitude is cho-
sen to coincide with the persistence length of actin
filaments. In particular, the orientational correla-
tion function <cos®> = exp(-ro/l,), where [, =
17 um is the persistence length [26, 27]. The rate
equations, therefore, do not describe the addition of
actual molecular subunits but, rather, the sequential
addition of several actin subunits 100 nm in length.
Periodic boundary conditions are enforced on a
system of size L3 = (20 wm)3 and filament lengths
are limited to 20 wm and, therefore, do not span the
length of the simulation box; we limit the size of
the filaments to ensure that the elasticity of the net-
work is due to the cross-linked network structure
and not as a consequence of a single filament span-
ning the system. While this simulation size is com-
parable to the average filament length found in this
study (typically less than 10 wm), it is still adequate
to determine the constitutive response of these sys-
tems. In particular, Ostoja-Starzewski and Stahl
[28] have found that displacement-based boundary
conditions (as used here) can accurately capture the
elastic properties of random networks even for rela-
tively small system sizes.

A time is associated with each event of the form
T; = —In(e[0:1])/w;, where wi is the rate of the ith
event and €[0:1] is a random number between
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0 and 1 [24]. The event with the lowest T; is exe-
cuted at each iteration and this time is removed
from the times associated with the remaining
events. New 7;’s, for the recently performed (and
any new) events, are calculated and, again, the
event with the lowest 7; is executed. The process is
reiterated until steady state occurs. We start from
an initial condition consisting of one hundred 1 um
long filaments, however, the final steady-state
structures have evolved sufficiently that they are
not sensitive to this choice. We run the simulations
for 1-108 iterations (time steps are on the order of
milliseconds). The systems considered here are
observed to reach steady state before 1-107 itera-
tions (defined as when the average quantities
describing the system reach relatively constant val-
ues). Once the steady-state filament structures are
established we determine a probability of cross-
linking between neighboring segments.

From the tube model of actin filaments the fluctua-
tions of a filament, perpendicular to its length, are
believed to be limited to a distance of 400 nm [29].
Therefore, if the separation distance between two
segments is greater than this distance we assume
the probability of cross-linking to be zero. If dis-
tances are less than 400 nm the probability of cross-
linking is taken to be of the form Peross =
1 — exp(—kcross-At), where At refers to the time the
segments have coexisted and kcoss 1S a rate of cross-
linking. We take kcross = kap-Pa, where Pap is the
probability of contact between two sites, defined as
when two filaments (confined within tubes of
400 nm diameters) come within 40 nm of each
other (the size of a cross-linking protein [30]).
Therefore, the probability of contact is simply
Psp=0.01 and we can vary kap to generate Cross-
linked structures with variable cross-link density.

2.2. Network elasticity

Once the network structures are obtained we can
feed these structures directly into an elastic model
and correlate network geometry with elastic prop-
erties. The elastic energy of a filament is given by
Equation (1) [31]:

2 2
A= lEaj(y] 8s+lEIJ'(i) os
2 os 2 R

where the first term accounts for filament stretch-
ing and the second term filament bending. E is the
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Young’s modulus, a is the cross-sectional area, [ is
the area moment of inertia, R is the radius of curva-
ture and u is the displacement along the filament
curvature, s. Similar elastic models have proven to
be highly successful at simulating the complex
deformations of actin networks [16, 17, 32], and
elastic networks in general [20, 21].

We take the flexural rigidity of the actin filaments
to be EI =7.3-1026 N-m? [33] and the filament
stiffness to be 34.5-10-3 N-m-! [34]. Cross-linking
proteins are described by linear springs with a stiff-
ness much lower than that of the actin filaments. In
particular, the stiffness is taken to be 5-10-3 [35]
and the equilibrium length is taken to be 40 nm
[30]. However, other more complicated elements
could be considered; for example, DiDonna and
Levine [17] have considered unfolding cross-links
which reversibly unfold at a critical pulling force.
Maintaining periodic boundary conditions we can
evolve the network to equilibrium using the follow-
ing Langevin Equation (2):
Fin=gd @)

dr

where & is the friction coefficient and 1 is a Gauss-
ian noise term which satisfies the fluctuation dissi-
pation theorem [36]. The filament is discretized
into a series of points, or nodes, 100 nm apart. The
velocity of a node is dr/dr and the elastic forces act-
ing on this node is F. For numerical stability, &/At is
taken to be 10-10-° N-m~! and n = /2k,TE/ At-C
where At is the time step, & is the Boltzmann con-
stant, 7=300 K is the temperature, and G is a
Gaussian distributed random number with zero
mean and unit standard deviation. Incorporating
thermal noise into the relaxation dynamics ensures
that we capture entropic effects. The shear modulus
can then be obtained from the elastic energy density
stored in a network as a consequence of the applied
shear. This requires us to contrast the elastic energy
in a given network subject to an applied shear
(using Lee-Edwards boundary conditions) with the
elastic energy in the same network without applied
shear (but still in a non-equilibrium state due to
thermal noise). In other words, the difference in
elastic energy is related to shear modulus by
Aghear — Aundeform = G’YZ/ 2, where Agpeqr and Aundeform
are the elastic energy densities in the sheared and
undeformed networks, respectively [31]. Note that
the elastic energy density is the total energy stored

within all the elastic filaments in the simulation,
divided by the volume of the simulation. G is the
shear modulus and 7 is the applied shear. The
stretching and bending of actin filaments, or
stretching of cross-link proteins, results in forces
acting on the discrete nodes which characterize the
filament backbone. These forces are used to evolve
the Langevin equation, until the system relaxes to
equilibrium. The difference in elastic energy den-
sity between equilibrated systems with and without
applied shear can then be used to calculate the shear
modulus. Furthermore, not only can we calculate
the shear modulus but also isolate the contribution
from different structural elements (stretching and
bending energy of actin filaments and stretching
energy of cross-linking proteins). The averages and
standard deviations are presented from three inde-
pendent simulation (with each simulation taking
approximately 100 hours of cpu time on a standard
linux processor).

3. Results and discussion

The polymerization kinetics are taken from Pollard
etal. [7] (Table 1.). Note that due to our discretiza-
tion the polymerization rates used in the simulation
differ from those quoted and correspond to the
polymerization of 100 nm pieces, rather than
molecular subunits. The rate of hydrolysis is taken
to be 0.3 s~! [37] and the capping rate at the barbed
end is taken to be 1 s-! (although this will depend
on the concentration of capping proteins). We vary
the nucleation rate (for systems where the nucle-
ation rate is either proportional to concentration, or
the concentration cubed), the severing rate, the
uncapping rate and the concentration of actin. The
range of these parameters are given in Table 2.

