JMEPEG (2019) 28:1612-1617
https://doi.org/10.1007/s11665-019-03945-z

©ASM International \
1059-9495/$19.00 § CrossMark

Nonlinear Creep Deformation of Polycarbonate at High
Stress Level: Experimental Investigation and Finite

Element Modeling

Daiki Ikeshima, Akihiro Matsuzaki, Takumi Nagakura, Kanako Emori, and Akio Yonezu

(Submitted August 1, 2018, in revised form November 5, 2018; published online February 19, 2019)

It is well known that polycarbonate (PC) undergoes time-dependent deformation (i.e., creep deformation),
and nonlinear creep deformation is often experienced at high stress level. Using the time—temperature—
stress superposition principle (TTSSP), we obtain a new master curve, which covers higher stress level, and
successfully establish a new modeling method of creep deformation of PC. First, to investigate the effect of
applied stress level on the creep compliance (i.e., stress-dependent nonlinear creep deformation), this study
conducted various creep tests with eight different stress levels. We found that the creep compliance curve
strongly depended on the applied stress level; in particular, a higher stress level induced a larger difference
in creep compliance. According to the TTSSP, the creep compliance curve at each stress level shifts with the
creep time (i.e., stress reduced time). When we appropriately selected the stress reduced time, we obtained
the master curve of creep compliance, which is unified with respect to various applied stresses. However, we
found that the stress-shifted factor is not compliant with the previous TTSSP, especially in the higher stress
regime. Therefore, this regime was also considered to obtain a new master curve that can cover a wide
range of stress levels. Finally, our established creep model (master curve and stress shift factor) was
introduced into FEM, and then this numerical model was verified by comparison with experimental data.
Our model may be useful for predicting the creep deformation of PC subjected to a wide range of applied

stresses.

Keywords finite element method, nonlinear creep deformation
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1. Introduction

Engineering polymer materials have been widely used in a
variety of engineering fields. In particular, polycarbonate (PC)
has been used as a structural material in a wide range of
industrial applications such as the automotive and aircraft
components industry due to their excellent impact strength,
good processability, transparency and high heat distortion
temperature (Ref 1-3). Most engineering polymer materials
undergo deformation with time dependency due to the intrinsic
viscosity of the involved materials. This is strongly influenced
by temperature (Ref 4-7), humidity (Ref 5), physical aging (Ref
8,9), damage (Ref 10, 11), pressure, solvent concentration (Ref
12, 13) and applied strain and stress levels (Ref 14-18). Thus,
the mechanism of time-dependent deformation behavior is
complicated, resulting in difficulty in establishing a creep
deformation model; nevertheless, modeling the time-dependent
deformation behavior of structural polymer materials is impor-
tant.
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It is well known that the combined Maxwell model, Voigt—
Kelvin model and Boltzmann superposition principle can be
used to predict the deformation behavior, in particular the linear
viscoelastic behavior of polymer materials. For example,
Kichenin et al. (Ref 19) used the linear viscoelastic—plastic
model for their numerical model and successfully simulated the
deformation behavior of polyethylene. Lu et al. (Ref 20) and
Seltzer et al. (Ref 21) developed methods to determine the
linear viscoelastic—plastic response using the indentation
method and inverse analytical solution. However, these meth-
ods are generally acceptable for linear viscoelastic materials. In
other words, the relationship between applied stress and time-
dependent deformation behavior is a linear relationship because
nonlinear viscoelastic properties are infinitesimally small and
are therefore negligible. However, polymer materials often
exhibit nonlinear viscoelastic properties with longer testing
time, when applied stress is larger, or both.

