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The effects of temperature, strain level during stress relaxation tests and stress level during mechanical
creep tests on the viscoelastic characteristics of polycarbonate films were investigated. When the testing
temperature increased the un-relaxed elastic modulus was found to increase during relaxation tests (at
low strain levels <2.0%) and the initial strain was found to decrease during creep tests (at low stress levels
<20 MPa), in an unusual behavior. A transition from poly-domain to a more coiled and more entangled
chains poly-domain configuration took place at low strain and stress levels. At high strain and stress levels
(= 2.0% and =20 MPa) a usual behavior of the un-relaxed stress and initial strain was observed and a tran-
sition from poly-domain to mono-domain configuration took place. The thermal energy required for the
transition from poly-domain to another poly-domain and from poly-domain to the mono-domain during
both relaxation and creep tests were calculated. Besides, both the relaxation and creep strengths were cal-

culated and studied.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polymers are widely used in many engineering applications so
knowledge of their mechanical properties is important. Most poly-
mers exhibit time-dependent mechanical behavior, usually referred
to as viscoelasticity. Stress relaxation, creep and dynamic loading
tests are the commonly used techniques to measure this viscoelastic
behavior. The main idea of either stress relaxation or creep denotes
the process of the establishment of static equilibrium in a physical or
a physico-mechanical system. Its rate depends on the probability of
the transition of the system from one stage of equilibrium to another
[1]. The viscoelastic behavior of polymeric materials can be influ-
enced by many factors such as temperature [2], physical aging
[3,4], pressure [5], solvent concentration [6], strain [7] and stress le-
vel [8-10].

The ideal polymer behaves like a perfect Hookean spring. When it
is under constant stress or strain, the resulting deformation remains
constant as long as itis strained, and so it is time independent. When
the stress or strain removed, the deformation returns to zero instan-
taneously, and the material recovers its original dimensions. Hence,
no change in the deformation is observed during stress relaxation or
creep experiments of an ideal polymer [11]. Similarly, for cases in
which the applied stresses or strains are sufficiently small to have

* Address: Physics Department, College of Science, King Faisal University, P.0.B.
400, Alhasa 31982, Saudi Arabia. Tel.: +966 35800000x1885.
E-mail addresses: mmaabdeen@yahoo.com, maboabdeen@kfu.edu.sa

0261-3069/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.matdes.2011.08.035

a negligible effect on the material’s properties, Boltzmann superpo-
sition principle can be used to predict the deformation of linear vis-
coelastic polymeric solids subjected to arbitrary time-dependent
deformations [12].

However, at higher stresses or strains, most polymers exhibit
nonlinear viscoelastic behavior due to the fact that stresses change
the distribution of relaxation times to shorter times. A modification
to the Boltzmann superposition principle has been proposed to ac-
count for the effects of elevated stresses and strains [12,13].

The present work reports the effect of temperature on the un-
relaxed stress, relaxation strength, initial strain and creep strength
at different strain and stress levels during stress relaxation and
creep tests, respectively.

2. Experimental
2.1. Material and preparation

Polycarbonate resin (product by ACROS ORGANICS Company,
New Jersey (USA), MW 64,000) was dissolved in dichloromethane
and stirred at 30 °C using the magnetic stirrer for 2 h. This viscous
solution was casted in a glass petri dish (dia. of 10 cm). The solvent
was evaporated at room temperature for 24 h and placed inside
oven at 40 °C for 2 h and a sheet of polycarbonate with thickness
of 0.1 mm was formed.
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2.2. Stress relaxation tests

