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ABSTRACT: The stress relaxation and creep behavior of
blank polyurethane (PU) and PU/clay nanocomposites
were investigated. The relaxation time spectrum and re-
tardant time spectrum were derived according to the gen-
eralized Maxwell model and Voigt model with a Tikhonov
regularization method, respectively. The characteristic
relaxation time was identified with the corresponding
relaxation process. At a small strain, the relaxation was
mainly attributed to uncoiling/disentangling of soft seg-
ment chain network in the soft phase, with a single charac-
teristic relaxation time in the range of 5–100 s. The increase
in the hard segment content leads to a decrease in the
relaxation time, and the addition of clay leads to an
increase in the relaxation time. At large strains, the multi-

peak relaxations occurred, and they were attributed to the
breakup of interconnected hard domains and pullout of
soft segment chains from hard domains, together with the
disentangling of soft segment chain network in the soft
phase. The creep results are consistent with those of the
stress relaxation. The relaxation and creep behavior were
related to microphase separation of PU. This study sug-
gested that the relaxation spectrum can be used to exam-
ine the complicated relaxation processes for a multiphase
and multicomponent polymer system. � 2006 Wiley Periodi-
cals, Inc. J Appl Polym Sci 103: 2992–3002, 2007
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INTRODUCTION

Polyurethane (PU)/clay nanocomposite has attracted
increasing interest recently.1–11 The introduction of
clay can improve tensile strength and elongation of
PU. The properties of PU/clay nanocomposites are
dependent on the molecular structure of PU, mainly
on microdomain structure, dispersion state of clay,
i.e., intercalation or exfoliation, and interaction between
clay and PU. One of the most important features of
PU is microphase separation due to its thermody-
namic incompatibility between the soft and hard
segments.12 Microphase separation leads to the for-
mation of two-phase structure, i.e., hard domains
rich in hard segments and a soft phase rich in soft
segments. The degree of microphase separation
influences the mechanical and viscoelastic properties
of PU. To disclose the fundamental mechanism
about the improvement in PU/nanocomposite prop-
erties, the effect of clay on microphase separation of
PU has been investigated by several researchers; it
appears that there is no consensus. Tien and Wei
reported that the degree of microphase separation in

the hard segments of the synthesized montmorillon-
ite (MMT)/PU nanocomposites decreased with the
increasing amount of MMT, but reached plateau val-
ues at 5 wt % MMT concentration.4 Dai et al. found
that the degree of microphase separation (i.e., hydro-
gen bonding index) first increased with the clay
ratios in the PU matrix and then decreased.11

PU/clay nanocomposites are viscoelastic, and as a
consequence, the long-term strength is one of their
major concerns. Stress relaxation and creep were
widely used to investigate the time-dependent visco-
elastic properties of polymer. Relaxation is a process
of reorganization of the structure to reach the thermo-
dynamic equilibrium after a perturbation. It involves
the structure change at different length scales, and the
required time called relaxation time is on a wide
range of time scales. In general, the combination of
mechanical elements, usually springs and dashpots,
can be used to model the viscoelastic response of
polymer materials. It is well known that Maxwell and
Voigt model were widely used to depict the stress
relaxation and creep behavior, respectively.13 The
relaxation time spectrum and retardant time spectrum
related to specific molecular architectures can be
derived from the two models. The spectrum’s sensitiv-
ity to small changes in molecular connectivity makes
it a powerful tool to distinguish small differences in
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otherwise undistinguished materials.14 For a heteroge-
neous material, the spectrum is strongly related to the
microdomain structure. Relaxation or retardant time
spectrum can qualitatively disclose the relationship
between the microstructure and characteristic relaxa-
tion time. Also, the broadness of the spectrum can
reflect the polydispersity of the relaxation elements.
For PU with two-phase structure, relaxation or retard-
ant time spectrum can distinguish some information
of hard domain and soft phase structures of PU based
on the characteristic relaxation peak.

It is interesting to know how the addition of clay
affects the microphase separation of PU and further
the stress relaxation and creep behavior of PU/clay
nanocomposites. In this study, we tried to identify
the relaxation peak in the relaxation spectrum and
disclose some relationships between microphase sep-
aration and stress relaxation and creep behavior in
PU/clay nanocomposites.