Therefore, much research in modeling nonlinear viscoelastic
behavior has been done; in particular, attention has been paid to
creep deformation behavior. Sakai et al. (Ref 4) conducted the
creep testing of PC at high temperature with short-term testing
time to examine linear and nonlinear creep deformation. They
discussed the feasibility of creep compliance parameters,
including various factors such as temperature, fiber volume
fraction and heat treatment conditions. Jazouli et al. (Ref 18)
conducted uniaxial tensile creep testing of PC at a large applied
stress with a short testing time and investigated the applied
stress effect on the creep deformation behavior. Luo et al. (Ref
22) conducted uniaxial tensile creep testing of polymethyl
methacrylate at various temperatures and applied stress levels
to investigate the effects of applied stress and temperature on
the creep deformation behavior. They used the time—tempera-
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ture—stress superposition principle (TTSSP) (Ref 17, 18, 22-25)
for polymer creep testing, in which the creep compliance curve
at different temperatures or stress levels can be shifted along the
time scale by using a master curve at a reference temperature or
stress level. They successfully obtained a master curve for
creep compliance, which can be acceptable for a wide range of
applied stress levels. Therefore, nonlinear creep deformation
under different applied stresses can be predicted (Ref 18).
However, their creep tests were conducted for about 1 h, which
may be too short. In this case, the feasibility of TTSSP may still
be unclear. In order to examine industrial applications further, a
longer period may be required. Moreover, the principle of
nonlinear creep must be introduced into numerical computation
(such as the finite element method, FEM), since FEM
computation effectively simulates mechanical deformation
behavior under various mechanical loadings.

This study aims to establish a numerical model for the
nonlinear creep deformation of PC. Our model covers large
applied stresses and relatively long testing times. First, uniaxial
tensile creep tests were conducted at eight different stress levels
to investigate creep compliances with respect to the applied stress
level. To eliminate the stress dependency of creep compliance, a
master curve for creep compliance using a reference stress level
and appropriate shift factor was obtained. The shift factor of the
master curve was theoretically investigated on the basis of free
volume theory. We thus established a master curve for creep
compliance, which can cover various stress levels. Finally, the
established master curve was verified using tension tests on a
circular hole sample; here, the tensile stress was developed with a
gradient because of the stress concentration near the hole. Such a
test was also conducted numerically by using FEM, which
included our master curve. We thus established a computational
FEM model for the nonlinear creep deformation of PC. This may
be useful for other loading cases including stress gradient
conditions and multiaxial stress states.

2. Theoretical Background

As described in section 1, TTSSP has been reported upon in
previous studies (Ref 17, 18, 23-25). It was then used in this
study to establish a FEM model for nonlinear creep deforma-
tion. TTSSP was established because large stress levels and
high temperatures accelerate creep deformation (Ref 17, 18, 23-
25). This theory is fundamentally based on the free volume
theory based on the Doolittle equation (Ref 26). According to
the free volume theory, the viscosity of materials (1) can be
calculated by using the Doolittle equation:

n = Aexp(B/f) (Eq 1)

where 4 and B are material constants and f'is the free volume
fraction, which is the occupied free volume in the entire
polymeric material.

The principle assumes that the thermal and stress-induced
increment in the free volume fraction is linear. The free volume
fraction can be expressed as follows:

S =f+or(T —To) + o (o — a0) (Eq 2)

where o7 and o, are the coefficients of thermal and stress-
induced expansion, respectively, and f, is the free volume
fraction at a given stress (6 = go) and temperature (T = T).
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At constant stress, i.e., ¢ = gy, we define the temperature
shift factor, ®7 = /19 = n/n9, where 1 and 7, are, respectively,
the material viscosity and relaxation time at reference temper-
ature T; (n and 7 are, respectively, the material viscosity and
relaxation time at a given temperature 7). There exists a
temperature shift factor @7 that can satisfy the following
relationship:

n(T,a) = n(To, o)y (Eq 3)
By using Eq 1 and 2, we therefore obtain:
log§r — — B T—-Tp L C\(T — To)
g1 = 75303 Lir—1,) G+(T-T)
(Eq 4)

Equation 4 indicates the WLF (Williams—Landel-Ferry) equa-
tion (Ref 5).

Similar to Eq 4, the stress shift factor ®, when the
temperature is constant (7 = Tj) is defined as below:

Cl (G — 0'0)

log ¢, — B g — 0y _
8P 72303 \E y 6 —0y) 2t (o 00)

(Eq 5)

At a nonconstant applied stress (¢ # o) and nonconstant
temperature (T # T), the stress—temperature shift factor @,
is calculated by using Eq 4 and 5:

C3(O' — O'()) + Cz(T* T())
C2C3 + C3(O' — O'()) + C3(T — To)

ogdr, =i | | ®ao)
This study focuses on the effect of stress level on the creep
deformation behavior of PC (i.e., nonlinear creep deformation
with stress dependency). Using @, as calculated by Eq 5, we
can therefore describe the creep compliance J(f) (J(f) = creep
strain normalized by applied constant stress) of the nonlinear
creep deformation via the stress-induced reduced time #/®,:

J(o,1) = J(00,1/ ;) (Eq 7)

In this study, the effect of temperature on the creep deformation
is not discussed.

