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Molecular orientation and dynamic modulus of the high and low temperature drawn polycarbonate splines were
investigated using wide-angle X-ray diffraction (WAXD) and dynamic mechanical analysis (DMA). For high-
temperature stretched splines, the storage modulus in the glassy state and the loss modulus in the rubbery state
increased with increasing the orientation. No obvious regularity was observed for the low-temperature stretched
ones. These behaviors could be interpreted by a relation between relaxation modulus and average orientation
angle, which was derived from the elastic dumbbell model and wormlike chain model. Through associating the

molecular orientation defined by Herman's factor with the storage modulus at the end of the glassy state plateau
and the loss modulus at the tand peak respectively, the relationship between orientation and dynamic viscoe-
lasticity of polycarbonate was built as well.

1. Introduction

One of the main microscopic origin of the viscoelastic behavior of
polymer is molecular orientation. Therefore, understanding the re-
lationship between performances and oriented structure is very sig-
nificant for revealing the mechanism of orientation [1-6]. So far, many
viscoelastic theories and models have been developed for molecular
motion, such as bead-rod chain model [7,8], bead-spring model [9],
blob model [10], reputation model [11-13] and network model [14].
But most of molecular theories are very complicated and often used in
solutions, melts and rubber-like states, the experimental proof of the
molecular theories in glass-like state was rarely operated. Meanwhile,
the existent characterization methods of molecular orientation, such as
optical birefringence method [15,16], acoustic method [17], polarized
laser Raman spectrometry [18-20], fourier transform infrared spec-
trometry [21], wide-angle X-ray diffraction (WAXD) [22,23] and con-
tact angle method [24] can't easily determine the global orientation
without being coupled with other appliances. However, the average
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orientation and related viscoelasticity are more important than the
local oriented state and property for the usability.

Polycarbonate (PC) has become increasingly interesting since its
introduction in the 1960s because it can be used in electronics, auto-
mobile, medical instruments and aerospace, but the easy degradation
and cracking of its products challenge its wide applications [25,26].
The viscoelastic phenomena caused by molecular motions of polymer
chains play an important role in formability and stability [27-29].
Therefore, in order to decrease the failure of PC products, it is im-
portant to understand the relationship between orientation and vis-
coelasticity.

In order to characterize the global orientation and viscoelasticity of
PC, in this paper the dynamic mechanical analysis (DMA) is used, which
can probe the thermomechanical properties of materials and afford a
simple approach to determine the microstructural relaxation in a global
situation [29-33]. Moreover, it can determine the viscoelasticity of
materials in a wide temperature range from the glassy state to the
rubbery state. Furthermore, the oriented structure in the polymers will
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not change dramatically below the glass transition temperature (Tg) and
can be associated with the viscoelasticity easily in DMA. The average
orientation, loss and storage modulus of the uni-axially stretched PC
samples were studied by WAXD and DMA respectively. The PC samples
were stretched at two temperatures at the same tensile rates. Through
comparing the differences of loss and storage modulus among different
oriented states, we expect to have a better understanding of the re-
lationship between orientation and viscoelasticity. A relation between
relaxation modulus and average orientation angle with Deborah
number was deduced from the Elastic Dumbbell model and Wormlike
chain model [34]. The experimental results and theories were com-
bined together to build the pseudo dynamic relationship between or-
ientation and viscoelasticity through the static images.

2. Theory
2.1. Orientation relaxation

A classical molecular statistical model, Elastic Dumbbell model, was
used to calculate the molecular orientation [34]:
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where A is the deformation tensor of spring in the Elastic Dumbbell and
represents a deviation of the chain with respect to the undisturbed
conformation. The maximum eigenvalue of A can serve as the index to
evaluate the orientation. The conformation tensor <R R> equals to
<R R>. Vv is the velocity gradient tensor. Molecular orientation gen-
erally contains two opposite processes, i.e., elongation and retraction of
molecular chains [35]. It is easier to determine the orientation relaxa-
tion separately, the related molecular relaxation equation can be de-
duced from Eq. (1) by assuming that all the velocity gradient terms are
zero:

t
A= A.exp| ——
£ 75050 ( /1) 3)
where t is time and A is relaxation time, A, represents the initial or-
ientation. Eq. (3) is similar to the strain recovery equation
(e= goexp(—%)) deduced from the Voigt model and the stress relaxa-

tion equation (g = goexp(—%)) from the Maxwell model [36,37].
Considering the theoretical linear relationship between the orientation
and flow induced stress [38], it is verified that Eq. (3) could be used to
present molecular relaxation.

2.2. Orientation and modulus

The wormlike chain model proposed by Porod and Kratky suc-
ceeded in describing the semi rigid macromolecules [39-41]. The de-
finition of persistence length, projected length, bond angle and length
are very instructive. If the persistence length and projected length are
regarded as molecular orientation in a specific direction, the bond is
replaced by segment and the bond angle is transformed into the or-
ientation angle. Suppose the macromolecule is a freely jointed chain,
including a great number of segments and the length of each segment is
. The average angle between two adjacent segments is ¢. If the first
segment is parallel with the orientation direction, the mean projection
of the whole molecular chain along the orientation can be obtained, as
is shown in following equation.

1 — cos"¢ !
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For an infinite long chain, n— c,cos"¢—0, Eq. (4) can be further
converted into Eq. (5):
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a is the persistence length, represents the trend of the whole molecular
chain arranged in a certain direction. The cosine of average orientation
angle is:

a 1
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where <cos¢’> is the cosine of average orientation angle. When the
molecular orientation reaches the maximum, <cos¢’> —1, cosp —1.
The <cos¢’> can be approximately replaced with <cos¢>, which has the
similar meaning as the parameter defined in the Hermans' factor. If the
segment is further divided and ¢ is reduced infinitely, i. e., $ —0, cos¢
—1, the macromolecule would change from a polygonal line with sharp
edges to a wormlike line. Based on the Taylor series expansion, exp (-l/
a) can be transformed into a cosine function (Eq. (7)), when the higher
order terms are ignored.

]
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Molecular segment is assumed as the smallest active structural unit
to be considered, the related time t can be defined as the observation
time. The persistence length a represents the trend of the whole mo-
lecular chain arranged in a certain direction, the related time is re-
laxation time A. According to scaling theory and affine deformation
assumption [42], the velocity gradients in multiscale are equal.
Through assuming the velocity gradient was zero, the orientation cal-
culation equation (1) was converted into a relaxation form (Eq. (3)).
Furthermore, the deformation rate of macromolecule is similar to that
of microstructure unit based on that assumption [9,34,43]. The re-
lationship between two types of velocity is shown in Eq. (8).

a

A

L
t (8)

The modulus relaxation (E(T)) can be transformed into a cosine
function as shown in Eq. (9):

1
E(T) = Epin + AE-exp(—D—) ~ Epnin + AE- < cosp>
e

(C)]
with De being expressed as Equation (10) [44]:
A
Pe=7 (10)

where E;, is the elastic modulus of the un-oriented sample, E;, + AE
represents the modulus of stretched sample at the beginning of re-
laxation. De is the Deborah number, which can be used to characterize
the flow of amorphous polymer. As the De increases, the material is
close to elasticity; on the contrary, it is close to viscosity. Furthermore,
the De number is increased with increasing a if the assumed Eq. (8) is
held. a is the tendency of molecular chain to keep the orientation. Eq.
(9) suggests that the orientation and elastic modulus have similar time
dependence during relaxation.