EXPERIMENTAL

Materials

Poly(propylene glycol) (Lupranol 2090, molecular
weight ¼ 6000, function ¼ 3), was kindly provided
by Elastogran U.K. Ltd. 4,40-Methylene bis(cyclo-
hexyl isocyanate) (MDI) was kindly provided by
Hyperlast, UK. 1.4-Butanediol was purchased from
Aldrich Chemical Company. Dabco-33LV as the cata-
lyst was obtained from Air Products and Chemicals
(UK). The organoclay C20A was purchased from
Southern Clay Products, USA. The modifiers for
organoclay C20A is dihydrogenated tallow quater-
nary ammonium (2M2HT).

Preparation of PU-organoclay nanocomposites

Polyurethane at different hard segment content, i.e.,
16, 26, 36, and 46%, was prepared through one-shot
process. Polyurethane/organoclay nanocomposites at
a hard segment content of 26% were prepared. The -
NCO/OH ratio was kept at 1.1:1 for every sample.
Typically, 19.4 g of polyol and 0.6 g of clay were
blended and stirred for 4 h at 808C. The polyol/clay
mixture was blended with 0.85 g of 1,4-butanediol,
5.96 g of MDI, and 0.03 g of Dabco-33LV as a catalyst
at room temperature for 1 min and was vacuum-
degassed for 3–5 min to remove the bubbles. Then
the viscous prepolymer was poured into an O-ring
metal mold and cured at 508C for 24 h and 808C for
72 h to obtain PU-organoclay nanocomposites.

Characterization

Fourier transform infrared (FTIR) spectra of PU/clay
nanocomposite films were recorded on a Mattson

3000 FTIR spectrometer by using an ATR mode. The
spectra were collected from 4000 to 400 cm�1, with a
4-cm�1 resolution over 120 scans.

Small-angle X-ray scattering (SAXS) experiments
were illustrated in reference.10 It was carried out on
the Kratky Compact Small Angle System with a sta-
tionary-anode copper-target X-ray tube (wavelength,
1.542 Å) at room temperature. The fine-focus X-ray
generator was operated at 45 kV and 40 mA.

The morphology of the samples was examined on
sectioned specimens by atomic force microscopy
(AFM) using a TA Instruments 2990 micro-thermal an-
alyzer incorporating a ThermoMicroscopes Explorer
AFM (TA Instruments, New Castle, DE 19720). The
operating method employed was tapping mode,
simultaneously producing topographic and phase
images. The PU samples were subjected to an initial
50 mm � 50 mm-scan to identify areas smooth enough
for analysis. Once this was achieved, a high-resolution
10 mm � 10-mm scan was carried out.

Stress relaxation

Experiment

Stress relaxation tests for the specimens (width, 3.72
mm; thickness, 1-2 mm; length, 35 mm) were carried
out using a Hounsfield test machine at room temper-
ature. For strain experiment, the same specimen was
used. The specimen was deformed, then relaxed, and
then deformed again at a higher strain, following this
sequence: 10, 25, 50, 100, 200%. During the test, the
specimens were stretched to a certain strain at a
crosshead rate of 50 mm/min, and then held for 40
min. For stress relaxation on different hard segment
and clay content, different specimens were used for
every test, and the strain was fixed at 100%. The
stress decay with the time was recorded. The relaxa-
tion ratio was defined as (s0 � se)/s0, where s0 is
the initial stress at t ¼ 0 at 100% strain, and se is the
approximately equilibrium stress at t ¼ 40 min.

Stress relaxation data analysis

Relaxation time spectrum. In general, discrete relaxa-
tion time spectrum can be calculated from the exper-
imental relaxation curves using the generalized Max-
well model consisting of a set of Maxwell units con-
nected in parallel. When the number of Maxwell
elements approaches infinity, the relaxation modulus
can be expressed as Laplace transform of a continu-
ous relaxation time spectrum H( t)13).