3. Experimental Setup of Creep Tests

The material used in this study was PC board (PC-1600, C.
1. Takiron Corp.), which is commercially available. This study
conducted uniaxial tensile tests for two types of specimen: a
smooth specimen and a circular hole specimen. The smooth
specimen was dumbbell-shaped; for this, a gage area of 60 mm
length x 10 mm width x 2 mm thickness was used. We
reported that this type of test yielded the elastoplastic properties
of the material (Young’s modulus and yield strength) (Ref 27).
The circular hole specimen was rectangular in shape (130 mm
length x 36 mm width x 2 mm thickness) with one circular
hole at the center having a diameter of 16 mm. In this study,
annealing process was conducted for 3 h at 150 °C.

Tensile creep testing was carried out by using a ball-screw-
type universal testing machine (AG-1, Shimadzu Corp.) at
room temperature (21 °C) and for 10° s. Before creep testing,
uniaxial tensile testing was conducted under a displacement
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control of 3 mm/min (8.3 x 10™* s~! strain rate) until the
desired applied stress was reached. To measure the creep strain,
an extensometer with camera image data was used with no
contact. The mark tracking technique was used to obtain the
uniaxial strain. In the specimen, two markers were placed along
the gage length of the specimen. The distance of the two
markers was 60 mm for the smooth specimen and 120 mm for
the circular hole specimen. In order to investigate the effect of
the applied stress level on the creep compliance (nonlinear
creep), this study conducted tests at stresses ranging from 12.4
to 49.8 MPa (12.4, 18.6, 24.9, 31.1, 37.3, 40.4, 43.5 and
49.8 MPa). Each test was conducted at least twice to check the
reproducibility.

For the circular hole specimen, tensile creep testing was
carried out using the same experimental setup. Before creep
testing, uniaxial tensile testing was conducted under a dis-
placement control at 3 mm/min (8.3 x 107* s7! strain rate)
until the desired loading was achieved (namely, a force of
750 N) and constant loading was applied for 4 x 10*s. In this
case, the net normal stress (without the hole area) was
10.5 MPa. If a specimen has a circular hole in center, the
stress 0max at the edge of circular hole can be calculated by
Howland analytical solution (Ref 28) as follows:

P

Omax = Kt

t(H —d) (Ea 8)

where K is stress concentration factor, P is tensile loading, ¢ is
thickness of the specimen, / is width of the specimen, and d is
diameter of the circular hole. In this solution, K, is calculated by
Eq 9.

d
IQ == (1 —'iy)
2 d d\?>
x <0.284+1_g—0.6<1—ﬁ) +1.32(1—ﬁ) )

(Eq9)

Given that the values of d and H are 16 mm and 36 mm,
respectively, K, is 2.2 and o, is 41.2 MPa. Therefore, we
expected that a large stress gradient develops in the sample. We
then examined the stress dependency of creep compliance (i.e.,
nonlinear creep deformation behavior).

4. Results and Discussion

4.1 Tensile Greep Deformation

Figure 1 shows the creep strain as a function of creep time at
eight different applied stresses. We found that the strain
increases with testing time, with the strain becoming larger at
larger applied stresses.

According to the linear viscoelastic theory, creep deforma-
tion can be evaluated by using the creep compliance J(¢) as
follows:

! do
&(?) :gJ(tft)Edr (Eq 10)

where &(?) is the creep strain, which is a function of time ¢ and 7,
while ¢ is the applied stress (Ref 29). Note that the applied
stress was constant in this study (see section 3). Using Eq 10,
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we obtained the creep compliance curves as shown in Fig. 2. It
suggests that the creep compliance curves are strongly depen-
dent on the applied stress level, suggesting that PC exhibits
nonlinear creep deformation.