Figure 1 shows a snapshot of a simulation with
knew = 0.1 uM-1-s71.um=3, kgeyer = 1:1076 sL-um-1,
kuncap = 0.1 571 and 6 = 1 uM. The network is con-
nected with a rate of cross-linking k4ap = 1 s71. The

Table 1. Polymerization kinetics [7]

Polymerization at barbed end with ATP-actin 11.6 s~ uM-!
Depolymerization at barbed end with ATP-actin | 1.4 s-!
Polymerization at pointed end with ADP-actin 0.16 s~ uM-!
Depolymerization at pointed end with ADP-actin| 0.27 s-!
Polymerization at barbed end with ADP-actin 3.8 s uM-!
Depolymerization at barbed end with ADP-actin | 7.2 s7!
Polymerization at pointed end with ATP-actin 1.3 71 uM-!
Depolymerization at pointed end with ATP-actin | 0.8 s-!
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Table 2. Polymerization rates

Nucleation rate
Severing rate
Uncapping rate

knew=0.1-10 uM-1-s~1-.um-3
ksever = 1:108—1-10~* s~L.um-!
kuncap = 0—1571
0=05-15uM

Actin concentration

Figure 1. Snapshot of a simulation with kyew =
0.1 uM-L-s~Lpm=3, kgever = 1:10°6 s=L-pm-1,
kuncap = 0.1 s~ and 6 = 1 pM. The network is
connected with a rate of cross-linking kap =
1 s71. The filaments are shown as red cylinders
and the cross-linking proteins are shown as
black cylinders.

filaments are shown as red cylinders and the cross-
linking proteins are shown as black cylinders. For
this value of kap we find 6320 + 8 cross-linking
proteins (connecting 609 filaments with an average
length of 8.2 pym). For smaller values of kap = 0.01
and 0.1, we find 2304 + 39 and 5568 + 25 proteins,
respectively. In this study we maintain kap =1
which corresponds to a relatively high cross-link
density and note that smaller values of kap will
increase the compliance of the networks.

The effects of varying the nucleation rate is shown
in Figure 2. We vary the nucleation rate from 0.1 to
10 uM-L.s=L.um=3 (or puM-3-s-l.um=3 for wpew =
knew-C3). We contrast this difference in power and
depict the average length of the filaments and the
number of filaments. For power = 1 (Wyew = knew-C)
we find the average number of filaments increases
from 500 to 3500 and the length decreases from
9to 2 um. For power =3 (Wnew = knew C3) the
effects of varying k.. are less severe. The concen-
tration of free actin in the systems considered here
is roughly 0.6 um and so the effects of increasing
knew are expected to be 3 times less for systems
where power = 3.

4000 — 10
| <H>,power=;
! <N=>, power = 19
3500 F oo <>, power = 1
o, <L>, power=3 18
3000 H
i
2500 T
6 E
2000 + 5 <
1500 4
_____ 3
1000
2
500 1

Figure 2. The effects of varying the nucleation rate from
0.1 to 10 pM-t-s~.um=3 (or pM=3-s~!-um3 for
Whew = knew-C3) on the number and average
length of actin filaments. kgever = 1-106 s1-pm-1,
kuncap = 0.1 s71 and 6 = 1 uM. Nucleation rates of
the form wpew = knew+C are contrasted with
nucleation rates of the form wyew = knew C3 to
compare spontaneous with protein mediated
nucleation.
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Figure 3. The effects of varying the severing rate over
orders of magnitude (from 1-10-8 to 1-10-4) on
the number and average length of actin fila-
ments. kpew = 0.1 uM-1-s~1-pum=3, kuneap = 0.1 871
and 6 = 1 uM

Figure 3 shows the effects of varying kgever from
1-10-8 to 1-10-*. As expected the number of fila-
ments increases and the average length decrease. In
particular, the number of filaments increases from
500 to 2200 and the average length decreases from
10 to 2 um. This range of filament lengths is com-
parable to those found in experimental studies [38].
Figure 4 shows the effects of increasing the uncap-
ping rate from 0.001 to 1 s~!. The number of fila-
ments initially decreases before increasing, while
the average filament length doubles from 6 to
12 um. The percentage of filaments that are capped
as a function of uncapping rate is shown in the
inset. As filaments become increasingly uncapped

583



Buxton et al. — eXPRESS Polymer Letters Vol.3, No.9 (2009) 579-587

1100 T :
<N> 13
IT—
o 100 T A 12
tooor & | \\ /
© s ) . ; o
900 am 0.1 1 I,‘
A 0¥
Z =
800 ° 3
8
700
7
e J}
600 . 6
0.001 0.01 0.1 1

Figure 4. The effects of varying the uncapping rate (at the
barbed end) from 0.001 to 1 s~! on the number
and average length of actin filaments. Note the
capping rate is kept at 1 s=1. kneyw =
0.1 uM-1-s~Lepum=3, kgever = 1-:10-6 s~1.um-! and
0 = 1 uM. The percentage of filaments which are
capped is shown within the inset.

the length increases, as the polymerization kinetics
are less inhibited, and the reduction in free actin
reduces the nucleation rate. However, newly cre-
ated filaments have a greater chance of survival as
they are less likely to be capped. This reduction in
filament nucleation, but increasing likelihood of fil-
ament survival, results in the number of filaments
initially decreasing before increasing.

The effects of increasing actin concentration are
shown in Figure 5. For an actin concentration of
0.5 uM there are relatively few filaments of very
small length. As the concentration is increased to
1.5 uM the number of filaments increases linearly
to 1200 and the average filament length increases to
9 um. Newly created filaments consist of ATP-
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Figure 5. The effects of varying the total actin concentra-
tion from 0.5 to 1.5 uM on the number and aver-
age length of actin filaments. kyew =
0.1 uM-1-s=1eum=3, kgever = 1-10-6 s=1-um-! and
kuncap = 0.1 s71

actin and the critical concentration at the pointed
end with ATP-actin is 0.61. Therefore, the newly
created filaments with concentrations less than this
depolymerize from the pointed end and have less
chance of survival, whereas for concentrations
greater than 0.61 the filaments initially grow from
both ends before hydrolysis ensures the preferential
depolymerization of the pointed end. We, therefore,
see a dramatic increase in filament length around a
concentration of 0.61.

We now turn our attention to the mechanical prop-
erties of these networks. Figure 6 shows the effects
of varying actin concentration on the shear modu-
lus of the network. For the simulations shown in
Figure 5 we feed the structures in to the mechanical
model and calculate the shear modulus. The error
bars correspond to the standard deviation of three
runs. In particular, we plot the shear modulus as a
function of F-actin concentration. As the total con-
centration of actin is increased to 1.5 uM the con-
centration of F-actin increases to 0.9 uM. This
results in an exponential increase in the mechanical
stiffness of the material. The shear modulus
increases to 7 Pa as not only the density of the fila-
ments increases, but also the number of cross-link-
ing proteins increases. This range of shear modulus
is consistent with experimental studies [39-41]
although the shear modulus varies as the concentra-
tion to the power of 4.7 (rather than 2.5 as predicted
theoretically and found in Gardel et al. [41]). This
might be a consequence of the elastic energy being
primarily stored within the cross-linking proteins
and not the actin filaments.

G [Pa]
MW R N e ©

0 L
0 041

02 03 04 05 06 07 08 09

F-actin [uM]

Figure 6. Plot of shear modulus, G, as a function of F-
actin concentration. The variation in F-actin is
obtained through varying the total actin concen-
tration (see Figure 5)
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Figure 7. Plot of shear modulus as a function of severing
rate. Increasing severing rates corresponds with
a change in network structure from networks
consisting of less larger filaments to more
smaller filaments (see Figure 3)

The effects of increasing the severing rate in Fig-
ure 3 predictably resulted in an increase in the num-
ber of the filaments and a reduction in filament
length. Figure 7 shows the effect of this on the
mechanical properties of the actin networks. While
the concentration of F-actin also shows a slight
variation as a function of severing rate (not shown)
the variations are on the order of a percent. The
variation in mechanical stiffness is, therefore, a
consequence of network geometry. In particular,
neither the networks consisting of many small fila-
ments, nor the networks consisting of just a few
hundred large filaments, appear to provide the best
mechanical properties. Interestingly, the optimum
mechanical performance occurred in systems in
between these two extremes.