3. Experimental
3.1. Material and sample preparation

The optical grade polycarbonate (PC, 110, Chi-Mei Co.) with a
density of 1.2gem™2 and a melt flow rate (MFR) of 10 g/10min
(300 °C, 1.2 kg, ASTM D1238) was used because it displayed molecular
orientation when drawn in the solid state. The initial standard dumb-
bell-shaped tension sample with a thickness of 4 mm was produced by a
Demag precision injection molding machine (Demag Plastics Group,
Germany). The melt temperature and mold temperature were 295 and
80 °C, respectively. The packing pressure was 65 MPa. Then the sample
was uni-axially drawn on a Shimadzu tensile machine (AG-X plus),
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Fig. 1. Sample preparation. (The number of “1, 2, 3, 4, 5 and 6” represent the test locations of WAXD from far to near the gate.)

equipped with a temperature-controlled oven. The drawing tempera-
tures were respectively chosen at low-temperature (30°C) and high-
temperature (130 °C). Prior to stretching, the samples were held for
5min at the chosen temperature, in order to insure thermal stabiliza-
tion. Four drawn speeds of 5, 10, 20 and 40 mm/min were used, and the
stretching stroke was 50 mm. After drawing, the neck parts of the
samples were further cut into segments with 35 mm length for WAXD
and DMA experiments. The whole process of sample forming was
shown in Fig. 1.

3.2. WAXD

WAXD was carried out on a Bruker Nanostar system. The Cu K,
radiation source (A = 0.154nm) was selected with a point focusing
monochromator. The distance between the sample and the 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.
The Hermans' factor (Eq. (11)) coupled with Eq. (12) were used to il-
lustrate the orientation quantitatively [19,45].
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where f is the Hermans' factor, I1(¢) is the scattering intensity at ¢,
<cos*¢> is the square of average orientation parameter defined by
Hermans' factor. Radial intensity profiles were obtained by azimuthal
integration of the 2D patterns from 0° to 360°. The orientation of
amorphous polymer was further calculated by Egs. (11) and (12) over
the 26 range from 0° to 180° using the nonlinear curve fitting. The
average orientations of samples were calculated and listed in Table 1.

<cos’p > =

12

3.3. DMA

A mechanical analyzer (Q800, TA Instruments, USA) was used in
dynamic viscoelasticity testing and operated at a fixed frequency of
1Hz in single cantilever mode. The temperature investigated was
maintained at 40 °C for 3 min at the initial stage, then, heated up to
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160 °C with a heating rate of 3 °C/min. The resultant storage loss, loss
modulus and tan$ were recorded in the process.

4. Results and discussions
4.1. Orientation

Fig. 2 shows a 2D-WAXD pattern of the un-stretched PC sample. The
isotropic reflection circle indicates a low orientation degree of the in-
jection-molded PC sample [46-49]. Fig. 3 shows the distinct arcs of the
stretched PC samples, rather than isotropic circles in Fig. 2. For samples
under the high-temperature drawing, the diffraction arcs become more
concentrated with increasing the distance in the equatorial direction
from the gate to the test location (for example, from 6 to 1) as shown in
Fig. 3a. But for the low-temperature drawing samples, the position
dependence of 2D-WAXD patterns is not obvious. The equatorial arcs of
low-temperature stretched samples are more concentrated than those of
high-temperature stretched samples, which represent a greater or-
ientation for the former than the latter ones. Table 1 illustrates the
average orientation difference numerically between high and low
temperature. Since higher temperature provides more free volume for
molecular orientation and relaxation simultaneously, the absolute
elongation of molecules is minimized by chain slip [50]. This regularity
of position-dependent orientation at high temperature is also clearly
shown in Table 1, which shows that all the average Hermans' factors
near the gate are smaller than those far from the gate at high tem-
perature. According to the seven parameters WLF equation, free volume
is partly dependent on pressure. It is conceivable that the pressure drop
along the flow direction in injection molding creates different free vo-
lume in the sample. The free volume affords necessary space for mo-
lecules moving. The larger free volume in the region far from the gate
than near the gate is responsible for the position dependence of or-
ientation. Whereas, the WAXD patterns and Hermans' factor at low
temperature show irregularity. The possible reason is as follows: the
molecular chains are considered to be frozen at far below the glass
transition temperature, unless the micro-structure barrier was de-
stroyed by an external loading. But the destruction at low temperature
also results in a discontinuity of macro- and micro-structure. The mo-
lecules can be stretched more easily near the discontinued area, due to



F. Luo et al.

Table 1
The Hermans' factor of the stretched PC samples.