According to TTSSP, creep compliance curves can be
unified by using reduced time (horizontally shifted in Fig. 2),
even if the creep compliance curves vary with the applied
stress. As shown in Fig. 2, the creep compliance curves of the
stress level at 12 MPa and 18 MPa did not coincide with each
other. Thus, the curve for 12 MPa was selected at the reference
stress a in this study. By shifting the horizontal axis in Fig. 2,
we obtained the master curve for creep compliance as shown in
Fig. 3. In other words, we obtained a unified master curve and
the relationship between @, and the stress difference in Eq 5
when we appropriately determined #/®,, of Eq 7, as shown in
Fig. 4. In order to use the numerical model (FEM), the master
curve in Fig. 3 was fitted with the following equation:

J(t) = Jo - exp(K - log(t/¢,)) (Eq 11)

where J, and K are material constants. This function is referred
to as the creep model for polyvinylidene fluoride (Ref 30),
which may be widely available. By fitting the master curve with
Eq 9, we can obtain the values of J, (1.87 x 107° 1/MPa) and
K (0.53), for which the correlation coefficient R* shows a value
of 0.97.

As shown for the shift factor @, in Fig. 4, we found that the
stress level below ¢ =37 MPa (6 — gy =24.9 MPa) is in
good agreement with Eq 5. At stresses larger than 37 MPa, the
stress shift factors deviated from Eq 5. Therefore, the trend of
stress shift factor in this study was divided into two regimes.
Regime I could be fitted with Eq 5, and regime II was observed
to deviate from Eq 5. Fitting of regime I with Eq 5 yielded

0.025
L kR @ 12 MPa(1st) O 12 MPa(2nd)
002 a;;ﬁﬁ“’“‘w A 18 MPa(1st) A 18 MPa(2nd)
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< 0015l TLEL |# 31 MPa(tst) < 31 MPa(2nd)
w Tl ¥ 37 MPa(1st) V 37 MPa(2nd)
.% ‘i‘g&?‘ 40 MPa(1st) ' 40 MPa(2nd)
s L > 43 MPa(1st) > 43 MPa(2nd)
7] 0‘01:4 kyywkkP??k?kE???EEEEEE?EEE_NHMPaﬁst) <149 MPa(2nd)
PDW
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Fig. 1 Creep strain curves as a function of creep time at eight
different applied stress levels
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Fig. 2 Creep compliance curves as a function of creep time at
eight different applied stress levels
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Fig. 3 Master curve for the creep compliance at a reference stress
of 12 MPa and room temperature
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Fig. 4 Variation of stress shift factor as a function of stress
difference from o, =12 MPa and room temperature; open circles
and open triangles represent the first and second experiments,
respectively

Cy = — 83 and C, = 33.5 MPa. Comparison with previous
studies (Ref' 5, 18) revealed that the value of C is in agreement
with those previously obtained. Subsequently, regime II was
fitted with the following equation with a second-order polyno-
mial function:

log®, = A4 X (6 — 60)*+B x (6 — 69) + C (Eq 12)

where A, B and C are material constants (4 is — 3.02 x 107> 1/
MPa?, B is 1.71 x 1072 1/MPa, and C is — 2.21).

Therefore, the current creep model of PC is expressed by the
master curve of creep compliance (stress shift factor in regime [
by Eq 5 and regime II by Eq 12). Regime II (deviation from
Eq 5) has not been reported upon in previous studies to our
knowledge. As shown in Fig. 4, regime II corresponds to a
relatively large stress level, which is close to the yield stress of
66.2 MPa (Ref 27) (a stress difference of 53.8 MPa). We thus
hypothesize that this deviation is a breakdown of time—stress
superposition principle (TTSP) as described in Eq5. As
mentioned above, this principle assumes that the relationship
between the stress-induced increment and the free volume
fraction is linear (see Eq 2). However, such a relationship may
break down at larger stress levels (such as those close to the
yield strength). Indeed, small pores and voids after the yield
have been reported by Ikeshima (Ref 31) and others (Ref 32,
33) to nucleate in a polymer material. We thus expected that
such nucleation of small voids occurs during creep testing at
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10 mm

Fig. 5 Two-dimensional FEM model for PC plate with a circular
hole

larger stress levels and longer testing times. This microscopic
phenomenon strongly affects Eq 2. Therefore, a new master
curve (including Fig. 4) was required for the creep modeling of
PC and was established in this study.

4.2 Computational Modeling and Experimental Verifications

To investigate the feasibility of our model, FEM computa-
tions and experimental verification were carried out. Since our
model can include stress dependency for creep compliance
(nonlinear creep), creep deformation for various stress levels
must be satisfied. Thus, we used a PC sample with one circular
hole exhibiting a gradient stress state in the specimen due to the
stress concentration. In order to obtain the local strain around a
hole, we used two strain gauges, which were glued 10.5 mm
and 15 mm from the center of the circular hole in the
experiment.

