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• High-temperature creep and orienta-
tion were analyzed using four element
viscoelastic model.

• A threshold range of free volume was
proposed to understand the change of
retardation time and delayed elastic
modulus.

• The micro-mechanism of non-affine de-
formation was interpreted by the
threshold range assumption.
⁎ Corresponding authors.
E-mail addresses: xianhu.liu@zzu.edu.cn (X. Liu), zguo

https://doi.org/10.1016/j.matdes.2018.02.025
0264-1275/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 15 January 2018
Received in revised form 2 February 2018
Accepted 7 February 2018
Available online 09 February 2018
The molecular orientation of bisphenol-A polycarbonate (PC) was determined by the in-situ wide-angle X-ray
diffraction (WAXD) measurement during high-temperature creep. The resulting creep and WAXD data were
used to analyze the coupled deformation of macro-continuum andmicro-structure. A four elements viscoelastic
model was introduced to fit the creep results and describe the time-dependent orientation in creep. The delayed
elastic stress was regarded as an assessment of molecular orientation, and two dashpots in themodel were used
to analyze the physical meanings of retardation time, which helped to understand the mechanism of molecular
orientation and the role of free volume and stress on the viscoelastic parameters. A threshold range of free vol-
umewas proposed to interpret the change regularity of retardation time, delayed elasticmodulus and coefficient
C. The delayed elastic stress can be successfully used in assessing the orientation. Our work provides a deeper in-
sight into the evolution of molecular orientation induced by high-temperature creep.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The temperature and external forces lead to macromolecular direc-
tional movement, which contributes to the anisotropy and nonlinear
viscoelastic behavior [1–4]. Hence, it is significant to do the research
10@utk.edu (Z. Guo).
on the molecular orientation in the process of macro deformation for
understanding themechanisms of polymer creep. The creep retardation
of polymer becomes more severe near the glass transition temperature.
Meanwhile, the thermal-induced residual stresses can be removed
through increasing the temperature. Therefore, the high-temperature
creep is often used in place of long-term creep measurement [5–9].
Besides that, the average orientation is easy to be determined in
high-temperature creep, because the multi-scale deformation was
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approximately uniform according to rubbery elastic theory [10–13].
Therefore, using the high-temperature creep to research the long-
term properties and the mechanisms of nonlinear multi-scale defor-
mation is reasonable and efficient.

A great deal of research on molecular orientation has been carried
out by creep. The effects of temperature, drawing rate and molecular
weight on orientation were experimentally observed. The orientation
dependence of surface contact creep, recovery and the stretch strain
hardening were studied. The relationship between molecular orienta-
tion and the decreased retardation time during creep was analyzed.
The creepwas also used to analyze themolecular orientation in a steady
flow analogically [14–20]. The time-temperature-stress superposition
principle (TTS) was used to give an explanation for creep of polymers
[21–24]. However, it is difficult to give a complete and micro-
structural interpretation for the creep of amorphous polymers. The
affine deformation assumption may be failed for uni-axial drawing, be-
cause the change of entanglement density with orientation was unclear
[25]. The entropic stresswas difficult to reveal the relationship between
creep and orientation below the glass transition temperature [26]. Dur-
ing the hot drawing, the combined effects of temperature and stress
hided the real mechanism of multi-structure change, which made the
free volume theory difficult to interpret the nonlinear deformation
and molecular orientation in creep [27].

In this study, in order to better understand the molecular mecha-
nism of creep and give a more reasonable interpretation on the defor-
mation at macro and micron levels, the high-temperature creep test
was coupledwith the in-situWAXDmeasurement to determine the de-
formation in multi-scale experimentally. A linear four elements visco-
elastic model was introduced to analyze the nonlinear multi-scale
behavior through comparing thefitting parameters of different samples.
The creep results were fitted with the model. The resulting fitting pa-
rameters were used to calculate the time dependent delayed elastic
stress, which was regarded as the assessment of orientation. The linear
relationship between Hermans' factor and delayed elastic stress was as-
sumed according to the research of Priss [28]. The relevant coefficient
was obtained by adjusting the curve of calculated orientation close to
the curve of Hermans' factor. Through comparing the parameters
under different stresses and pressures, the influence of free volume
and stress on molecular orientation was proposed. A threshold range
of volume assumption was proposed to reveal the microstructural
mechanism of macro viscoelastic parameters change.
Fig. 1. The typical time-dependent 2D-WAXD patterns and the related intensity-azimuthal angl
The drawing direction is vertical.
2. Experimental