EðtÞ ¼ Ee þ
Z 1

�1
HðtÞ e�t=t d ln t (1)

where E(t) is the decaying modulus at the time t, t
is the relaxation time, and Ee represents the fitted
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equilibrium or residual modulus at the fully decayed
state. H(t) is the relaxation time spectrum. The spec-
trum H(t) cannot be measured directly. It can be
obtained through inverse Laplace transform by a nu-
merical method. The numerical inverse Laplace
transform on an experimental curve was generally
an ill-posed problem. In this article the relaxation
time spectra for all the samples were obtained from
the curves of relaxation modulus with time by nolin-
ear Tikhonov regularization method.15 A total of 178
data points were selected for the analysis.
Stress relaxation rate. The stress relaxation rate at t ¼
t0 can be estimated by the following equation:

dEðtÞ
dt

����
t¼t0

¼ d
R1
0

HðtÞ
t expð�t=tÞdt

dt

�����
t¼t0

¼
Z 1

0

HðtÞ expð�t0=tÞ
t2

dt (2)

To avoid the initial experimental instability, we
calculated the stress relaxation rate at t ¼ 60 s. In a
previous study, Cotton and Boonstra evaluated the
relaxation rate by fitting the test data to an empirical
formula, i.e., ft ¼ f1.0 t�n, where, f1.0 is the stress after
1 min of relaxation, n is the relaxation rate index of
material, and t is time in minutes.16

Creep

Experiment

Creep test for the specimens (width, 4 mm; thick-
ness, 1–2 mm; length, 40 mm) was performed at
308C on a TA Instruments Thermal Analysis DMA
Q800. A small preload of 0.2 N was applied to make
sure that the sample was taut. The samples were dis-
placed at a stress of 0.2 MPa for 120 min and then
were recovered for 60 min. The strain and creep
compliance J(t) was recorded. The creep ratio was
defined as (Je � J0)/J0, where J0 is the initial creep
compliance, and Je is the equilibrium creep compli-
ance.

Creep data analysis

Retardant time spectrum. The retardant time spectra
were derived according to the generalized Voigt
model based on the creep-compliance–time curves.13

JðtÞ ¼ Jg þ
Z 1

�1
LðlÞð1� e�t=lÞd ln lþ t=Z0 (3)

where J(t) is the creep compliance at the time t, l is
the retardant time, and Jg represents the fitted equi-
librium creep compliance. L(l) is the retardant time
spectrum.

Creep rate.. The creep rate at t ¼ t0 can be estimated
by the following equation:

dJðtÞ
dt

�����
t¼t0

¼ d
R1
0

LðlÞ
l ð1� expð�t=lÞÞdl

dt

�����
t¼t0

¼
Z 1

0

LðlÞ expð�t0=lÞ
l2

dl (4)

To avoid the initial experimental instability, the
creep rates at t0 ¼ 60 s were calculated for a relative
comparison.

RESULTS AND DISCUSSION

In a multiphase system, microphase separation, i.e.,
microdomain composition and morphology, has a
great influence on the relaxation and creep proc-
esses. In this study we first investigate the micro-
phase separation with FTIR, SAXS, and AFM, and
then the stress relaxation and creep behavior. We
will analyze the stress relaxation and creep behavior
combined with the microphase separation of PU.

Microphase separation of polyurethane/
clay nanocomposites

FTIR

Phase separation is an important factor for PU phys-
ical properties. The degree of phase separation (DPS)
in segmented PU can be estimated according to the
method of Cooper and coworkers.4,17 The hydrogen
bonding was formed by the ��NH groups being pro-
ton donor and the oxygen in carbonyls of the hard
segment and in ethers of the soft segment being pro-
ton acceptors. The formation of hydrogen bonding
by ��C¼¼O group can be determined by examining
the peak position at � 1705 cm�1 for hydrogen
bonded ��C¼¼O and at � 1728 cm�1 for free
��C¼¼O. By measuring the peak intensity ratio of
these two carbonyl groups, it is possible to give an
estimate of the degree of hydrogen bonding. In asso-
ciation with the change of absorption peaks of NH
groups, the DPS of segmented PU can be calculated.
In addition, the hydrogen bonding index, R, can
be obtained from a base-line approach method: R
¼ Cbondedebonded/Cfreeefree ¼ A� 1703/A� 1727, where
C is the concentration and e is the respective extinc-
tion coefficient of bonded and free carbonyl groups.
The DPS can be obtained by the equation DPS
¼ Cbonded/(CbondedþCfree) or DPS ¼ R/(R þ 1).4