Polymer Testing 69 (2018) 528-535

Test Locations High-temperature stretched samples

Low-temperature stretched samples

5% 10 20 40 5 10 20 40
Far from the gate 1 0.078 0.075 0.066 0.079 0.089 0.094 0.090 0.094
2 0.075 0.066 0.070 0.070 0.090 0.088 0.091 0.093
3 0.071 0.068 0.060 0.058 0.086 0.078 0.080 0.092
Average 0.075 0.070 0.066 0.069 0.088 0.087 0.087 0.093
Near the gate 4 0.070 0.054 0.050 0.053 0.091 0.090 0.095 0.099
5 0.047 0.055 0.034 0.058 0.084 0.092 0.089 0.095
6 0.053 0.046 0.038 0.045 0.086 0.090 0.088 0.091
Average 0.057 0.052 0.041 0.052 0.087 0.091 0.091 0.095

2 The 5, 10, 20 and 40 represent the tensile rates of 5mm/s, 10 mm/s, 20 mm/s and 40 mm/s, respectively.

Fig. 2. WAXD patterns of un-stretched injection molded PC sample.

the extra volume causes local extension ratio increases faster than the
continuum [51-53]. This type of fracture and discontinuity of structure
is much smaller and more evenly distributed at high temperature.
Table 1 also reveals the random change of Hermans' factor among
different tensile rates no matter at high or low temperature since the
final orientation degree is more likely controlled by the tensile stroke
rather than tensile rate.

4.2. Orientation and elasticity

Although the viscoelasticity is considered dependent on both the
orientation and free volume according to our previous research [2], the
effects of free volume on viscoelasticity can be ignored in this experi-
ment due to the same injection molding conditions, temperature and
stroke of drawing. The oriented structure can be regarded as the most
important single factor of the viscoelasticity. Fig. 4 shows the storage
modulus plateau in the glassy state of different stretched PC samples.
Compared with the high-temperature stretched sample, there is an
unusual valley in the modulus plateau of low-temperature stretched
sample. The v-shaped valley in the storage modulus curve can also be
interpreted by the existence of fracture and discontinuity. The ramp
down of the curve at the beginning of temperature rising reflects the
decrease of the energy elasticity and the expansion of motion scale. The
generated microstructural fractures can absorb energy and diminish the
stress. The combined effects of temperature and fractures accelerate the
decrease of storage modulus in the plateau through decreasing the
stress, Fig. 4 (b). The following ramp-up part of the storage modulus
curve, Fig. 4 (b), implies the possible fracture repair. At temperature
close to the Tg, the polymer chains start to reshape to form the rubbery
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network. Combined with Table 1, different heights of plateaus in Fig. 4
reflect different orientation-induced elasticity. In order to find the
specific relationship between oriented state and elasticity, the storage
modulus at the end of the plateau versus orientation calculated by
WAXD is further plotted in Fig. 5. Fig. 5 (a) shows that the E’ increases
with increasing the orientation exponentially, i. e. the sample with a
greater orientation has a larger storage modulus for high-temperature
stretched samples. Nevertheless, the storage modulus of the low-tem-
perature stretched samples is not closely associated with the orientation
in Fig. 4 (b) and Fig. 5 (b). Fig. 1 shows the obvious necking phenomena
in the low-temperature stretched samples, and Table 1 shows the un-
even orientation of them at different test locations. Accordingly, the
irregularity of modulus in the low-temperature stretched samples is
caused by the molecular fragmentation, macroscopic crack, non-uni-
form macro-deformation and molecular orientation during drawing.
Compared with the irregular results in Fig. 4 (b) and 5 (b), it is much
easier to understand that the storage modulus is related to the or-
ientation in Fig. 4 (a) and 5 (a).