2.1. Material and sample preparation

The optical grade PC (PC110) with a density of 1.2 g/cm3 and melt
flow rate (MFR) of 10 g/10 min (300 °C/1.2 kg, ASTM D1238) from
Chi-Mei Co., Taiwan was used. Before hot pressing and creep measure-
ment, the PC pellets and dumbbell-shaped samples were annealed at
120 °C for 6 h. The PC dumbbell-shaped samples with 1 mm thickness
were hot pressed by self-designed and assembled hot-pressingmachine
(Fig. 1). The PC pellets were filled into the frame and heated up to 285
°C, then kept that temperature for 15 min, where the time for loading
pressure was 5 min, the pressure was set for 0.61 MPa, 0.89 MPa and
1.16 MPa. The hot pressing machine was cooled down to 60 °C by
water after unload the pressure. All the samples were stored in the
sealed plastic bags for preventing absorbing water. The hot-pressed
dumbbell-shaped samples were further cut into rectangular samples
with a nominal width of 5 mm and a length of 28 mm for creep mea-
surement (Fig. 1a).

2.2. Characterization

The creep measurements were performed on a Linkam
temperature-controlled stage (TST350, Linkam Scientific Instruments,
USA). The drawing direction was parallel to the long direction of tensile
samples. The constant uni-axial stresses, 4 MPa, 6 MPa, 8 MPa, 10 MPa
and 12 MPa, were applied during the high-temperature creep test re-
spectively. Before stretching, the samples of PC having a Tg of about
147 °C (from DSC at 10 °C/min, in Fig. S1 of Supplement information)
were heated from 40 to 140 °C at 10 °C/min. Then the temperature
kept constant for 5 min. After that, the samples start to be stretched
under the constant uniaxial stress. The loading time was controlled
from 200 to 1300 s to ensure that the yield deformation did not occur.
The fluctuant results in the initial period were removed. In order to de-
termine the frozen orientation in the PC injection molded samples and
the time–dependent orientation, theWAXDwas carried out on a Bruker
Nanostar system. The CuKα radiation source (λ = 0.154 nm) was se-
lected with a point focusing monochromator. The distance of sample
to detector was 8.5 cm and the generator settings were 45 kV and
0.67 mA. The WAXD patterns were recorded using a Hi-STAR two-
dimensional area detector. Take use of Hermans' factor (Eq. (1)), the
e curves of PC sample under a uni-axial stress of 8MPa and hot press pressure of 0.61MPa.



Fig. 2. The creep strain and orientation as a function of time under different uni-axial
stresses and the samples were prepared with a hot press pressure of (a) 0.61, (b) 0.89
and (c) 1.16 MPa, respectively.
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micro-deformation was assessed by molecular orientation [29]. The
original 2D–WAXD patterns were converted to the 1D–curves and in-
tensity versus azimuthal angle curves using the Fit2D software, then,
the latter curves were calculated by Eqs. (1) and (2) over the azimuthal
angle range from 0° to 180° using the nonlinear curve fitting [30–34].

f ¼ 3b cos2ϕN−1
2

ð1Þ

b cos2ϕN ¼
R π=2
0 I ϕð Þ cos2ϕsinϕdϕR π=2

0 I ϕð Þsinϕdϕ
ð2Þ

where f is the Hermans' factor, which represents the degree of molecu-
lar orientation. f=1whenmolecules are completely arranged along the
reference direction and f = 0 when molecules are random coil. I(ϕ) is
the scattering intensity at ϕ. bcos2ϕNis an average orientation factor.