The stress relaxation tests were carried out on 0.1 mm thick,
5.0 mm width and 30 mm length samples. The measurements
were done on a Dynamic Mechanical Analyzer DMA Q800 (TA
Instruments LLC, Delaware, USA) instrument with tension film
clamps. The strain level was adjusted at a 0.3% and the tempera-
ture was equilibrated at 298 K. Sample was then left isothermally
at this temperature for 5 min. After that, sample was strained sud-
denly to the previously adjusted strain level and the variation of
stress was recorded with time for 20 min. Then, the strain was re-
moved and the temperature was equilibrated at another higher
temperature of 308 K and the process was repeated at same strain
level of 0.3%. The experiment was repeated at other high tempera-
tures of 318, 328 and 328 K and same strain level 0.3%. The exper-
iment was repeated using other samples and stress relaxation was
tested at other strain levels of 0.5%, 1.0%, 2.0% and 4.0%. Note that
the temperature was incrementally increased in steps for each
strain level.

2.3. Creep tests

Creep tests were carried out on sample films with same dimen-
sions mentioned in stress relaxation tests using same DMA Q800
instrument with same tension film clamps. Stress level was ad-
justed at 2.0 MPa and the temperature was equilibrated at 298 K.
Sample was then left isothermally at this temperature for 5 min.
After that, sample was suddenly loaded with the stress level previ-
ously adjusted and the variation of strain was recorded with time
for 20 min. Then, stress was removed and the temperature was
equilibrated at another higher temperature of 308 K and the pro-
cess was repeated at same stress level of 2.0 MPa. The experiment
was repeated at other high temperatures of 318, 328 and 328 K and
same stress level 2.0 MPa. The experiment was repeated using
other samples and creep tests were done at other stress levels of
10, 15, 20 and 25 MPa. Note that the temperature was incremen-
tally increased in steps for each stress level.

3. Results and discussions
3.1. Stress relaxation
Figs. 1 and 2 present stress relaxation curves at different strain

levels of 0.3%, 0.5%, 1.0%, 2.0% and 4% and at successive accumu-
lated steps of temperature increments 10 °C followed by 20 min
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Fig. 1. Stress relaxation of polycarbonate at different high strain levels and at
different temperatures.
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Fig. 2. Stress relaxation of polycarbonate at different low strain levels and at
different temperatures.
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Fig. 3. Temperature dependence of the un-relaxed stress of polycarbonate at
different strain levels.

stress relaxation. At high strain levels (>2.0% Fig. 1) a usual and
expected relaxation behavior is observed. It is found that the un-
relaxed stress, g,, decreases by 13.07 and 4.06 MPa at strain levels
of 4.0% and 2.0%, respectively when the temperature is changed
from 298 to 338 K. This, consequently, corresponds to a decreases
in the un-relaxed elastic modulus (E, = g,/¢, where ¢ is the strain
level) by 326.75 and 203 MPa at the mentioned strain levels in
same temperature range. Besides, g, increases from 25.71 to
36.1 MPa as the strain level increases from 2.0% to 4.0% at 298 K.
The corresponding values of E, are 1.286 and 0.903 GPa, respec-
tively. The decrease in E, with increasing strain level is due to
yielding of the material and the presence of plastic deformation.

At strain levels less than 2.0% (0.3%, 0.5% and 1.0%) a transition
from the usual to unusual behavior is detected for the dependence
of the un-relaxed stress on temperature as shown in Fig. 2. The un-
relaxed stress increases by 0.95, 2.13 and 5.44 MPa at strain levels
of 0.3%, 0.5% and 1.0% as the temperature is changed from 298 up
to 338 K. The changes in the un-relaxed modulus corresponding to
these changes in o, are 316, 426 and 544 MPa, respectively. Fig. 3
shows the dependence of the un-relaxed stress on temperature at
different strain levels. Opposite behaviors are clearly observed at
strain levels <1.0% and >2.0%.