4. Conclusions

To summarize, we have coupled a model of actin
dynamics with a mechanical model to directly cor-
relate network formation and elasticity. We model
the network formation through a model which con-
siders the rates at which various events occur (poly-
merization, depolymerization, nucleation, severing,
capping, uncapping and hydrolysis). This is then
fed directly into an elastic model which allows us to
obtain a shear modulus for the structure. These pre-
liminary results offer interesting physical insights
into these systems, and provide a platform for
developing specific biological models which could
be directly compared to commensurate experimen-
tal studies.

Future work will further explore the parameter
space and analyze the statistics of these heteroge-
neous networks. In particular, the severing rate
might depend on the hydrolysis of ATP-actin and
vary along the length of a filament (with ADP-actin
more likely to sever [10]) or the heterogeneity of
actin concentration could be important in modeling
more realistic cellular environments. In terms of the
mechanical simulations, the incorporation of non-
linear protein deformations as a consequence of
protein unfolding could improve the dynamics of
the model and future work could explore the effects
of varying cross-link density.

The focus in the current study, however, was the
development of a two-step methodology capable of
correlating actin dynamics with actin network
mechanics. Our new methodology could provide
insights into how variations in actin dynamics
between different systems, or in response to a dis-
ease [2], can ultimately effect the mechanical prop-
erties of the cell.
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Abstract. Motivated by the widespread and contradictory results regarding the glass transition temperature of carbon nan-
otube (CNT)/epoxy composites, we reviewed and analyzed the literature results dealing with the effect of unmodified mul-
tiwall carbon nanotubes (MWNT) on the cure behaviour of an epoxy resin (as a possible source of this discrepancy). The
aim of this work was to clarify the effective role of unmodified multiwall carbon nanotubes on the cure kinetics and glass
transition temperature (7) of their epoxy composites. It was found that various authors reported an acceleration effect of
CNT. The cure reaction was promoted in its early stage which may be due to the catalyst particles present in the CNT raw
material. While SWNT may lead to a decrease of T, due to their bundling tendency, results reported for MWNT suggested
an increased or unchanged T, of the composites. The present status of the literature does not allow to isolate the effect of
MWNT on the 7, due to the lack of a study providing essential information such as CNT purity, glass transition tempera-

ture along with the corresponding cure degree.

Keywords: nanocomposites, carbon nanotubes, cure kinetics, glass transition temperature

1. Introduction

The use of carbon nanotubes (CNT) as nanofillers
in polymer matrices is one of their most promising
applications, especially regarding epoxy resin.
Multiple enhanced properties at low loadings are
the major advantage of CNT over other fillers.
Thanks to its good mechanical properties, chemical
resistance and thermal stability, epoxy resin is a
widely used polymer as adhesive, coating or as
matrix in structural composites. The choice of a
given application for epoxy is often based on the
glass transition temperature, noted as 7. This is the
temperature at which the mechanical properties of a
polymer drop and corresponds to a second-order
phase transition at which the polymer goes from a

*Corresponding author, e-mail: noureddine.elbounia@univ-pau.fr
© BME-PT

glassy to a rubbery behaviour as the temperature
increases. The T is closely linked to the thermo-
mechanical stability, it is thus the property that dic-
tates the potential application of a given epoxy
resin as a function of the service temperature range
envisioned. In the case of epoxy resin, the Ty is a
function of the molecular architecture and depends
on different parameter such as the functionality of
the epoxy and of the hardener, the conversion
degree, the curing cycle, etc. Due to the close rela-
tion between cure behaviour, glass transition tem-
perature, mechanical properties and potential
application of an epoxy resin, it is primordial to
study the effect of CNT on the cure behaviour of
the epoxy resin matrix.
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2. Cure Kkinetics

In the literature, different works were dedicated to
the determination of the effect of CNT on the cure
kinetics of an epoxy resin. Puglia et al. [1] claimed
an acceleration effect of single wall carbon nan-
otubes (SWNT) on the cure reaction of the
DGEBA/DETA epoxy system studied with
dynamic and isothermal DSC. In that work, the
decrease of the peak temperature (that is the tem-
perature at the heat flow peak) in dynamic scans
and the decrease of the time at heat flow peak in
isothermal scans were taken as the proof of the
acceleration in the early stage of the cure process.
The presence of amine functional groups (-NH2)
on the surface of the SWNT that may react with the
epoxy ring was the origin of the modification of the
cure behaviour as shown in a paper from the same
group presenting additional data on the same sam-
ples [2]. Xie et al. [3] also reported an acceleration
effect in the case of multiwall carbon nanotubes
(MWNT) for the TGDDM/DDS epoxy system
using isothermal DSC. The higher initial reaction
rate of the composites compared to the unfilled
resin, the decrease of the time at maximum reaction
rate and of the activation energy with increasing
MWNT content were the indication of the accelera-
tion effect. Evidence of the presence of hydroxyl
groups (—OH) on the surface of the MWNT by
FTIR spectroscopy which have a catalytic effect on
epoxy ring opening was in that case the source of
the modified cure. The last stage of the cure
remained unaffected by MWNT. The same group
reported [4] on the effect of carbon nanofibres
(CNF) on the cure behaviour of the same epoxy
system. They found a very small acceleration effect
of CNF in the early stage of the reaction suggested
by the decrease of the activation energy with an
increase of the CNF content. On the other hand, the
CNF hinders the reaction after that step. Tao et al.
[5] studied the effect of SWNT in the DGEBF/
DETD epoxy system and observed a decrease of
the onset temperature in dynamic scans and a
decrease of the time at maximum reaction in
isothermal scans. Contrary to previous studies, they
found that the peak temperature remained unaf-
fected by the presence of SWNT. The origin of the
acceleration effect cannot be clearly determined in
their work due to the absence of surface characteri-
zation of the SWNT material. The high percentage
of catalyst particles in the SWNT raw material may

be a plausible source of the early cure initiation. In
these investigations [1-5], it is believed that the
modification of the cure behaviour in its early stage
can be attributed to surface functional groups on
CNT or catalyst particles. Wu et al. [6] studied the
effect of three different carbon fillers (carbon fiber,
carbon nanofiber and carbon black) on the cure
reaction of the DGEBF/TETA epoxy system. They
reported an increase of the total heat of reaction and
a decrease of the temperature at the heat flow peak
for all fillers. By comparing the effect of different
pre-treatments of the carbon fibers, they explained
the increase in the total heat of reaction as a result
of the presence of surface functional groups on the
fillers. The authors found that the acceleration
effect, that is the decrease of the peak temperature,
was closely related to the specific surface area
(SSA) of the filler, in view of the proportionality
between the SSA and the peak temperature drop
(the higher the SSA, the higher the temperature
drop). It should be noted that in that work, the
fillers were manually dispersed in the resin and the
filler content was high (around 20 wt%). The
authors did not give indication on the dispersion
state of the fillers. Their samples may not have
been homogeneous at the micro-scale and should
have mainly contained aggregates of the filler,
especially in the case of CNF which are highly
entangled and stick to each other by van der Waals
interactions. Bae et al. [7] investigated the effect of
CNT and carbon black (CB) on the cure reaction of
liquid crystalline epoxy (DGE-DHAMS/sulfanil-
amide). In contradiction with all other studies,
these authors reported a retardation effect of CNT,
indicated by the slight increase of the temperature
at maximum reaction. In their study, the presence
of CNT did not have a significant effect on the total
heat of reaction (except the expected decrease due
to the lower weight fraction of epoxy in the com-
posite) nor on the activation energy compared to
unfilled epoxy. The authors noted that AHg was
higher with CNT than with CB. The oxidation
treatment decreased the activation energy in both
cases.

