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ABSTRACT: Studies on the nonlinear viscoelastic beha-
viors of nylon1212 toughened with styrene-[ethylene-(ethy-
lene-propylene)]-styrene block copolymer (SEEPS) were
carried out. The linear relaxation curves at relatively low
shear strains show good overlap, the relaxation time and
modulus corresponding to the characteristic relaxation
modes were also acquired through simulating the linear
relaxation modulus curves using Maxwell model. The non-
linear relaxation curves of nylon1212 blends at different
shear strains have been obtained and their damping func-
tions were evaluated. Meanwhile, it is found that most
blends in the experimental windows follow the strain-time

separation principle and Laun double exponential model
can predict damping curves well. The successive start-up of
shear behavior was investigated. The results showed that
Wagner model, derived from the K-BKZ (Kearsley-Bern-
stein, Kearsley, Zapas) constitutive equation, could simulate
the experiment data of nylon 1212 blend with 10 wt %
SEEPS well, but there exists some deviation for experiment
data of nylon1212 blends with high SEEPS concentrations.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 123: 1283-1292, 2012
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INTRODUCTION

Multicomponent polymer blending has attracted
everlastingly increasing attention because it is an effi-
cient way to improve the properties and enlarge the
applicative range of origin materials. A lot of com-
plex polymeric materials have been developed to sat-
isfied different requirements. Polymer blends can be
divided into homogeneous (miscible) and heteroge-
neous (immiscible) blends. Homogeneous blends are
relatively rare because the change in the combinato-
rial entropy of mixing two high molecular weight
polymers is negligible. Heterogeneous blends are two
phase that exhibit usually advantages over the single
phase polymers." High toughness polymeric materi-
als are always acquired through blending engineer-
ing plastics with suitable elastomeric materials,
which has become one of the most effective methods
to improve the toughness of a brittle polymer. The
degree of toughness can be determined by the blend-
ing ratio, the size of phase domain, the interaction
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between matrix and elastomer, the
approach, processing parameters etc.”™

A lot of researches concerning nylon/elastomer
blends have mostly focused on the aspects of mechan-
ical and thermal properties.'>'® To our knowledge, a
few reports have been dealt with rheological beha-
viors of their melts, especially for their nonlinear
rheology.'®?® Due to its highly polar amide end-
groups, nylon is uncompatible with SEEPS elastomer,
resulting in heterogeneous blends. The rheological
measurements not only give much useful information
for material molding and processing but also is an
important way to characterize structure and proper-
ties of polymer materials.*"** Processability of poly-
mers is directly related to the rheological behaviors.
For homopolymers, the rheological behaviors depend
mainly on chain and agglomeration structure. In the
case of polymer blends, the rheological behaviors are
related with not only the viscoelastic behaviors of
blending compositions but also phase morphologies,
interactions in the interface, so it is complex to probe
the essence of rheological behaviors of the polymeric
blends. The linear viscoelastic behavior of polymers
and their blends have attracted ever-increasing inter-
ests of researches, and the correlations of their micro-
structure and linear viscoelastic behavior have been
reported.”**” However, up to now, the thorough
understanding for nonlinear viscoelastic behavior
has not been achieved, especially for the polymeric
blending systems.

blending
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It is well-known that most polymers exhibit the
nonlinear viscoelastic behavior under relatively large
strains, whereas the nonlinear viscoelastic behavior
can also be observed under relatively small strains for
suspension, gel, and polymer composite systems.
Recently, to probe the essence of nonlinear viscoelastic
behavior, many works had been done.**** Among
them, one way is that people employed some constitu-
tive equations to simulate the nonlinear viscoelastic
behavior of polymer, in which Kearsley-Bernstein
Kearsley Zapas (K-BKZ) equation is the integral one
that has been most widely used. Based on K-BKZ
constitutive equation, Wagner et al. investigated the
variation of stress with time under various flow condi-
tions, and proposed a new model, i.e., the so-called
“Wagner model,” for simulating the nonlinear visco-
elastic behavior of polymer.*>?® We have discussed
the linear viscoelastic behavior in the previous
article,”” the aim of this article is to investigate the non-
linear viscoelastic behaviors of the nylon1212/elasto-
mers blends, obtain the damping function according to
time-strain separability principle, and predict the non-
linear viscoelastic behaviors based on Wagner model.