3. Results and discussions

The orientation result of PC sample at the middle position can be
regarded as the average orientation because the difference of
multi-scale deformation along drawing direction is uniform during
the hot-drawing. The in-situ WAXD measurements during the
high-temperature creep enable us to probe the relationship be-
tween macro deformation and molecular orientation. Fig. 1 shows a typ-
ical example of the variation of 2D–WAXD patterns of PC sample during
the high-temperature creep and the corresponding intensity-azimuthal
angle curves. At the initial time, the ring-shaped amorphous halo is ob-
served, which indicates the random coil form of macromolecules [35].
The consistent stress makes the molecules deviate from the equilibrium
state. The equatorial diffraction arcs become more concentrated with
time, and themeridian arcs becomeweak.When the 2D–WAXD patterns
were further converted to the 1D patterns, the dissemination curves ap-
peared, which implied that there is almost no crystals form in PC samples
(Fig. S2).

Fig. 2 shows the evolution of creep and molecular orientation as a
function of time. The time-dependent curves of deformation in macro
and micro levels display similar exponential changes. These two types
of curves become more synchronized in low pressure (for example,
0.61MPa) or high stress situation. Because the affine and non-affine de-
formation can be separated by different molecular length scales, it is
conceivable that the small free volume and immobility of molecules
lead to the non-affine deformation [36,37]. Fig. 2 also shows that both
orientation rate and strain rate are decreased with increasing the time.
But the orientation rate drops faster than the creep strain rate. That is,
the “strain hardening” happened earlier in microstructure than in mac-
rostructure. This “deformation order” implicitly proves the assumption
that the delayed elastic deformation is caused by molecular orientation
during stretching [38].

In order to analyze the orientation developing in creep, a linear vis-
coelastic model with four elements showed in Fig. 3 was used [39]. The
constitutive equation was as follows:

1
η2

� �
σ þ 1

E1
þ 1
E2

þ η1
η2E1

� �
_σ þ η1

E1E2
€σ ¼ 1þ η1

η2

� �
_ε þ η1

E2
€ε ð3Þ

whereσ, _σ and €σ represent stress, dσ/dt and d2σ/dt2 respectively. ε, _ε and
€ε are strain, dε/dt and d2ε/dt2. E1 and E2 represent instantaneous elasticity
associated with small links or even bonds and delayed elasticity
associated with molecular segmental motion [28,40]. Since the inelastic
deformation of PC comes from the viscoelasticity and viscoplasticity si-
multaneously, the dashpot η1 represents the viscosity caused by recover-
able molecular extension and unrecoverable position transition. The
dashpot η2 represents the viscous flow [41]. Obviously, this linear model
with definite physicalmeaning has a simpler form thanmost of nonlinear
models [42,43], and has a micromechanical significance associated with
molecular motion like Burgers model. However, the main target of this
paper is to reveal the relationship between orientation and creep experi-
mentally and to give a more reasonable interpretation for themulti-scale
deformations. It is enough for thismodel to analyze the relationships. The
introduction and further discussion about nonlinear viscoelastic theories
will not be involved in this paper.

The elongation of mechanical elements in Fig. 3 represents the de-
formation spread from small-scale structures to large-scale structures.
When polymer under a persistent constant stress, i.e., σ = σ0, Eq. (3)
is transformed to Eq. (4a) for creeping.

ε tð Þ ¼ C1 þ C2 1− exp −
1
η1

þ 1
η2

� �
E2∙t

� �� �
þ σ0

η1 þ η2
∙t ð4aÞ



Table 1
The parameters of the four elements viscoelastic model.

Parameters Hot press
pressure

Uni-axial stresses

4 MPa 6 MPa 8 MPa 10 MPa 12 MPa

σ0/η1 (s−1
) 0.61 MPa 0.025 0.065 0.165 0.214 0.326

0.89 MPa 0.025 0.065 0.123 0.220 0.335
1.16 MPa 0.026 0.075 0.125 0.237 0.320

C (−) 0.61 MPa 0.015 0.020 0.025 0.025 0.025
0.89 MPa 0.015 0.020 0.025 0.025 0.024
1.16 MPa 0.014 0.013 0.012 0.014 0.014
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where

1
η1

þ 1
η2

� �
E2 ¼ 1

τ
ð4bÞ

Similar to the classical Burgersmodel, the constant C1 represents the
instantaneous elastic strain. The second term with the constant C2 rep-
resents the delayed elastic strain,where, C2 is the saturation valueσ0/E2.
The third term is viscousflow. τ is the retardation time [9,44,45]. The in-
stantaneous elastic deformation is rather small in the hot drawing. Since
the extension ratio of samples is limited, the viscousflow is also ignored.
Eq. (5) is used for fitting the results during the high-temperature creep.