3. Glass transition temperature

Regarding the T, the data of Puglia er al. [1]
revealed higher curing degree of the composites
compared to unfilled resin which may correspond
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to a higher 7,. The T, was not measured in their
work. Similarly, Xie ef al. [3] did not measure the
T, of their samples but their data revealed a higher
curing degree of the composites for curing temper-
atures below 200°C. For higher curing tempera-
tures, the curing degree of the epoxy was higher.
The same group [4] found that CNF did not have
any effect on the final curing degree. Tao et al. [5]
measured the T, of their samples after 2, 5 and
24 hours of isothermal curing and found that the 7
of the composites was always lower than the
unfilled epoxy. They attributed this to the lower
curing degree of the composites as indicated by
their lower isothermal heat of reaction but the cur-
ing degree was not explicitly calculated.

The literature dedicated to CN'T/epoxy composites
is extremely prolific. Given the importance of the
glass transition temperature in view of its link with
mechanical properties, it is amazing to see that
even the last publications on the subject still do not
always provide this information. In the case of
mechanical properties, for comparison purpose, it
is primordial to have the T provided along with the
curing degree of the samples. Most of the studies
only claimed complete cure of the samples without
further investigation. An analysis of the results
from the literature dedicated to unmodified CNT in
epoxy should lead to valuable conclusions. Any
variations in the Ty may be explained by some size
effect or physical interactions with polymer chains
close to CNT surface, the unmodified nature of the
filler should eliminate the need of explanations
involving chemical effects. We thus compiled and
analyzed data values of glass transition temperature
of CNT/epoxy composites from different articles.
The CNT used in these works were unmodified
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MWNT [8-16] or unmodified SWNT [5, 17-22].
The data relative to preparation method of the com-
posites, glass transition temperature and its meas-
urement method are summarized in Table 1. The
relative difference of T, between CNT filled epoxy
and the unfilled epoxy as a function of the T, of the
unfilled resin or the weight fraction of CNT is plot-
ted respectively in Figure 1a and 1b. In the graphs,
the case of SWNT as filler was differentiated from
that of MWNT due to the tendency of SWNT to
form close-packed bundles with triangular arrange-
ment in the section. It can be noticed that most of
the data for SWNT showed a decrease of T, com-
pared to the unfilled resin which may be a conse-
quence of this bundling tendency. Moniruzzaman
et al. [21] developed a dispersion method allowing
to debundle SWNT and found that 7, was unaf-
fected by the presence of SWNT. The data for
MWNT was more scattered and no clear trend
appeared. The difficulty in analyzing these data
resided primarily in the fact that the final cure
degree was not provided. Liao et al. [22] showed
that the use of solvent of surfactant in the fabrica-
tion process can lead to a large decrease of the Ty.
Even after a relatively long process of evaporation
(one hour heating + 4 hours degassing), Lau ef al.
[23] reported that remaining residual traces of the
solvent (acetone, ethanol and DMF) used in the dis-
persion process of SWNT in the epoxy resin led to
a decrease of the mechanical properties of the
SWNT/epoxy composites. They noticed that these
detrimental effects increased with the boiling point
of the solvent. We plotted again the data for
MWNT and made the distinction between experi-
ments in which solvent was used or not in the dis-
persion process of MWNT in the resin (Figure 2a
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Figure 1. Relative difference of Ty of CNT composites compared to unfilled resin as a function of a) Ty of the unfilled
resin b) CNT weight percentage (data taken from the literature)
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Table 1. Compilation of data from the literature on CNT/epoxy composites (preparation method and glass transition tem-
perature and measurement method, CNT type and aspect ratio when available)

CNT T e CNT CNTaspect |, | AT=
Reference dispersion process Measure CNT tvpe ratio (length/ [°C] Tecomposite —
P P method P diameter) Teresin [°CI
Short SWNT 417 -24.0
Tao et al. [5] Grinding/acetone DSC 1.0 HiPCO SWNT - 159.0 -11.0
SWNT/DWNT - -16.0
Zhou et al. [8] USP DMA 0.4 MWNT 150 147.0 22.0
Ganguli et al. [9] Shear mixing/USP DMA 1.0 MWNT 625 124.0 24.0
Ganguli et al. [10] High speed mixing DMA 0.1 MWNT 125 85.0 24.0
. . MWNT 1750 -2.0
Shen et al. [11] High speed stirring/USP DSC 1.0 MWNT-CONH — 62.0 190
MWNT - 3.0
.. Plasma maleic
Tseng et al. [12] Shear mixing/USP DSC 1.0 anhydride-grafted B 40.0 10.0
MWNT
MWNT 3333 8.0
j 1 P DMA . 4.
Gojny et al. [13] us 05 MWNT-NH; 3333 645 140
MWNT 1750 -4.0
Diaminodiphenyl B 3.0
Shen et al. [14] High speed stirring/USP DSC 0.25| methane-MWNT 76.0 '
Diaminodicyclohexyl B 70
methane-MWNT ’
Hernandez-Perez et . MWNT 50 15.0
al. [15] USP/ethanol/stirring DMA 1.0 MWNT 557 121.0 250
Tip/Bath USP/THF DMA 0.5 MWNT 85 90.0 1.0
Fidelus ef al. [16] Tip/Bath USP/surfactant DMA 0.5 SWNT 1000 ’ 2.0
) ' Tip/Bath USP/THF DMA 0.5 MWNT 85 105.0 -15.0
Tip/Bath USP/surfactant DMA 0.5 SWNT 1000 ’ -2.0
Stirring 9.0
Gong et al. [17] Stirring/acetone/surfactant DMA 1.0 MWNT B 63.0 25.0
SWNT - -6.0
Wang et al. [18] USP/acetone DMA 0.5 SWNT-NH, -~ 170.0 110
SWNT 500 -12.7
Chopped SWNT - -9.1
Wang et al. [19] USP/acetone TMA 1.0 Oxidized SWNT - 132.0 2.4
Gum Arabic wrapped 3 14
SWNT ’
.. SWNT 357 0.0
Valentini et al. [20] | USP DMA 0.1 Butylamine-SWNT — 75.0 100
Moniruzzaman et al. USP/DMF/hlgh shear DSC 0.05 SWNT B 1290 0.0
[21] mixer
Sl}rt‘actant/acetone/manual 236
stirring
Bath/tip USP 6.6
. Tip USP/acetone 222
Liao et al. [22] Bath USP/surfactant DMA 0.5 SWNT - 97.6 LN
Tip USP/surfactant -13.4
Bath/tip USP/surfactant/ 75
acetone ’

(USP: Ultra Sonic Processing)

and 2b). These plots led us to the conjecture that the
use of unmodified MWNT as fillers in epoxy may
increase or not change the glass transition tempera-
ture.