Here the ratio of ebonded/efree is taken as � 1 accord-
ing to Cooper and coworkers.17 Figure 1 shows FTIR
spectra of PU/clay composites. The peak was fitted
by Microcal Origin software and a curve fitting result
for PU-26 is shown inside the Figure 1. The area of
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peak at � 1728 cm�1 and � 1705 cm�1 was calculated
to evaluate the hydrogen bonding index, R, and the
DPS. The DPS results are shown in Figure 2. It is clear
that with increasing the clay content, the DPS increased.

AFM

AFM has been proved to be an important tool to
characterize the microphase-separated structure.18–21

This technique allows simultaneous detection of
phase image and height, which provides insight on
the variations in topography and local stiffness.
Using a tapping mode, AFM can not only image
topographic features but can also map the spatial
variation in surface by phase imaging. Phase imag-
ing is quite effective for mapping the submicrometer
properties of multicomponent polymer systems
based on the relative elasticity of individual compo-
nents. Conventionally, the scales of AFM phase
images are set so that the harder phase induces a
higher phase offset and appears lighter whereas the
softer phase appears darker. Therefore, in the AFM
images presented in this article, the lighter regions
correspond to the hard phase and clay particles
whereas the darker regions are representative of soft
phase. In this study the intercalated clay is a minor
composition when compared with the hard domain
of PU. Figure 3 shows the tapping mode phase
images of PU and PU nanocomposite with 3% clay
content at a hard segment of 26%. The aggregates of
hard domains in the magnitude of submicrometer
with the spherical structures were observed in the
blank PU. When the clay was incorporated, the size
of the aggregates of hard domain was reduced. It is
difficult to distinguish the clay particles and hard
domain of PU by AFM. The intercalated clay struc-
tures were easily observed by TEM, which was
shown in our previous study.22 In addition, com-
pared with blank PU, PU nanocomposite has a

clearer interface and a denser hard domain structure,
indicating a more complete microphase separation.

So, from FTIR and AFM, it can be concluded that
with the addition of clay, the size of hard microdo-
main decreases and a more complete phase separa-
tion occurs. In a previous study,10 we conducted
SAXS experiment to examine the microphase mor-
phology of PU. The degree of microphase separation
also can be evaluated from SAXS experimental. The
higher electron density variance is due to a higher
extent of microphase separation, which leads to a
greater contrast in electron densities. The scattering
peak height is roughly proportional to the contrast
between the phases.23,24 The scattering peak height
increases by increasing the clay content, indicating a
higher degree of microphase separation. The SAXS
results are consistent with the results reported here.
The reason for the change in microphase separation
induced by clay particles is not very clear. Possibly,
the clay particles can have the nucleation effect to
induce the formation of hard domain during the
reaction process.

Stress relaxation of blank polyurethane

Stress relaxation measurements can give an insight
into the viscoelastic behavior of polymer. Typical
stress relaxation data can be fitted to a power-law
equation E(t) � E1 (1þ(t/t)�m)25 or a single stretched
exponential function E(t) ¼ (E0 � Ef) exp(�t/t)b þ Ef,
a modification of the Kohlrausch–Williams–Watt
equation.26 A single characteristic relaxation time t
can be derived. For an elastomer, the stress relaxa-
tion with the power-law decay was related to the
relaxation of loops and free dangling chains attached
to the hard domain.27 Recently, Hotta and colleagues
proposed a chain pullout mechanism to interpret the
stretched exponential decay.28,29 Gurtovenko and
Gotlib thought that the stress relaxation behavior in
an inhomogeneously crosslinked network may be

Figure 1 FTIR spectra of PU/clay C20A nanocomposites.