ε tð Þ ¼ σ0

E2
1− exp −

1
η1

þ 1
η2

� �
E2∙t

� �� �
ð5Þ

_ε tð Þ ¼ σ0

E2

1
η1

þ 1
η2

� �
E2∙ exp −

1
η1

þ 1
η2

� �
E2∙t

� �
ð6Þ

where _ε represents strain rate. As mentioned in Eq. (3), the nonlinear
creep is due to orientation. That is, the elasticity in delayed elastic defor-
mation was ascribed to molecular orientation, and the delayed elastic
stress might be regarded as an evaluation of orientation. It is easy to
get the relationship between the strains of spring εe, dashpots εη1 and
εη2:

εe ¼ εη1−εη2 ð7Þ

where

εe ¼ σ e

E2
ð7aÞ

_εη1 ¼ σ0−σ e

η1
ð7bÞ

_εη2 ¼ σ e

η2
ð7cÞ

The delayed elastic stress can be expressed as:

σ e ¼ 1
1
η1

þ 1
η2

� �σ0

η1
1− exp −

1
η1

þ 1
η2

� �
E2∙t

� �� �
ð8Þ

According to Eq. (6), theσ0/η1 was approximately equal to the initial
strain rate in high-temperature creep, if viscosity η2 is far larger than η1.
Because the free volume prefers to restrict the chains slippage than
small monomers rotation and elongation, the assumption is reasonable.
Thus, σ0/η1 can be determined by the slope of the tangent of the creep
strain-time curve. Using the tangent tool of the Origin commercial soft-
ware, the slopes of creep curves (σ0/η1) are obtained and listed in
Fig. 3. Four elements viscoelastic model.
Table 1. The relationship between the delayed elastic stress and the
Herman's factor is assumed as Eq. (9).

f ¼ Cσ e ð9Þ
Fig. 4. The calculated orientation and Hermans' factor as a function of time under different
uni-axial stresses and the samples were prepared with a hot press pressure of (a) 0.61,
(b) 0.89 and (c) 1.16 MPa, respectively.



Fig. 5. The fitting parameters of the four elements viscoelastic model: (a) retardation time and (b) delayed elastic modulus.
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where f is the Hermans' factor, C is a coefficient. The relationship be-
tween orientation and time (Eq. (10)) can be further deduced from
Eqs. (4b), (8) and (9).

f ¼ τ∙C∙E2∙
σ0

η1
1− exp −

t
τ

� �� �
ð10Þ

Fig. 4 shows the Hermans' factors and their closest calculated orien-
tation obtained from Eq. (10), which suggests that the four elements
model is able to analyze the orientation approximately through creep
data with the help of a proper coefficient C in Table 1. When other pa-
rameters have already been decided, C is determined by the closest
curves of calculated orientation to the Hermans' factor.

Fig. 5(a) shows that τ decreaseswith increasing the stress. Almost all
τ under 1.16 MPa are the smallest among three pressure conditions.
This is partly different from the existing impression about the relation-
ship between retardation and free volume, i.e., the smaller the free vol-
ume, the longer the retardation time. The change of τ with pressure in
Fig. 6. Schematic diagram of the t
Fig. 5(a) implies a possible breakdown of the free volume theory. It is
generally considered that high pressure prolongs the retardation time
through minimizing the free volume, while the large stress has the op-
posite effect on PC [21–24]. The detailed reasonable microstructural
mechanism interpretation for this result is given by Eq. (4b). When
two samples have the same E2, the bigger the difference between η1
and η2, the shorter the τ, i.e., the decrease of retardation time with in-
creasing the loading illustrates that the viscous resistance for molecular
orientation becomes smaller [38,46,47]. Meanwhile, the whole chain
slippage becomes more difficult due to the taut-tie structure forming
[48]. The short retardation time reflects that the molecules are more
likely to be extended larger and unlikely to relax. The more obvious
rise and decline of rate at the beginning and the end of the orientation
curves under large stresses in Fig. 4 validate this analysis.