Theoretical background

According to rubber-liquid theory,*® Bernstein, Kears-
ley, and Zapas proposed a K-BKZ equation to predict
the nonlinear viscoelastic behavior as given as>

/ m1 S 11712 C”] +m2(s 11,12)(:,9 ,]]d (1)
0

in which C;! and C; are the Finger and Cauchy ten-
sor respectively; my and m, are assumed to be mem-
ory functions of the time difference s; s is time from
present to past defined as s = t — . As the second-
ary normal stress difference is not considered here,
m, is set equal zero. m; can be separated into strain-
dependent and time-dependent functions in the non-
linear viscoelastic region as follows,

mi(s, [ b) = p(s)h(l1, L), 2

in which p(s) is a linear memory function having
time-dependence which can be obtained through
simulating the linear relaxation modulus with the
generalized Maxwell model, and h(l;, L) is called a
damping function.

Based on K-BKZ equation, Wagner introduced a
new constitutive equation for describing the strain
history applied to the samples.

o(t—t)= / m(t — (I, L)C; (¢, t)dt.  (3)
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The memory function in the eq. (3) can be repre-
sented as

t—t’ u
m(t —t) = oGt =t) Zue =)/

Gi __mp
— T —(t=t)/Mi (4)

)
i=1

in which G(t — t') is stress relaxation modulus, 2;
and G; are characteristic values determining stress
relaxation behavior. If the volume of sample is con-
stant, a simple shear flow at constant shear rate y
can be described in terms of the shear deformation,
Y(t) = v - t, and the Finger tensor is given by

T+72(t—t) Jt—+F) 0
C/l(t) = Y(t—t) 1 0o]. ©
0 0 1

Hence, the invariants of C;!(t') are

L=L=9Ft—-t) +3=7+3
(6)
I =1.
From eq. (3), the shear viscosity n(t,7y,) are calcu-
lated as

t
. c t 0
Nt i) = 224 YO / G(&)h(y(5)")s 5 In(h(y(s)s)d.
0

@)

If the relaxation modulus curves of samples under
different large strains are parallel each other, the
viscoelastic behaviors of samples obey the time-
strain separation principle.*’ The nonlinear visco-
elastic modulus G(y,t — ) can be divided into a
linear viscoelatic modulus G(t — ) and a strain-
dependent function as given as,

Gy, t =) = G(t =) x h(y), ®)
in which h(y) is referred to as “damping function,”
which can be used for describing the nonlinear rheo-
logical response. In fact, eq. (8) is only a factorization
method allowing us to separate the time and the
strain effects and to extract the contribution of the
strain to the total relaxation modulus. As for simple
shear, Wagner proposed the following expression
for the damping function®

h(y) = e, ©)

For complex fluid system, Soskey, Laun, and
Papanastasiou proposed three damping functions as
follows*'™
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h(y) = TO‘YB’ (10)

h(y) = Ke ™ + (1 - K)e ™, (11)
b

in which vy is shear strain, K, o, B, a1, a> and b are fit-
ting parameters, which are determined by the chem-
ical structure, the molecular weight, the molecular
weight distribution and flow types. If the linear
viscoelastic region and the damping function of sam-
ple are determined, eq. (3) can be used to predict
the nonlinear viscoelastic behavior. When the damp-
ing function follows Wagner equation, m(f,7,) can
be calculated as

. o12(t, 9
n(t vo) = M
n Yo 2
111'7&1» _t .
=3I e (1 nghat))
— (1 +nyoh) o
(13)
in which
t .
tr,i =—+ nYOtv (14)

Ai

It is noted that other three types of damping func-
tions mentioned above can also be used to calculate
the corresponding nonlinear viscoelastic functions.

EXPERIMENTAL
Materials

Nylon1212 (melt-flow index = 22.43 g/min) used
here is a product from Shandong Dongchen Engineer-
ing Plastic Co., China. Styrene-[ethylene-(ethylene-
propylene)]-styrene block copolymer (SEEPS 4033,
polystyrene end-blocks = 30 wt %, the density = 0.91
g/ cm®. The melting index (MI) < 0.1 under 2.16 kg
pressure at 230°C, the viscosity = 50 mPa s in the 10
wt % toluene solution, M, = 67,240, M, = 91,365,
M, = 122,487, M,,/M,, = 1.3588) is a product of Kur-
aray Co., Japan. The antioxidant (B215, the relative
molecular weight = 647, T,, = 453-458 K) is a prod-
uct of Ciba-Geigy Co., Switzerland.