The curing agent type and concentration plays an
important role on the final 7, of the resin. Curing

agent with high functionality provide high 7,. The
T, can also be modified by the curing agent/resin
ratio, using a ratio in little excess of the stochiome-
try gives higher 7,. The cure behaviour of an epoxy
resin can be divided into two stages, a first one in
which the reaction is chemically controlled and a
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Figure 2. Relative difference of 7, of unmodified MWNT composites compared to unfilled resin as a function of a) CNT
weight percentage, b) T, of the unfilled resin (data taken from the literature)

second one in which diffusion dominates due to the
phenomena of gelation and vitrification. In the
early stage, the reaction is initiated by any hydro-
gen-bond donor molecules which can be moisture,
impurities... The reaction is then accelerated by
these molecules and the hydroxyl groups formed
during the reaction. In the last stage, the viscosity
of the mixture increase significantly and the reac-
tion is diffusion-controlled. In the case of epoxy
with MWNT, the presence of catalyst particles can
initiate the reaction earlier compared to the unfilled
resin. The introduction of MWNT in epoxy was
found to increase significantly the viscosity of the
mixture, up to one of order of magnitude with
1 wt% MWNT [24]. The improvement of the CNT
dispersion state using a mechanical method led to
an additional viscosity increase with factor 2. It is
thus expected that the diffusion-controlled stage
may be reached earlier in the case of the composites
due to the higher viscosity level. The ‘advanced’
cure degree obtained in the early stage could be
counterbalanced by the rapid decrease of the cure in
the diffusion-controlled stage. Lower or compara-
ble cure degrees of the composites compared to the
resin are expected. Lower cure degree should lead
to lower T,. In view of their dimensions compara-
ble to polymer chains, CNT could limit their mobil-
ity and provide higher T, level. The lower cure
degree could be counterbalanced by the restricted
mobility of the polymer chains in the vicinity of the
CNT. High aspect ratio and good dispersion state of
CNT in the epoxy may promote the mobility reduc-
tion effect. The presence of CNT could also modify
the structure of the final epoxy network which may
present a gradient of cross-linking points around
CNT. The use of an over-aged hardener [25] gave a

rubbery epoxy and remarkable improvement of
mechanical and electrical properties with 1 wt%
MWNT. These improvements could be attributed
to the loose nature of the rubbery epoxy network
which was modified by MWNT. MWNT may have
a perturbation effect during the formation of the
epoxy network (with more cross-linking points
around CNT) allowing them to act as an effective
reinforcement. A thermal treatment of epoxy close
to its T allows to study the effect of physical aging
which allows some rearrangement of the polymer
chains. It was found that physical aging limits the
strain range over which CNT effectively reinforce
the epoxy matrix [26] suggesting possible forma-
tion of voids between polymer chains with reduced
mobility at the vicinity of CNT and ‘free’ chains
allowed to rearrange through physical aging and
sufficiently far from CNT.

The case of functionalized CNT is more complex
due to the presence of surface groups that can react
with the resin or the hardener, variations of 7y are
thus expected due to the modified chemical reac-
tion. Miyagawa et al. [27] dispersed fluorinated
SWNT in a DGBEF epoxy and observed a decrease
of T, that they explained by the non-stoichiometric
balance of epoxy to hardener due to fluorine on the
surface of SWNT. Even after adjusting the amount
of the anhydride hardener, the T, of the composites
was always lower than that of the resin. They also
observed a slight decrease of the 7, when vapour
grown carbon fibers (VGCF) were used as fillers in
epoxy. They attributed this effect to hydroxyl
groups present on the surface of VGCF that can
react with hardener. Valentini et at. [20] used buty-
lamine-grafted SWNT in a DGEBA epoxy resin
with butylamine as the hardener. They reported an
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increase of the total heat of reaction, a higher final
cure degree and a higher glass transition tempera-
ture of the functionalized SWNT-based composites
compared to the unfilled epoxy. The surface groups
reacted with the epoxy resin allowing these
improvements.

4. Conclusions

In this study, the effect of unmodified MWNT on
the cure kinetics and glass transition temperature of
an epoxy resin was analyzed on the basis of the lit-
erature results. It was found that various authors
reported an acceleration effect of CNT. The cure
reaction was promoted in its early stage which may
be due to the catalyst particles present in the CNT
raw material. The effect of CNT on the 7, remains
unclear. SWNT may lead to a decrease of T, due to
their bundling tendency. On the other hand, results
reported for MWNT showed an increased or
unchanged T, of the composites. The use of solvent
can lead to a decrease of T, even after careful evap-
oration due to residual traces. The present status of
the literature does not allow a clarification due to
the lack of a study providing essential information
such as purity (catalyst particles can affect cure
reaction), glass transition temperature along with
the corresponding cure degree (to isolate the true
potential effect of CNT from curing variations).
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Abstract. The MgAl layered double hydroxide (LDH) with laurylether phosphate was prepared using reconstruction
method. Delamilation of the LDH with laurylether phosphate (LDH-PK) in tetrahydrofuran was characterized by AFM
(atomic force microscopy), indicating that a large part of the LDH was delaminated into single, double and multi layers.
The delaminated LDH-PK suspension was then used with polyvinyl chloride (PVC) to prepare a series of high-LDH-load-
ing nanocomposites. Both the XRD (X-ray diffraction) patterns and TEM (transmission electron microscopy) photographs
of the as-prepared PVC/LDH nanocomposites indicated that the LDH nanolayers dispersed uniformly in the PVC matrix.
With differential scanning calorimetry (DSC) the glass transition temperatures of PVC phases in the PVC/LDH nanocom-
posites were measured and a slightly lower value than that of pristine PVC has been observed. Thermogravimetric analysis
results show that the presence of LDH enhanced the dehydrochlorination temperature (7max1), reduced the maximum degra-
dation rate (Rmax1) and the 5% weight loss temperature, and promoted the char formation of PVC. However, the thermal
degradation temperature (7Tmax2) and thermal degradation rate (Rmax2) of the dehydrochlorinated PVC were slightly affected
by the presence of LDH. The apparent activation energies were calculated by the method of Flynn-Wall-Ozawa in nitrogen
at four different heating rates, showing that the nanofiller increased the apparent activation energies by 10-26 kJ/mol when
compared with pristine PVC, probably implying that the LDH nanolayers improve the stability of chlorine atom on the
PVC chains.

Keywords: nanocomposites, polyvinyl chloride, layered double hydroxide, thermal properties, exfoliation-restacking

1. Introduction anionic exchange properties. Their general chemi-

In recent years polymer nanocomposites based on
layered double hydroxides (LDHs) have attracted
considerable attention because they can be consid-
ered to be reinforced by the nanofiller and follow
the various unique properties such as enhanced
mechanical properties, thermal stability, and
reduced flammability [1-7]. LDHs are lamellar
structured hydrotalcite-like compounds with

“Corresponding author, e-mail: nhhuang1223 @yahoo.com.cn
© BME-PT

cal formula is [M{M ;' (OH)2]**[A%m-nH,0],
where MII, MIL and Am- represent divalent metal
cation (like Mg2*, Zn2*, Ni2*, etc.), trivalent metal
cation (like Al3+,Cr3+, etc.), and the interlayer anion
(like CO327, Cr, SO427, and various organic car-
boxylates, sulfates, sulfonates), respectively, where
n is the number of associated water molecules [8].
The ability to exchange the interlayer anions intro-
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duces provides a opportunity via which known
flame retardant anions, such as PO43’, can be incor-
porated into the lamellar structure before adding
the LDH to a polymer.

In general, polymer/LDH nanocomposites can be
prepared via four major methods [9], i.e. in situ
polymerization, direct intercalation, exfoliation
restacking and coprecipitation. Amongst the meth-
ods, the exfoliation restacking method is especially
suitable for the preparation of nanocomposites
based on thermosensitive polymers such as
poly(vinyl chloride). Wherein, the LDH was step-
wise exfoliated into single, double and mutilayers
in the proper solvents and afterwards transformed
into a colloidal system and finally, the colloidal
system was precipitated in the presence of the poly-
mer. However, pristine LDHs is generally not
liable to be exfoliated in solvent because of the high
charge density on the layers. Recently, to modify
the LDHs with organic anions has been found to be
a successful strategy for exfoliation in solvent
[10-12]. As reported by Adachi-Pagano et al. [11],
the ZnAl-LDH modified with dodecyl sulfate may
be a way efficiently delaminated in formamide.
Later, Hibino and Jones [12] also reported that gly-
cinate-containing MgAl-LDH was delaminated in
formamide at room temperature. The laurylether
phosphate (PK) was taken in the laboratory as a
modifier to realize the preparation of laurylether
phosphate intercalated LDH (LDH-PK), which was
successfully exfoliated under the reflux in tetrahy-
drofuran solvent.