τ affects the radian of the multi-scale deformation-time curves and
represents the nonlinearity of molecular motion. Actually, the gap be-
tween the calculated orientation and the Hermans' factor enlarges
with increasing the time or the stress can also be ascribed by the
hreshold range assumption.
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orientation dependence of τ, as well as the free volume dependence.
Some researchers found that the uni-axial tension may minimizes the
free volume and enhances the barrier [17,49]. The fluctuation and obvi-
ous decline trend of retardation time - stress curves in low and high
pressure situation implies that the free volume also plays an important
role in determining the viscoelastic parameters besides orientation.
There may be a threshold range for free volume, as is shown in Fig. 6.

The bead-rod chain represents the macromolecule of PC. The con-
finement of the chain in an entangled system is represented by the
tube. The diameter of tube is determined by free volume. The black
beads adhering to the tube wall represent the entanglements (strong
connections), which are difficult to escape. The white beads represent
weak connections, which are confined by the fluctuant resistance. The
weak resistance is decayed with increasing the distance from the tube
wall [50–52]. If free volume is smaller than the lower limit of the thresh-
old range, molecular elongation is suppressed except under a large
enough stress. Once the molecules start moving, the orientation domi-
nates. If free volume is larger than the upper limit, the chains slippage
dominates. Between the upper and lower limit, orientation and slippage
have equal opportunities to occur [34].

When η1 and η2 of two samples are the same, the shorter the retar-
dation time τ, the larger the delayed elastic modulus E2, which indicates
that the orientation increases the rigid of polymer. Based on previous
researches about creep, the stretching diminishes the free volume of
PC and reduces the degree of freedom of molecules. Both the free vol-
ume and orientation can affect the delayed elastic modulus [47]. The
combined effects confuse the understanding of mechanism. Fig. 5
(b) shows the increase trend of E2with increasing the stress.More inter-
estingly, the trend becomes more obvious with increased pressures, in-
dicating the existence of the free volume threshold range. The results
demonstrate that the stress has a greater impact on the delayed elastic
modulus of PC samples under high hot press pressure than low pres-
sure. The delayed elastic modulus may be firstly decided by a threshold
of free volume, though the molecular orientation can also lead to a rise
in modulus [53,54]. Thus, the PC samples can have a big orientation de-
gree, but a relatively small delayed elastic stress under low hot press
pressures. The increase of modulus caused by orientation is masked by
excess free volume, until the free volume is close to the threshold
level through squeezing out by high pressure. When the free volume
is larger than the upper limit of the threshold range, the delayed elastic
modulus shows free volume dependence only.When the free volume is
smaller than the lower limit, the change of modulus caused by orienta-
tion appears. Between the upper and lower limits, both influences of
free volume and orientation can be observed simultaneously.

Table 1 shows the distribution of coefficient C. The stress depen-
dence of C is relatively evident under 0.61 MPa and 0.89 MPa, while
maintain constant approximately under 1.16 MPa. This implies that
due to the increase of C, themolecular orientation of low-pressure sam-
ples is larger than the high-pressure one under the same delayed elastic
stress, based on Eq. (9). It demonstrates that the orientation is always
accompanied with a sticky blocking (described by η1), due to the
chain slippage [55,56]. High pressure increases the hurdle for slipping
through minimizing the free volume to the lower limit of the threshold
range as shown in Fig. 6. Meanwhile, the delayed elastic stress reaches
the saturated level approximately. Accordingly, the physical nature of
the free volume threshold range assumption is that the weak connec-
tions in small scales can be easily broken and the strong entanglements
in large scales are reserved.

4. Conclusions

In this work, the relationship between delayed elastic stress and
time was obtained using a linear four elements viscoelastic model.
Two dashpots were introduced to illustrate the viscous resistance for
molecular elongation and slip through series or parallel connection.
The threshold range of free volume was proposed to interpret the
mechanism of the retardation and modulus change during the creep.
The experiments and analysis were proved that the four elements
model can give a fantastic explanation about the orientation and visco-
elasticity of PC. The delayed elastic stress can be used in assessing the
molecular orientation through creep if a proper coefficient was chosen.
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