Preparation of samples

Nylon1212 and SEEPS and 1 wt % antioxidant were
blended in a Haake torque rheometer (Rheoflixer
Polylab) at 190°C for 10 min. The samples were com-
pressedly molded at 190°C into disks of 25 mm in
diameter and 1.2 mm in thickness.
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Rheological measurements

Melt rheological tests were conducted on an ARES
rheometer (Rheometrics, Piscataway, NJ) in parallel
plates mode. To record the relaxation modulus vary-
ing with time, the stress relaxation tests were
performed under condition of the amplitude being
0.1-100% and the test time being 500 s. The succes-
sive start-up of steady shear tests have been carried
out in the shear rate 0.01 s~} 0.05 s7% 0.1 s},
0.5 sfl, the test time for each shear rate is 100 s. At
the end of that time, the shear rate increases to the
next level without allowing the samples to relax.

RESULTS AND DISCUSSIONS
Evaluation of the linear relaxation behavior

Figure 1 presents the linear relaxation modulus
curves of nylon1212 blends at various shear strains.
Linearity can be obtained for stain values up to 5%,
namely the linear relaxation modulus G(t) is inde-
pendent of the applied strains. For the blends with
low concentration of elastomer, the relaxation beha-
viors are controlled by matrix of virgin nylon1212,
exhibiting a fast relaxation process, while the relaxa-
tion behaviors of the blends with high concentration
of elastomer firstly show fast and then slow relaxa-
tion processes. The former is corresponding to the
relaxation behavior of hard block (PS), while the lat-
ter can be attributed to the relaxation behavior of
random copolymer block.®® In addition, it can be
observed that the overlapping curves after about
10 s for nylon1212/SEEPS (70/30 and 60/40) blends
are not better than those of other blends, which
should be related with the inhomogeneous struc-
tures. The morphologies of blends change from
droplet-matrix structures to double phase cocontinu-
ity structures.’”

In the linear viscoelastic range, G(t) can be simu-
lated by Maxwell model as given as,

n n
G(t) =Y Gie "M = " ape =1/, (15)
i=1 i=1

in which, G; and A; are the modulus and the relaxa-
tion time of the ith relaxation mode, respectively.
The knowledge of the set (G, ;) is very useful
because it allows one to predict the behavior of the
material in any standard experiment, the transient
viscosity, plateau modulus and other viscoelastic
parameters can be determine by the set (G;, ). In
the section of theoretical background, the memory
function in the Wagner function can be obtain from
simulation on the linear stress relaxation modulus
curves using Maxwell model. Here, to evaluate
easily the transient viscosity, we make the relaxation
times equal to 0.01, 0.1, 1, 10, 100 and obtain the five

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 The linear relaxation modulus curves of nylon1212/SEEPS blends and their predictions by Maxwell model.

sets (G;, A;). Of course, the relaxation behaviors of
blends are complex, the characteristic relaxation times
can be attributed to polymers of two phases and the
interface region between two phases. The best fitting
values of G; and XA; are summarized in Table I and
corresponding results are shown in Figure 1. It can
be seen from Figure 1 that the simulated curve can
describe the relaxation process of nylon1212 blends
well in the range of whole time scales.

Evaluation of the damping function

Usually, for homopolymers, the damping function
can be determined by shifting G(t) vertically at the
longer relaxation time region.25 However, for multi-

Journal of Applied Polymer Science DOI 10.1002/app

phase or multicomponent polymeric materials, the
superposition becomes to be breakdown. The reason
for this is that G(y, t) data in the examined range of
t are resulted from different relaxation processes.
For nylon1212 blends, the relaxation behavior can be
separated into two relaxation processes. The former
can be attributed to the relaxation of nylon 1212 ma-
trix and polystyrene block in SEEPS; while the latter
is the relaxation behavior of random copolymer
block in SEEPS. On the other hand, in our experi-
ment window, SEEPS elastomer does not relax fully,
and as a result, the longer relaxation behaviors can-
not be accurately examined. So, in this article, we
evaluate the damping function at the reference time,
t =10 s, at which the nylon1212 matrix and PS block
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TABLE I
The Results of Prediction Using Maxwell Model for nylon1212/SEEPS Blends
G,‘ (Pa)
% () 90/10 80/20 70/30 60/40 50/50 40/60
1072 319500 351950 533490 495920 260460 203850
10" 16247 49967 95684 109720 89670 118930
10° 1213 8455 16254 20703 23858 39000
10" 74 700 1506 1307 2254 3413
10% 38 215 638 1024 1384 3253

relaxations almost complete, and the relaxation of
random block hardly begins.