Figure 2 Variation of hydrogen index with the clay content.
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caused by a broad size distribution of noninteracting
network regions each composed of a certain number
of relaxation elements (crosslinks, polydisperse chains,
etc).30 Hotta extended this model to homogeneously
crosslinked thermoplastic elastomers assuming that
thermal fluctuations induce fluctuations in size of
domains of crosslinks via a chain-pullout mecha-
nism.29 Ortiz et al. studied a single-step stress relaxa-
tion of a polydomain liquid crystalline elastomer
(LCE); they found that an LCE with a domain struc-
ture has a higher relaxation strength and a much
faster relaxation time when compared with amor-
phous, isotropic polyisoprene and they suggested that
the origin of this relaxation takes place on a localized
size scale of less than a single domain (� mm).31 For a
multiphase and multicomponent system, the stress
relaxation is a superposition of different relaxation
processes. The different relaxation processes with dif-
ferent relaxation elements should be related to differ-
ent characteristic relaxation times t. The power-law
and stretched exponential equations with a single

relaxation time cannot give such information. Alterna-
tively, the quantitative description of stress relaxation
as shown in Eq. (1) can be made according to a gener-

Figure 3 AFM tapping-mode phase image of PU and PU/3% clay C20A nanocomposite.

Figure 4 Stress relaxation curves of PU with different
hard segment contents at 100% strain.
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alized Maxwell model based on the stress relaxation
modulus data G(t) ¼ s(t)/e. And the relaxation time
spectrum H(t) can be derived using Lapalace trans-
form. The H(t) value is related to relaxation rate, as
shown in Eq. (2). The multiple characteristic relaxation
time and relaxation peak broadness given by relaxa-
tion time spectrum H(t) can disclose the molecular
and microdomain structure information qualitatively.
The stress relaxation for polymer is attributed to chain
motion and orientation, uncoiling/disentangling of
polymer chain network strand, and deformation and
rupture of microdomain and crosslinks. Our belief
is that every peak in the relaxation time spectrum
should be related to a specific intrinsic structural
change. In this study, to identify every relaxation peak
in relaxation time spectrum, we first examine the hard
segment content and strain effect of blank PU.

Hard segment content

Figures 4 and Figure 5 show the stress relaxation
curves and relaxation time spectra of PU with differ-
ent hard segment contents. The initial stress, equilib-
rium stress, relaxation ratio, relaxation rate, and char-
acteristic relaxation time are listed in Table I. By
increasing the hard segment content, the initial stress

and equilibrium stress, relaxation ratio and rate
increased. Figure 6 shows the variation of characteris-
tic relaxation time t with the hard segment content.
Based on the relaxation time spectrum, three points
can be noted. (1) As shown in Figure 6, the character-
istic relaxation time decreased with increasing hard
segment content, and this decrease can be fitted to an
empirical exponential equation very well: t ¼ 5
þ 957 exp(�c/0.07), where c is the hard domain con-
tent. Based on this equation, when hard domain
content was extrapolated to 0, the PU without hard
domain has a relaxation time of � 962 s. It is in the
same magnitude of isotropic polyisoprene investi-
gated by Ortiz et al.31 When the hard domain content
was extrapolated to 100%, the pure hard domain has
a relaxation time of � 5 s. (2) At a 16% hard segment
content, there is only one relaxation peak. And by
increasing the hard segment content, another peak
with a longer relaxation time appeared and became
much clearer at 36 and 46% hard segment contents.
(3) By increasing the hard segment content, the peak
becomes broader. These results suggest that the hard
segment content has a significant effect on the relaxa-
tion of PU. A detailed discussion will follow later.

Strain effect

The strain plays an important role in the structural
change of elastomer during stress relaxation. The
strain experiment was conducted at different strains
10, 25, 50, 100, and 200% for blank PU at a 26% hard
segment content. Figure 7 shows the relaxation time
spectra at different strains. With the increase in
strain, the characteristic relaxation time first de-
creased and then increased and it appears that the
relaxation peak first becomes narrower and then
broader. At a strain of 200%, three characteristic
peaks appeared. The multipeak distribution at this
large strain indicates a multirelaxation process.