Poly(vinyl chloride) (PVC) is known as one of the
widely used and low cost thermoplastics. Recently,
Bao et al. [13] reported that partially intercalated
and partially exfoliated PVC/MgAl-LDH nano-
composites were prepared by in situ suspension
polymerization of vinyl chloride monomer in the
presence of LDHs modified with dodecyl sulfate
anions (LDH-DS). The fully exfoliated PVC/
MgAI-LDH nanocomposites were prepared via a
melt-compounding process by Chen [14], later, via
solution intercalation [15, 16]. It is noted that spe-
cial vessels are usually required and the toxic
monomer is indispensable during these processing.
The solution process may provide the most desir-
able conditions to prevent thermal and oxidative
degradation during preparation [17]. Very few
studies on the PVC/MgAI-LDH nanocomposites
have been documented in literatures through novel

exfoliation restacking route using laurylether phos-
phate intercalated LDH. In this regard we report the
subject at low temperature. A preliminary study is
on the exfoliation behavior of LDH-PK in tetrahy-
drofuran solvent using atomic force microscopy
(AFM). Structure, thermal properties and thermal
degradation kinetics of the PVC/LDH nanocom-
posites were followed in the next part by XRD,
TEM, TG (thermogravimetry) and DSC.

2. Experimentals
2.1. Materials

PVC (density 1.36 g/cm3, the number average
molecular weight 7.8-10%) was purchased from
Hubei Yihua Chemical Industry Co. Ltd, China.
Mg(NO3)2:6H20, AI(NO3)3-9H20, and urea was
analytical grade purchased from Sinopharm Group
Chemical Reagent Co. Ltd, China, and used with-
out further purification. Aqueous solution of potas-
sium laurylether phosphate (PK) (30 wt% in water)
was purchased from Dandong Ankang Chemical
Industry Co. Ltd, China.

2.2, Preparation of MgAl-LDH-CO3

LDH-CO3 was synthesized by urea hydrolysis
method described by Costantino et al. [18]. An
aqueous solution containing AI(NOs3)s and
Mg(NO3),; with the molar fraction AI(NO3)s/
(AI(NO3)3 + Mg(NOs3),) equal to 0.33 was prepared
by dissolving AI(NO3); and Mg(NO3), in distilled
water. To this solution solid urea was added until
the molar fraction urea/(Mg(NO3)2 + AI(NO3)3)
reached 3.3. The clear solution was refluxed for
36 h. The white precipitate was then filtered,
washed five times by doubly distilled water and
dried in vacuum at 60°C till constant weight.

2.3. Preparation of the layered double
hydroxide- laurylether phosphate
(LDH-PK)

LDH-CO3 was calcined in a muffle furnace at
450°C for about 6 h to convert it into metal oxide.
The calcined product (CLDH) was dispersed in a
120 ml of aqueous solution containing 6 g of potas-
sium laurylether phosphate (PK) and the dispersion
was stirred by magnetic stirrer for 24 h at 25°C
under flowing Ar. The regenerated PK intercalated
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LDH (LDH-PK) was filtered out followed by dry-
ing in vacuum at 60°C.

2.4. Preparation of PVC/LDH
nanocomposites

A schematic representation of the preparation of
the PVC/LDH nanocomposite is shown in Figure 1.
LDH-PK was firstly refluxed in 100 ml tetrahydro-
furan for 24 h under flowing Ar with mechanical
stirring. After treatment, the exfoliated LDH mate-
rial was achieved by dispersing LDH-PK in
tetrahydrofuran. A desired amount of PVC was dis-
solved in tetrahydrofuran solvent, and then the
PVC/tetrahydrofuran solution was added to the
LDH-PK suspension. After stirring for 3 h at 60°C
under flowing Ar, the mixture was poured into
50 ml absolute ethanol for rapid precipitation in
order to avoid aggregation of the LDH platelets.
The precipitate was filtered and dried at 60°C under
flowing Ar for 12 hours.

4 % %
) k3 ¥
5s Ss., 3 x
£ o
o ——78v— __calcintion %e:—wl
——a— regeneration B £

reflux in tetrahydrofuran

C———————1 LDH platelet
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J chain

Figurel. Schematic representation of the preparation of
the PVC/LDH nanocomposites

2.5. Characterization
2.5.1. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) can be used to
investigate the delamination behaviour of LDH in
solvent and the thickness of the exfoliated nano-
sheets in the colloid dispersion [10]. AFM was per-
formed using a Nanoscope E multimode AFM from

digital instruments. The instrument was operated in
tapping mode in air at room temperature. A Si tip
with a diameter smaller than 10 nm (Mikronmasch)
was used to achieve high resolution. Height and
amplitude-mode images were recorded simultane-
ously with 512x512 pixel resolution and 1-2 Hz
scan rate. Processing and analyses of the images
were carried out using the off-line software
Nanoscope. A concentration (0.1 g/l) of exfoliated
LDH in tetrahydrofuran was used for AFM. One
drop of the clear dispersion was dripped onto a
freshly cleaved mica surface (1x2 cm?). The sam-
ple was then conditioned at room temperature for
24 h and kept at 60°C for 48 h. Freshly cleaved
mica has locally a very smooth surface with a an
average roughness of ca. 0.1 nm.

2.5.2. X-ray diffraction analysis (XRD)

X-ray diffraction analysis (XRD) over 20 = 1.2—
65°, in steps of 0.02° was carried out using a Rigaku
2600 X-ray diffractometer with Cu-K, radiation
(A =0.15418 nm, monochromatization by primary
graphite crystal) generated at 30 mA and 40 kV.

2.5.3. Fourier Transform Infrared (FTIR)
spectroscopy

Fourier transform infrared (FTIR) spectra for sam-
ples were recorded over the wave number range
400-4000 cm~! using Bruker Tensor 27 FTIR spec-
trometer.

2.5.4. Thermal analysis

Thermogravimetric analysis (TG) was performed
on the NETZSCH thermal analyzer (TG 209 F1).
Samples weighting about 5.0 mg were heated from
room temperature to 700°C in a dynamic nitrogen
atmosphere (50 ml/min). For kinetic analysis of the
thermal degradation, TGA experiments of some
samples were performed at four different heating
rates, such as 5, 10, 20, 40°C/min. DSC data was
measured by a NETZSCH DSC-204F1 at heating
rate of 10°C/min with N> purging (50 ml/min).

2.5.5. Transmission electron microscopy (TEM)

The state of aggregation of the LDH particles in
PVC matrix was investigated by TEM, which was

597



Huang and Wang — eXPRESS Polymer Letters Vol.3, No.9 (2009) 595-604

carried out using transmission electron microscope
with JEOL 2010 (HT) microscope. The conditions
used during analysis were room temperature,
200 kV acceleration voltage and bright field illumi-
nation. The ultra thin sections of samples, which
were embedded in an epoxy oligomer polymerized
at 50°C for 48 h, were prepared by ultramicrotomy
at —130°C using Reichert Ultracut S (Leica, Aus-
tria). The thickness of the section cut was in the
range of 70-80 nm.