Figure 2 gives the nonlinear relaxation modulus
curves of nylon1212 blends at various shear strains.
It can be seen that G(y, t) for all the blends decrease
with increase of the relaxation time, and the relaxa-
tion curves can shift vertically along the direction of
modulus reduction with vy increasing. With the
SEEPS concentration increasing, nylon 1212 blends
show strong sensitivity to shear strains. When the
relaxation time is over 10 s, all the relaxation proc-
esses of blends become slow, which is related to the
multiphase structures of blends. The whole relaxa-
tion processes of blends include the rapid relaxation
of nylon 1212 matrix, the slow relaxation of SEEPS
elastomer and the interface relaxation.

Figure 3 presents the relationship between G(y, t)/
h(y) and time for nylon1212 blends. It can be seen
that the curves of nonlinear relaxation modulus G(y,
t) for most nylon1212 blends show relatively good
superposition in the whole examined range of time,
indicating the validity of the time-strain separation
principle. However, it also can be observed that
some curves of G(y, t) at high shear strains have
some deviation from master curves in the longer
time region because the interfacial interactions
between two phases have been destroyed by the
applied large strains, the time-strain separation prin-
ciple is valid when the time is shorter than 10 s. In
addition, it is noted that the shear rate in the tran-
sient test is low and the test time is short. Hence, we
believe that the damping function evaluated by this
method can be used to predict the nonlinear visco-
elastic behavior of SEEPS.

It is noted that determination of the damping
function is the key to develop the constitutive equa-
tion of the nonlinear viscoelastic behavior. Figure 4
presents the curve of the damping function h(y) with
y. It is known that many different forms of the
damping function have been used to fit the experi-
ment data. Among them, Wagner equation predicts
a much quicker decrease in the damping function
with increasing strain in the nonlinear viscoelastic
region than that observed in the experimental data
for most blends. Moreover, Laun equation can pre-
dict the experiment data of all the bends well, Papa-

nastasiou equation and Soskey and Winter equation
only can simulate the curves of some nylonl1212
blends. The parameters in the four models were
determined through the Origin7.0 software using the
nonlinear least squares fitter analysis mode. Table II
gives the fitting parameter values of four damping
functions for nylon 1212 blends. It can be seen that
every parameter doesn’t exhibit rules with the
increase of SEEPS concentration, because the fitting
parameters are related with chemical structure, the
molecular weight, the molecular weight distribution
and flow types. Here, we choose Laun damping
equation to describe the effects on nonlinearity of
viscoelastic functions, the other three models also
can be introduced into the Wagner model to acquire
the expressions of transient viscoelastic behavior.
Here, those results are not presented in this article.

Evaluation of successive start-up
of steady shear behavior

Figure 5 illustrates the results of start-up steady
shear experiments for nylon1212 blends. It is noted
that the applied shear rates varies from 0.01 to 0.5
s~! and the time at each of shear rates is 100 s. At
the end of that time, the shear rate increases to the
next level without allowing the sample to relax. It
can be seen that the nonlinear transient shear viscos-
ity n*(t,) decreases with increase of the shear rates
and increases rapidly to a stable plateau, the
decreasing degree of n*(t,y) increasing with SEEPS
concentration increasing, which is related with rela-
tive weak interfacial interaction and mutiphases
structure. In addition, introduce of SEEPS elastomer
improve m*(t,¥) of blends and the sensitivity of
n*(t,7) to shear rates. In general, stress overshoot is
a relatively common phenomenon, especially for the
nonlinear viscoelastic behavior of polymers appear-
ing at relatively high shear rates. Here, obvious
stress overshoot behavior is observed at 0.5 s ',
while this phenomenon can’t be observed at other
applied shear rates for all the blends.

From the experimental data, the changes of struc-
ture can be shown. when the shear rate is low, the
transient viscosity increases rapidly to a stable pla-
teau, which exhibits that the strain history make the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 The nonlinear relaxation modulus curves of nylon1212/SEEPS blends at different shear strains.

structure of this sample derivate from the stable
state while the sample tries its best to revert to
original state. If the applied time is enough long,
the structure of this sample will approach a new
dynamic equilibrium state and form a viscosity
plateau. When the shear rate is high, the transient
viscosity decreases gradually after a plateau,
indicating that the accumulative strain history
further to destroy the structure of this system. If
the shear rate increase further, the “stress over-
shoot” can be considered as a label of father
destruction of structure.