From the above-mentioned relaxation experiments
by varying the hard segment and strain, we attempt
to identify the peak related to the relaxation process.
For PU elastomer, there should be three main relaxa-

TABLE I
Stress Relaxation Data of Unfilled Polyurethane at Different Hard Segment Contents

Sample

Initial
stress

s0(MPa)

Equilibrium
stress

se(MPa)
Relaxation ratio
(s0 �se)/s0

Relaxation rate
at 60 s (10�4)

Relaxation
time t (s)

PU-16 0.67 0.63 0.050 1.22 116.6
PU-26 1.44 1.17 0.188 6.80 31.9
PU-36 3.01 2.12 0.296 26.8 11.6
PU-46 10.26 5.99 0.416 72.2 7.0

Relaxation rate was obtained from eq. 2, and the characteristic relaxation time t was
taken from the position of the maximum in the short time-relaxation peak. For PU-46,
the first wide peak was split into two peaks by using an origin fitting program and the
t value was taken from the first short time-relaxation peak.

Figure 5 Relaxation time distribution curves of PU with
different hard segment contents.

MICROPHASE SEPARATION OF POLYURETHANE NANOCOMPOSITES 2997

Journal of Applied Polymer Science DOI 10.1002/app



tion processes: uncoiling/disentangling of soft seg-
ment chain network in the soft phase, breakup of
interconnected hard domain, and pullout of soft seg-
ment chains from hard domains. The first relaxation
can take place at any strain, and the latter two relaxa-
tions only at large strains. One of our main concerns
is, What mechanism is responsible for the relaxation
process with the characteristic peak at 5–100 s? We
think this peak should be attributed to uncoiling/dis-
entangling of soft segment chain network in the soft
phase. There are two reasons for this identification:
(1) as suggested earlier, from the strain experiment
this peak always existed at a small strain (linear
viscoelastic region) and large strains (nonlinear visco-
elastic region). The strain experiment was conducted
on one elastomer specimen following this sequence:
10, 25, 50, 100, 200%. Even after several relaxation
experiments, the characteristic relaxation peak at 5–
100 s still existed with some shifts, suggesting that
the related relaxation process may be reversible. (2)
From relaxation experiment with different hard seg-
ment contents, the peak shifts to a larger relaxation
time with the increase of soft segment content. If we
attribute this peak to the structural change of hard
domain, there should be another peak for soft seg-
ment chain for PU-16; however, it is clear that there
is only one single peak. The peak shift with increas-
ing soft segment content should be related to soft
phase composition, i.e., the hard segment content in
the soft phase. With the increase in hard segment
content, the hard segment in the soft phase increased,
soft chain flexibility decreased (glass transition tem-
perature increase), and elasticity decreased, thus
leading to a fast stress relaxation time. For PU relaxa-
tion at a large strain of 200%, the observed three
peaks in the relaxation spectrum (Fig. 7) was attrib-
uted to three different processes. The first peak I at
� 6 s may be attributed to the breakup of intercon-
nected hard domains, the second peak II at � 47 s

should be attributed to the disentanglement of the
molecular chains in the soft domain, and the third
peak III at �1443 s may be attributed to the pullout
of soft segment chains from hard domains, which
takes place after the breakup of interconnected hard
domain. We believed that the multipeak appeared at
a large strain of 200% was related to the breakup of
interconnected hard domains. The breakup of inter-
connected hard domains during stretching was also
detected by FTIR based on a decrease in hydrogen-
bonding.32,33 Ishihara et al. reported strain-induced
changes in the extent of hydrogen bonding on one
elastomer.34 They suggested that no change in the
extent of hydrogen bonding of polyurethaneureas
was observed up to 50% strain, and an abrupt
decrease in the hydrogen bonding occurred at 100%
strain, which was followed by only a slight decrease
in H-bonding at still higher elongation. Desper
et al.35 reported a significant decrease in a long
repeat period at the strain between 100 and 200% by
SAXS experiment and deduced the breakup of the

Figure 6 Variation of characteristic relaxation time with
different hard segment contents.

Figure 7 Effect of strain on the relaxation spectrum of
blank PU.