Ortiz et al. [14] assumed that liquid crystal elastomers have a
poly-domain configuration at low strains and make a transition
to a mono-domain at high strains. The poly-domain configuration
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is characterized by equilibrium randomly coiled and entangled
polymer chains, while the mono-domain has the property of the
rearranged, uncoiled and disentangled polymer chains. In the stud-
ied polycarbonate during stress relaxation tests at low strain levels
and when the temperature is elevated, the material may undergoes
a transition from one poly-domain configurations to another poly-
domain one with the polymer chains are more coiled and entan-
gled. When the test temperature increases under the effect of this
low strain, also, thermal agitation may takes polymer chains to a
new poly-domain configuration which results in an increase of
the un-relaxed stress. Besides, thermal energy gives rise to the
entropic forces which overcome the drag forces caused by applied
stress [15]. These entropic forces may tend to produce more coiling
of polymer chains. This needs more un-relaxed stress to maintain
same strain level and hence increases the un-relaxed elastic mod-
ulus. During an isothermal relaxation process, as the sample left
large time intervals to relax, more chains are coiled and entangled
and the next isothermal step at higher temperature needs more
stress to reach same strain level. On the other hand, at high strain
levels and higher temperatures of relaxation, transition from poly-
domain configuration to mono-domain takes place and produces
uncoiling, disentangling and aligning of polymer chains which re-
sults as softening of the material. Moreover, during relaxation of
polymers at high temperatures, competition between coiling due
to entropic forces from heat and uncoiling due to drag forces from
strain may exist at same time. At low strain levels, drag forces on
polymer chains due to the applied strain are lower than the entro-
pic forces and the poly-domain configuration exist. At high strain
levels drag forces overcome the entropic ones and transition to
mono-domain takes place. The effect of strain level and tempera-
ture on the relaxation behavior is described well in other works
[16,17].

The data in Fig. 3 show straight lines as shown in Fig. 4 when

re-plotted between In (“:,ﬁ) on the vertical axis and } on the hori-
zontal axis according to the equation:

Ing,\ | w

where ¢, is a fitting parameter with values listed in Table 1 and de-
pend on the strain level, k is the Boltzmann constant and w may be
considered as the net activation energy of the polymer chains
caused by the difference between drag and entropic forces. Thermal
energy may increase the length of the chains at high strain levels
(uncoiling) and w appears positive. On the other hand, at low strain
levels, the chains shortened (coiling) and w appears negative. The
calculated values of w are listed in Table 1.
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Fig. 4. Fitting of the temperature dependence of the un-relaxed stress of polycar-
bonate at different strain levels.
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Table 1
The calculated values of ¢}, w, A, and w'.
Strain level (%) Un-relaxed stress Relaxation strength
o), (MPa) w (eV) No w (eV)
0.3 117 -0.144 27.29 0.18
0.5 15 —0.072 24.87 0.30
1.0 27 —0.063 18.24 0.47
2.0 1.98 +0.013 11.70 0.63
4.0 1.27 +0.027 7.20 0.69
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Fig. 5. Temperature dependence of the relaxation strength of polycarbonate at
different strain levels.

3.2. Relaxation strength

Fig. 5 presents the dependence of the relaxation strength on the
temperature at different strain levels. The relaxation strength is
calculated from the expression A =(o,-0y)/oy [14], where oy is
the final stress at the end of the relaxation process at constant tem-
perature and strain level. The figure detects a group of straight
lines and found to obey the equation:

W/
A=A~ @)

where A, is the relaxation strength at certain temperature T, less
than T and w can be considered as the thermal energy acquired
by polymer chains. The calculated values of both A, and w' are listed
in Table 1. As the strain level increases, w' increases too which
means that more energy is needed to stretch chains to form a
mono-domain configuration.