For successive start-up steady shear behavior,
n*(t,¥) can be expressed using Wagner model as

Journal of Applied Polymer Science DOI 10.1002/app

w0 = [ 605
0

Taking the relaxation modulus G(s) defined by
eq. (15) and the damping function defined by
eq. (11) into eq. (7), n*(t,¥) can be calculated as

. 1 GiLK
Tﬁ(t, Yo) = PP —— [1
Z;a—mmmf
" Giki(1—K)
~ (1 - aryoh)

+ h(s)} ds. (16)

_ e—tm.l(l — a1Yohitri1)]

[1 — eit”'z (1 — ﬂ2'\.{07\«itr,i,2)}a

17)
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in which

t .
x + ﬂz'yOt. (18)

ti1 = ki, +aryot, teio =

Figure 5 illustrates the effect of shear rate and
time on the transient viscosity for nylon1212 blends
through fitting nonlinear viscoelastic behavior based
on Wagner model. It can be seen that nonlinear
Wagner model can predict not only experimental
data of nylon 1212/SEEPS (90/10) blend at 0.05 s~
well, but also the plateau value at 0.05 s ' and

0.1 s7! and the stress overshoot behavior at 0.5 s 1.

As for blends (80/20), although Wagner equation
can describe the changing tendency of n*(t,y), the
simulating curves are higher than experiment data,
which suggests that Wagner model cannot predict
the nonlinear viscoelastic behavior of this blends.
Based on the simulating results of other nylon1212
blends, it can be concluded that Wagner model can-
not simulate the nonlinear nylon1212 blends with
high SEEPS concentration well, which is similar to
the simulating results of linear viscoelastic behavior
using Palierne model.”

It has been discussed in our previous articles that
when the concentration of SEEPS is relatively low,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 The damping functions of nylon1212/SEEPS blends and predictions with four mathematic functions.

and nonlinear rheological behaviors of blends with
low concentration of SEEPS are controlled by the

the morphologies of blends show droplet-matrix
structure and interactions between the disperse

phases and matrix is weak.”” Therefore, the linear  nylon1212 matrix, the relaxation curves and
TABLE II
The Fitting Parameters of Four Damping Functions for Nylon1212/SEEPS Blends
o x 107 B a; x 1073 ay x 1072 K b x 10° k x1073

90/10 12 15 7.3 18 1.1 9.21 6.5
80/20 1.0 2.3 7.3 2.6 1.5 229 29
70/30 1.1 3.6 9.5 54 1.3 18.1 5.7
60/40 34 1.3 8.5 1.7 1.0 5.71 8.2
50/50 19 1.5 11 12 1.1 4.07 4.8
40/60 6.3 1.3 26 44 2.0 1.80 1.2

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 The effects of shear rate and time on the transient viscosity of nylon1212/SEEPS blends, the fit of nonlinear

Wagner model is illustrated in the figure with a solid line.

damping functions of nylon1212 blends with low
SEEPS concentration are similar to those of matrix,
we can use Wagner model acquired from homopoly-
mer to predict their nonlinear viscoelastic behavior.
When the concentrations of SEEPS increase, the
blends enter gradually into phase transition region
and the morphologies of blends change from drop-
let-matrix structure to double phase cocontinuity
structures and the interactions between two phases
strengthen obviously. The nonlinear viscoelastic
behavior can not only be controlled by the matrix
and disperse phases, but the interaction between
matrix and disperse phases can affect the nonlinear
viscoelastic behavior. Therefore, it is difficult to

obtain an appropriate damping function to describe
the viscoelastic behaviors of blends.

CONCLUSIONS

The nonlinear viscoelastic behaviors of nylon1212/
SEEPS blends were carried out. In the linear region,
Maxwell model was used to evaluate the relaxation
behavior and the time and modulus corresponding
to the characteristic relaxation modes was achieved.
The damping function can be obtained from the
nonlinear and linear relaxation curves and Laun
double exponential function could be used for
describing experimental data well. Moreover,

Journal of Applied Polymer Science DOI 10.1002/app
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Wagner model was applied to predict the nonlinear
rheological behavior under the successive start-up of
shear, the results show that Wanger model is appro-
priate to predict not only the homogeneous polymer,
but also that of nylon1212 blends with low SEEPS
concentration. The reasons are that the relaxation
curves and damping functions of nylon1212 blends
with low SEEPS concentration are controlled mainly
by the matrix. As for the blends with high SEEPS
concentration, complex morphologies and interaction
in the interface can affect obviously the nonlinear
viscoelastic behaviors, so it is difficult to obtain an
appropriate damping function to describe the visco-
elastic behaviors of blends and fail to simulate the
nonlinear viscoelastic behaviors with Wagner model.
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