Figure 8 Stress relaxation curves of PU/clay C20A nano-
composites at 100% strain.
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hard-segment phase into smaller chunks. This pres-
ent study suggested that the relaxation spectrum
H(t) can characterize the rupture of interconnected
hard domains of PU and give more information on
this dynamic process than can FTIR and SAXS. In
addition, we noted that with increase in the hard
segment content, the relaxation spectra changed from
single-peak distribution to multipeak distribution.
These results suggested that increasing hard segment
content led to a more complicated relaxation process.
Especially, the shape of relaxation spectrum of PU
with a 46% hard segment content at 100% strain is
similar to that of PU with a 26% hard segment con-
tent at a 200% strain. In such cases, the breakup of
interconnected hard domains of PU occurred and led
to the multipeak relaxation. The strain needed to
break up the interconnected hard domains of PU at
high hard segment contents is lower than that at low
hard segment contents. This is because the intercon-
nected hard domains of PU at higher hard segment
contents have a larger size and could be more easy
to deform and break under strain.

Stress relaxation of polyurethane nanocomposite

We have identified the relaxation peak based on the
relaxation experiment of PU at different hard seg-

ment contents and different strains. We will discuss
the effect of clay on the relaxation time of PU nano-
composites, mainly the characteristic relaxation time
at 5–100 s related to uncoiling/disentangling of soft
segment chain network in the soft phase.

Effect of clay content on stress relaxation

Figures 8 and Figure 9 show the stress relaxation
curves and relaxation time spectra for PU with differ-
ent clay contents, respectively. The initial stress, equi-
librium stress, relaxation ratio, relaxation rate, relaxa-
tion time are listed in Table II. With the increase in
clay content, the initial stress increased and the equi-
librium stress nearly does not change except for 5%
C20A. The addition of clay can improve the modulus
of PU elastomer, which is consistent with our former
conclusion.7,22 The results indicate that the addition
of clay has a very weak effect on the crosslink den-
sity of PU. The relaxation ratio and rate increase
with the addition of clay. It is interesting to note that
the characteristic relaxation time related to uncoil-
ing/disentangling of soft segment chain network in
the soft phase increased with the addition of clay.
This suggested that characteristic relaxation time
derived from relaxation spectrum is not always
related to the overall relaxation rate, as suggested in
eq. 2. The characteristic relaxation time only corre-
lates a specific relaxation process. This is different
from relaxation time obtained from the power-law
equation or a single stretched exponential function,
which can be taken as an evaluation of overall relax-
ation rate. The peak shift with clay content could be
related to soft phase composition. As suggested ear-
lier, the addition of clay enhanced the degree of
microphase separation; that means the hard segment
content in the soft phase decreased, soft chain flexi-
bility increased, and elasticity increased, thus leading
to a slow stress relaxation process. We noted that the
trend in the change of microphase separation with
clay contents is consistent with the trend in the relax-
ation time. On the other hand, with the addition of
clay, the relaxation peak becomes broader. The
broadening of relaxation spectra is associated with

Figure 9 Relaxation time distribution curves of PU/clay
C20A nanocomposites.

TABLE II
Stress Relaxation Data of Polyurethane/Clay Nanocomposites

at 26 wt % Hard Segment Content

Sample
Initial stress
s0(MPa)

Equilibrium stress
se(MPa)

Relaxation ratio
(s0 �se)/s0

Relaxation rate
at 60 s (10�4)

Relaxation
time t (s)

PU-26 1.44 1.17 0.188 6.80 31.9
1% C20A 1.52 1.20 0.210 8.04 43.1
3% C20A 1.63 1.23 0.241 9.67 61.8
5% C20A 1.87 1.39 0.257 11.50 46.3

Relaxation rate was obtained from eq. 2, and the relxation time t was taken from the
position of the maximum in the short time-relaxation peak.
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the increase in the diversity of soft segment chain
structure due to the addition of the filler.

Strain effect

The strain experiments were conducted at different
strains 10, 25, 50, 100, and 200% for 3% C20A/PU
nanocomposite. Figure 10 shows the relaxation time
spectra at different strains. During the test, the speci-
men was deformed, then relaxed, and then deformed
again at a higher strain, following this sequence: 10,
25, 50, 100, 200%. The specimens were stretched to a
certain strain at a crosshead rate of 50 mm/min, and
then held for 40 min. The characteristic relaxation
times of PU nanocomposite at different strains are
higher than that of blank PU at the corresponding
strain shown in Figure 8. A multipeak distribution
appeared at 100% strain for PU/3% C20A nanocom-
posites, earlier than blank PU, possibly due to a faster
overall relaxation rate. At a 200% strain, the relaxation

spectra return to a single peak distribution. This indi-
cated that the two new relaxation processes that
appeared at a 100% strain involved an irreversible dis-
ruption process. This further supported that it is rea-
sonable to attribute the two processes to the breakup
of interconnected hard domains and the pullout of
soft chains from hard domains, respectively.