FEM computation that includes our creep model was carried
out in parallel by using the FEM software of Marc Mentat 2012
(MSC Software) (Ref 34). The model is shown in Fig. 5. A
two-dimensional model with the plane stress condition was
created. The model consists of 9084 meshes with 9335 nodes.
In this computation, our model of nonlinear creep (the master
curve for the creep compliance and shift factor) was used in the
user subroutine (see Marc User Manual (Ref 34)). The Young’s
modulus for PC was 2.2 GPa (Ref 27) and the Poisson’s ratio
was 0.37 (Ref 35), as determined in the previous studies. We
first conducted an elastic analysis, in which uniaxial loading
was applied up to the desired force (750 N), and then the
applied load was fixed so that creep analysis could be carried
out. We then measured the macroscopic and microscopic
deformation behavior experimentally and numerically.

Figure 6 shows the macroscopic creep strain with compar-
ison between experimental and FEM computation results. The
macroscopic creep strain was obtained from the measured creep
displacement by marker tracking. (Two markers were added
120 mm in length). We found that the FEM data agreed well
with the experimental data.

We next investigated the creep deformation in a local area.
Figure 7 shows a contour map of the equivalent stress field
during the creep test. We found that a remarkable stress
gradient develops around the circular hole because of the stress
concentration. This indicates that our FEM achieves the
development of various stress levels leading to nonlinear creep
deformation. In addition, each local stress was almost constant
during the creep test. Near the hole, the stress reaches 41 MPa,
which is in regime II, as shown in Fig. 4. Figure 8 shows the
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Fig. 6 Creep strain curves as function of creep time, obtained by
FEM computation and experiment. Note that the specimen has one
circular hole with a radius of 8 mm (like Fig. 5 of circular hole
specimen)
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Fig. 7 Contour map of the equivalent stress field during creep test
of the circular hole specimen

contour map of the creep strain field during the creep test. Each
snapshot corresponds to each one in Fig. 7. We found that the
local creep strain increases with the creep time. As shown in
these figures, we found that the creep strain evolved and
increased, depending on the local stress level.

To verify our FEM model, we compared the local creep
strains obtained by FEM and experiment. Figure 9 shows creep
strain curves as a function of creep time at each strain gauge.
Here we calculated the difference in between experimental data
and FEM computational ones. This shows the maximum
deviation at » = 10.5 mm is — 10.3%, and that at » = 15 mm is
— 2.1%. Therefore, it is concluded that the FEM data relatively
agreed with the experimental data at both measurement area.
Our creep model can be applied to a sample having a
remarkable stress gradient leading to nonlinear creep deforma-
tion. Therefore, our model can cover a wide range of larger
applied stresses for which general TTSSP cannot be valid.
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Fig. 8 Contour map of the creep strain field during creep test of
the circular hole specimen
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Fig. 9 Creep strain curves as function of creep time for local
measurement area from experiment (open marks) and FEM
computation (lines) for the circular hole specimen. The measurement
area (radius from the center) is also shown

5. Conclusion

This study established a numerical model for the nonlinear
creep deformation of PC. This model can predict a creep
compliance curve for a wide range of applied stress levels.
First, uniaxial tensile creep tests were conducted at eight
different stress levels to investigate the effect of applied stress
on creep compliance (i.e., nonlinear creep deformation behav-
ior). Next, TTSSP was used to obtain the master curve for creep
compliance. TTSSP was previously established on the basis of
free volume theory with respect to stress level. When we
appropriately selected the stress reduced time, we obtained the
master curve, which unifies the creep compliance curves for
any stress level. However, we found that the stress shift factor is
not expressed by TTSSP, in particular the large stress level
deviates from the equation of a previous TTSSP. This may be
due to nucleation of small voids during creep testing at larger
stress levels, resulting in the unsuitability of the free volume
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theory for an actual creep model. Thus, this study modified the
stress shift factor to establish a master curve, which was
introduced to FEM for numerical modeling. To verify our
model, we conducted tension creep tests on a circular hole
sample, the tensile stress of which is developed with a gradient
because of the stress concentration near the hole. For the
macroscopic creep strain and local creep strain near the hole,
we found that the FEM data agreed well with the experimental
data. Therefore, our model may be useful for the nonlinear
creep deformation of PC, which may cover a wide range of
applied stress levels.
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