3. Results and discussion
3.1. Characterization of LDHs

The FTIR spectra of the LDH-COs, its calcined
form (CLDH) and its regenerated form (LDH-PK)
are shown in Figure 2. Figure 2a reveals the pres-
ence of interlayer carbonate ions (1361 cm-!) and
the associated water molecules appeared within the
broad range of 3150-3600 cm~! in LDH-CO3,
where the hydrogen bonding in the interlayer
region between water molecules and the hydroxide
sheet is evident from shoulder at 3050-3100 cm~!.
In Figure 2b, the loss of interlayer carbonate anions
and water molecules results in the weakening of the
corresponding peaks. The weakened broad peak
around 3400 cm-! is possibly attributed to some
adsorbed water molecules on the surface of CLDH
[5]. In Figure 2c¢ the reapprearance of the O-H peak
(stretching vibration peak) takes place with the dis-
appearance of the shoulder existed in the original
LDH. Other peaks can be easily assigned as fol-
lows: 2928 and 2853 cm-! (aliphatic C-H stretch);
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Figure 2. FTIR spectra of LDH-COj3 (a), its calcined prod-
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Figure 3. XRD spectra of LDH-COj3 (a), its calcined prod-
uct (CLDH) (b) and LDH-PK (c)

1225 cm~! (the P=0O bond); 1125, 1094 cm-! (the
P-O—C bond).

The sharp and distinct peaks appeared in the XRD
pattern (Figure 3a) give an indication of the highly
crystalline nature in the synthesized LDH-CO3 and
layered geometry. Close to the assignment and the
value of 0.78 nm reported by Chibwe and Jones
[19] a value of 0.77 nm (20 = 11.4°) of the basal
peak (003) was measured. After calcination, CLDH
loses all the peaks characteristic of layered struc-
ture as well as MgAl layer crystal structure, just as
indicated in the Figure 3b. Again, Figure 3c also
supported the subsequent recovery of the original
structure by dispersing CLHD into an aqueous
solution of laurylether phosphate. The XRD pattern
of regenerated material (LDH-PK) (Figure 3c)
shows a basal spacing of 3.98 nm (26 = 2.14°). The
space between the Mg/Al nanolayers of the LDH-
PK larger than that of pure LDH-CO3 confirms an
enlargement of interlayer distance from 0.77 to
3.98 nm. Based on FTIR and XRD results one
could believe the intercalation of the laurylether
phosphate into the LDHs. The increase of interlayer
distance (Adp) in the LDH-PK, calculated from the
doos spacing and thickness of the inorganic layer
(estimated to 0.48 nm), is approximately 3.5 nm.
However, according to the individual dodecyl sul-
phate chain length (ca. 2 nm) [2], the individual
laurylether phosphate chain length is close to 2 nm.
This leads to the conclusion that the orientations of
PK in the gallery of LDHs may be essentially
inclined bilayer (see Figure 1).
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3.2. AFM images of delaminated LDH-PK in
tetrahydrofuran

A representative AFM images of delaminated
LDH-PK deposited on a mica substrate can be
shown in Figure 4. A thin layer of well dispersed
nanoparticles lying parallel to the substrate surface
is observed in Figure 4a, and the size and shape of
individual particles are better visible. Figure 4b
shows a cross section of individual particles along
the marked green line. The particles are disk-like
with diameters of typically 30—60 nm. Particles
with different thicknesses of 0.7~5 nm are observed,
which may correspond to single, double and multi
hydrotalcite layers. Very small amount of particles
with heights of up to 10 nm may tend to cause the
aggregation of delaminated single or double nano-
sheets during volatilization of tetrahydrofuran sol-
vent.

LFH-012#1

SNSNC =S =t s
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(=]
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100 200 300 400 500 600 700 800 nm

b)

Figure 4. AFM images (tapping mode) of exfoliated
LDH-PK in tetrahydrofuran (0.1 g/1) deposited
on a mica substrate. Height image over a scan-
ning area of 1000x1000 nm? (a); section profile
along the marked green line, showing single,
double and multi layers of exfoliated LDH (b).

3.3. XRD and TEM analysis of PVC/LDH
nanocomposites

The X-ray diffraction (XRD) patterns of the LDH-
PK and PVC/LDH composites are shown in Fig-
ure 5 within the range of 20 =1.2-10°. The
changes in structure spread out before us through
the study on the diffraction patterns with different
loadings of LDH-PK. The basal spacing of the
LDH-PK sample presented itself at 3.98 nm (20 =
2.14°). While at a loading of 50%, the diffraction
peaks below 20 = 3° retained rather weaker (Fig-
ure 5f) and almost nothing left below 30% in Fig-
ures Sa to Se, implying that the PVC/LDH
nanocomposite with high loading of LDH can be
obtained by exfoliated-restacking method.

Figure 6 shows the TEM images of PVC/LDH
nanocomposite with 20 wt% LDH. The low magni-
fication TEM image showed the LDHs to be well
dispersed throughout the polymer. Higher magnifi-
cation showed that the LDH are exfoliated to LDH
nanolayers in the PVC matrix, but intercalated tac-
toids were also present.

oo = 3.98 nm

Intensity [cpm]

LMo oo g

267

Figure 5. Variation of XRD patterns with the different
loadings of LDH in the PVC/LDH nanocompos-
ite samples in the range of 1.2 to 10° 26:
(a) 5 wt%, (b) 10 wt%, (c)15 wt%, (d) 20 wt%,
(e) 30 wt%, (f) 50 wt% , (g) 100 wt%

3.4. DSC analysis

Figure 7 shows DSC curves of pristine PVC and
the PVC/LDH nanocomposites. The glass transi-
tion temperature (7,) of the nanocomposites with 2
and 5% LDH are 84.9 and 84.6°C, respectively,
slightly lower than that of pristine PVC (85.4°C) in
agreement with the value in PVC/MMT nanocom-
posites [20] and PP/MMT nanocomposites [21].
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c)

Figure 6. TEM micrographs of PVC/LDH nanocomposites with 20% loading of LDH
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Figure 7. DSC curves of PVC and PVC/LDH nanocom-
posites with different loading of LDH

Similarly, the LDH layers nano-dispersed in PVC
matrix taking PVC macromolecules apart, render-
ing the interaction between macromolecular chains
in nanocomposites weakened [20] and resulting in
the decrease of the glass transition temperature of
PVC phases in the PVC/LDH composite. In addi-
tion, it is possible that the PVC matrix was slightly
plasticized by some of laurylether phosphate, and
this resulted in the decrease of the T, of PVC
phases.

3.5. TG study

To exemplify the thermal behaviour the TG and
DTG curves of pristine PVC and its nanocompos-
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Figure 8. TGA curves of LDH, pristine PVC and its
nanocomosites with 2 and 5% LDH in N, at
heating rate of 10°C/min
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Figure 9. DTG curves of pristine PVC and its nanoco-
mosites with 2 and 5% LDH in N> at heating
rate of 10°C/min

ites were given in Figures 8 and 9. On heating the
pristine PVC decomposes in the temperature range
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Table 1. TGA data of pure PVC and PVC/LDH nanocomosites in N> at heating rate of 10°C/min

Sample Tsq, [°C] Tmax1/Tmaxz [°C] Rmax1/Rmax2 [°C] Char or residue yield at 650°C [wt%]
LDH-PK 40.01
PVC 257.0 276.7/450.1 1.85/0.40 6.84
PVC/LDH 2% 204.4 290.0/452.0 1.60/0.38 11.61 (7.50%)
PVC/LDH 5% 206.0 286.2/450.7 1.38/0.42 15.05 (8.50%)

Ts¢ is the temperature for 5% weight loss; Tmax is the temperature at which the rate of weight loss reaches a maxium.