Creep of polyurethane nanocomposites

Creep is defined as the time-dependent permanent
deformation in a material resulting from prolonged
application of constant structural stress at a constant
temperature. For polymer, after instantaneous defor-
mation, the creep can be divided into two main
stages: the primary creep and the steady-state creep.
In the primary creep, the creep strain rate decreases
with time. In the steady-state creep, the strain rate is
constant. When load is removed after a creep time,

Figure 11 Creep and recovery curves of PU/clay C20A
nanocomposites.

Figure 12 Creep compliance versus time curves of PU/
clay C20A nanocomposites.

Figure 13 Retardant time distribution curves of PU/clay
nanocomposites.

Figure 10 Effect of strain on the relaxation spectrum of
PU/3%clay nanocompsoite.
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strain recovery occurs, which means creep recovery.
In general, in a creep test the total strain e is the
sum of three separate parts e1, e2, and e3. The e1 and
e2 are the immediate elastic deformation and
delayed elastic deformation. e3 is the Newtonian
flow.13 Figure 11 shows the creep and recovery
curves of PU/clay C20A nanocomposites. With
increase in clay content, the e1 and e2 decreased.
Also, the addition of clay leads to a lower creep re-
covery. The creep compliance J, i.e., the ratio of
strain and applied stress, can be expressed as J ¼
J1 þ J2 þ J3. For a crosslinked or highly crystalline
polymers, J3 can be 0 approximately.13 Figure 12
shows the creep compliance curves for PU with dif-
ferent clay contents. The quantitative description of
creep can be made according to a generalized Voigt
model based on the creep compliance data as shown
in Eq. (3). And the retardation spectrum can be
derived using Laplace transform. Similar to relaxa-
tion time spectrum, the retardant spectrum L(l)
value is related to creep rate as shown in Eq. (4).
Figure 13 shows the retardant time spectra for PU
with different clay contents. The instantaneous com-
pliance, equilibrium compliance, creep ratio, creep
rate, and retardant time are listed in Table III. Here,
the retardant time l was taken from the position of
the maximum of the second peak of the retardation
spectra. We choose this peak because the retardant
time obtained from this peak is in the same magni-
tude as the relaxation time we discussed earlier.
With increase in clay content, the instantaneous com-
pliance decreases, which is consistent with the analy-
sis of the relaxation modulus. Also, the equilibrium
compliance nearly does not change except for 5%
C20A, similar to the equilibrium stress during the
stress relaxation experiment. The creep ratio and
rate increased and the retardant time increased with
the addition of clay. These results agree with the
stress relaxation results.

CONCLUSIONS

Microphase separation of PU nanocomposite was
characterized. FTIR, AFM, and SAXS suggested that

with the addition of clay, the size of hard domain
decreased and a more complete phase separation
occurred. Based on the stress relaxation modulus
and creep compliance data, the relaxation and re-
tardant time spectra were derived according to a
generalized Maxwell model and Voigt model with a
Tikhonov regularization method, respectively. Based
on stress relaxation of blank PU, the characteristic
relaxation peaks in the spectrum were assigned to
different relaxation processes. At a strain below
100%, the disentanglement of the molecular chains
in the soft domain should be mainly responsible for
the stress relaxation process. It was found that relax-
ation time decreases with increasing hard segment
content. The addition of clay increases the relaxation
time. The shift in the relaxation time was related to
microphase separation of PU. At large strains, the
occurred multipeak relaxations were related to the
breakup of interconnected hard domains, pullout of
soft segment chains from hard domains, and the dis-
entanglement of the molecular chains in the soft
phase; the former two processes are irreversible. The
relaxation spectrum H(t) can be used to characterize
the rupture of interconnected hard domain of PU
and provide a method to examine the complicated
relaxation processes for a multiphase and multicom-
ponent polymer system. In addition, the creep
results are in agreement with those of the stress
relaxation tests.
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