3.3. Mechanical creep

Figs. (6-8) present mechanical creep curves at different stress
levels of 2.0, 10, 15, 20 and 25 MPa at successive accumulated
steps of temperature increments of 10°C followed by 20 min
mechanical creep. Creep curves for stress levels of 20 and 25 MPa
are plotted in separate figures because of the high change in strain,
especially at high temperatures. Again, at high stress levels
“(>20 MPa Figs. 6 and 7)” a usual and expected creep behavior
is observed. The initial strain is found to increase slightly with
increasing temperature which is in consistent with the results ob-
tained for high strain level stress relaxation data illustrated in
Fig. 1. This can be ascribed as a transition from poly-domain to
mono-domain configuration as discussed before. An unusual
behavior for the initial strain is detected here, also, at low stress
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Fig. 6. Mechanical creep curves of polycarbonate at different low stress levels and
at different temperatures.
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Fig. 7. Mechanical creep curve of polycarbonate at stress level of 20 MPa and at
different temperatures.

levels (<15 MPa) as shown in Fig. 8. This is due to the transition of
polymer chains from poly-domain, coiled and entangled configura-
tion to another poly-domain, more coiled and more entangled con-
figuration. More discussions of this behavior are similar to the
previously described in stress relaxation section. The creep behav-
ior is described well before [18,19].

The dependence of the initial strain, &,, on temperature at differ-

ent stress levels is illustrated in Fig. 9. The data in this figure is
found to obey an exponential equation of the form:
&(T) = &, exp <i %)
where ¢ is a fitting parameter, and w, resembles w in Eq. (1) but
during creep tests. The positive sign is taken for high stress levels
while the negative is taken for low stress levels as in the case of high
and low strain levels in stress relaxation, respectively. The values of
¢, and w, are illustrated in Table 2.

3)

3.4. Creep strength

Fig. 10 presents the dependence of the creep strength on the
temperature at different stress levels. The creep strength can be
calculated, in same manner of relaxation strength, from the expres-
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Fig. 8. Mechanical creep curve of polycarbonate at stress level of 25 MPa and at
different temperatures.
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Fig. 9. Temperature dependence of the initial strain of polycarbonate at different
stress levels.

Table 2
The calculated values of &, w,, Ao and w..

Stress level (MPa) Initial strain Creep strength
¢, (MPa) w, (eV) Nco w,. (eV)
2 0.094 —0.035 2.3 x 10" 0.34
10 0.092 —0.061 7.6 x 10° 0.54
15 0.10 —-0.062 7.2 x 108 0.57
20 2.69 +0.022 2.1 % 108 0.62
25 2.41 +0.075 7.7 x 10* 0.88

sion A.=(g-¢&,)/&, Where & is the final strain at the end of the
creep process at constant temperature and stress level. The figure
detects a group of curves and found to obey the equation:

w,
A= Aco exp <7 ﬁ)

(4)

where A, is the relaxation strength at certain temperature T, less
than T and w. can be considered as the thermal energy acquired
by polymer chains. The calculated values of both A, and w, are
listed in Table 2.

During stress relaxation tests the strain remains constant while
the stress relaxes to a value at which polymer chains go to a
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Fig. 10. Temperature dependence of the creep strength of polycarbonate at
different stress levels.

configuration of minimum potential energy. Besides, the energy
density (=}20¢) supplied to the chains by the external applied
stress decreases during the relaxation process. On the other hand,
during creep tests, one can say that polymer chains make transi-
tions to configurations of minimum mutual binding energy and
at constant stress the strain increases and the energy density in-
creases. This may be the reason behind the larger values of w.
(in Table 2) over those of w’ (in Table 1).

4. Conclusions

From stress relaxation and creep tests on polycarbonate at dif-
ferent strain levels, stress levels and temperatures one can con-
clude an increase of the un-relaxed elastic modulus with
increasing strain level during relaxation tests. It also increases, in
an unusual behavior, with increasing temperature at low strain
levels (<2.0%) while it decreases at high strain levels ( >2.0%) with
increasing temperature. During creep tests, the initial strain in-
creases with increasing stress level. It decreases, in an unusual
behavior, with increasing temperature at low stress level
(<20 MPa) while it increases at high stress levels (=20 MPa) with
increasing temperature. The relaxation and creep strengths are

found to be activated with temperature with activation energy in-
creases with increasing strain and stress levels. The activation en-
ergy of creep strength is found to be greater than that of relaxation
strength.
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