*: theoretical values.

of 250-500°C [22]: the first stage is attributed to
the elimination of hydrogen chloride molecules fol-
lowed by the formation of the conjugated polyene
sequences, while the second stage to the thermal
cracking of the carbonaceous conjugated polyene
sequences. As reported, the first step of weight loss
for PVC/LDH (2 and 5%) nanocomposites occurs
in the range of 120-250°C due to the evaporation
of physically absorbed water in the intercalated lay-
ers and the loss of hydroxide on the LDH, similar to
the case of polystyrene/ZnAl-LDH nanocomposites
[3, 7], poly(vinyl alcohol)/MgAI-LDH nanocom-
posites [23] and poly(propylene carbonate)/MgAl-
LDH nanocomposites [24]. The second step of
weight loss occurs in the temperature range of
250-385°C due to the elimination of hydrogen
chloride molecules in PVC chains. The thermal sta-
bility of both nanocomposites was obviously
enhanced during this stage. The last stage is appar-
ently relevant to the thermal cracking of the car-
bonaceous conjugated polyene sequences.

The 5% mass loss temperature (759), maximum
mass loss temperature (Tmax1 and Tmax2) and char
(or residue) yield values at 650°C are summarized
in Table 1. It can be seen that 754 for two kinds of
nanocomposites are decreased by about 52°C due
to the evaporation of physically absorbed water in
the intercalated layers and the loss of hydroxide on
the LDH, whilst Tiax1 of PVC/LDH nanocompos-
ites with 2 and 5% LDH are increased by 14 and
10°C, respectively. When LDH loading is 2%, the
PVC nanocomposite shows the highest Tmax1 as
290°C. The maximum mass loss rate (Rmax1) for
PVC nanocomposites with 2 and 5% LDH are
decreased from 1.85 to 1.60, 1.38%/°C, respec-
tively. Judging from 7Tmax1 and Rmaxi, the PVC
nanocomposites are more thermally stable than
pristine PVC. It is probably because the LDH lay-
ers can improve the stability of chlorine atom on
the PVC chains, and then retard the thermal degra-
dation rate. But, both Thax2 and Rmax2 of nanocom-

posites are close to that of pristine PVC, implying
that LDH has little effect on the second thermal
degradation stage of PVC. That is to say, LDH lay-
ers have little effect on the thermal cracking of the
carbonaceous conjugated polyene.

It is noteworthy that char yield of PVC/LDH
nanocomposites with 2 and 5% LDH at 650°C are
significantly increased from 6.84 to 11.61, 15.05%,
respectively. In Table 1, the values with * denote
theoretical values obtained by calculation, i.e., char
yield of PVC at 650°Cxweight of PVC in PVC/
LDH nanocomosites + residue yield of LDH-PK at
650°Cxweight of LDH-PK in PVC/LDH nanocom-
posite. For example, for PVC/LDH nanocomposite
with 2% LDH, 6.84%%x98% + 40.01%x2% =
7.50%. As can be seen, these experimental values
of char yield for nanocomposites are higher than
the theoretical values, revealing that the LDH lay-
ers in PVC matrix enhance the formation of the
char, i.e., the carbonization of the PVC, and stabi-
lize the carbonanceous.

3.6. Thermal degradation activation energies
of PVC and PVC/LDH nanocomposite

According to the Ozawa method [25], the apparent
activation energies (E) were calculated from a lin-
ear fitting of Inf3 versus 1/7 plot at different conver-
sion degree (o) and at various heating rates (f),
where the degree of decomposition o = (Wo—W)/
(Wo—Wssoec) (where Wy is the initial weight, W is
the actual weight and Wsspec is the residual weight
at 550°C). In Figure 10, for the PVC, the fitting
lines are almost kept parallel to each other in the
range of o < 0.6, indicating the unique degradation
mechanism, i.e. the chain stripping mechanism of
PVC. But, the fitting lines for PVC are not kept par-
allel to each other in the range of oo = 0.7~0.9. This
reveals that the degradation mechanism for PVC is
complex, corresponding to the second thermal
degradation stage of PVC. For the PVC/LDH nano-
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Figure 11. Plot of E versus o for the dynamic degradation
of PVC (a) and PVC nanocomposite with 2%
LDH (b)

composite, the fitting lines are also almost kept par-
allel to each other in the range of 0.1 < o < 0.65,
not kept parallel to each other in the range of
o =0.7~0.9 and o0 < 0.1.

It can be seen in Figure 11 that the E versus o. for
PVC can be separated into two stages(namely
0. < 0.55, and o> 0.75) and is in agreement with
DTG result (Figure 9). The E versus o for PVC is
almost a constant in the range of o < 0.6, being
90~110 kJ/mol, close to the value of 90~ 100 kJ/mol
reported by Ma et al. [26] and Marcilla and Beltrain
[27]. However, the E versus o for PVC/LDH
nanocomposite with 2% LDH exhibits three stages
(namely a0 < 0.1, 0.1 < < 0.6, and o. > 0.75). The
E of the nanocomposite is complex in the range of
o < 0.1, which is attributed to the evaporation of
physically absorbed water in the intercalated layers
and maybe the loss of hydroxide on the LDH. The
E versus o for the nanocomposite is almost a con-
stant in the range of o = 0.1~0.6, which corre-
sponds to the dehydrochlorination of PVC,
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implying that the presence of LDH layers could not
change the dehydrochlorination mechanism of
PVC. In the range of o. = 0.1~0.6, the nanocompos-
ite increases the activation energy by
10~26 kJ/mol, relative to pristine PVC. It may
reveal that the presence of LDH layers improves
the stability of chlorine atom on the PVC chains
and represses the dehydrochlorination of PVC.
However, the mechanism of thermal stability of
LDH layers in the PVC matrix must further be stud-
ied in future.

Interestingly, in the range of o > 0.75, the apparent
activation energies of pristine PVC are close to that
of the nanocomposite, indicating that the LDH lay-
ers have little influence on the thermal degradation
stage of PVC at high temperature, i.e. the thermal
cracking of PVC. This is in agreement with DTG
results.

4. Conclusions

The PVC/MgAI-LDH nanocomposites were syn-
thesized by novel exfoliation restacking method
using laurylether phosphate modified LDH.
Despite the ardent discussion of the nano-disper-
sion is put forward an argument in recent litera-
tures. The conventional methods of characterizing
dispersion, such as XRD and TEM were primarily
invoked in the paper. Within the experimental error
the nanodispersion of LDH layers in the PVC
matrix has been verified by the observation of doo3
XRD diffraction peak of LDH and the observation
of TEM image. The glass transition temperature of
PVC phases in the PVC/LDH nanocomposites are
slightly lower than that of pristine PVC because of
the weakened interaction between macromolecular
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chains in nanocomposites due to the interposition
of LDH. The 5% weight loss temperature of the
nanocomposites was also decreased owing to the
evaporation of physically absorbed water in the
intercalated layers and the loss of hydroxide on the
LDH. Moreover, the dehydrochlorination tempera-
ture (Tmax1) and the char residue at 650°C of the
nanocomposites were significantly increased in the
presence of LDH. However, the thermal degrada-
tion temperature of the dehydrochlorinated PVC
turned out to be little affected by the presence of
LDH. The apparent activation energies calculated
by the method of Flynn-Wall-Ozawa in nitrogen at
four different heating rates show that the nanocom-
posite increased the apparent activation energies by
10-26 kJ/mol when compared with pristine PVC.
Seemingly, the presence of LDH layers seems to
improve the stability of the PVC chains through
retarding the dehydrochlorination of PVC.
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