The dynamic storage modulus E’ at low frequency is approximately
equal to the Young's modulus (E) in the steady-state. If replace E with
E’, the following Eq. (13) is obtained from Eq. (9):

1
E'(T) = E'ypin + AE"-exp| ——
(T) = E'mi o(-+) s
For uni-axial orientation relaxation, the orientation tensor A can be
replaced by the maximum eigenvalue a [34]. Eq. (3) can be trans-
formed into Eq. (14):

a® _ fO _ exp(_%)

Xo - f /()
fo and f(t) represent the initial orientation and the time dependent
orientation. Furthermore, exp (-t/A)—1- t/A because of f(t)/fo—1 in the
early stage of the relaxation. The relationship between Hermans' factor
and the storage modulus is obtained from Eq. (13):

14

E'(f) = E' in + AE’~exp[—%J
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The curve of Eq. (15) with proper parameters is shown in Fig. 5 (a),
which is consistent with the change trend of the experiments. When f—
fo, De—=oo according to Egs. (10) and (14), i.e., a relatively greater
orientation in the polymer corresponds to a larger De number and
higher elasticity. This result indicates that the molecular chain becomes
more rigid during the orientation. One explanation is that the free de-
gree of the molecular segmental motion is minimized by stretching, and
the orderly molecular alignment squeezed the free volume [54,55]. The
motion became more difficult in segment-scale. Because the force-
stretched chains can hardly be further stretched, molecular orientation
leads to a smaller deformation of glassy polymer than the un-oriented
polymer under a same external force, until the necking occurs [56].
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Far from the gate — Near the gate

1 2
Far from the gate

meaning as the number in Fig. 1.)

4.3. Orientation and viscosity

Fig. 6 shows the typical temperature-dependent curve of the loss
modulus and tané. The relationship between viscosity and orientation is
studied in the rubbery state, because the viscosity is unnoticeable in the
glassy state and the oriented structure will be destroyed in the viscous
flow state. A reference point corresponding to the peak of the tan§ is
also marked in Fig. 6. The tané is defined as E”/E’, which reflects the
ratio of viscosity to elasticity. The maximum of the tand is commonly
regarded as the T, and close to the T, determined by DSC for PC.
Therefore, the reference inflection point is considered as the upper
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20mm/min
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6 High-temperature

stretched samples
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5 6

Low-temperature
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Fig. 3. WAXD patterns of PC specimens drawn at 130 °C (a) and 30 °C (b). (The drawing direction is vertical. The bottom number “1, 2, 3, 4, 5 and 6” have the same

532

temperature limit of the segmental relaxation. As another significant
signal of molecular motion, the loss modulus at the reference point can
be approximately related to the orientation in the glassy state.

Fig. 7 shows that the loss modulus versus the orientation of the
high-temperature stretched samples has a similar change trend to the
storage modulus versus the orientation in Fig. 5 (a). The loss modulus
increases with increasing the average orientation exponentially. But the
dependence of loss modulus on the orientation in low-temperature
samples is irregular. For the low-temperature samples, the cause for the
irregularity of the loss modulus versus orientation is the same reason as
that of the storage modulus versus orientation. For the high-



F. Luo et al.

3650 ; T T T

2920

2190

1460

730

Storage modulus, £’ (MPa)

——40-F
0 1
62

84 106 128

Temperature, 7' (°C)

(a)

Polymer Testing 69 (2018) 528-535

3650 : : . ;
£ 2920
g
Q2190
E
=
S 1460
£
& 730
S :
A gl==teE — 3
40 62 84 106 128 150

Temperature, 7' (°C)

(b)

Fig. 4. Storage modulus of stretched PC samples at the end of the plateau phase. ((a) and (b) represent the high-temperature and low temperature conditions,
respectively. F and N in legend represent samples far from the gate and near the gate, the DMA results of which correspond with the average molecular orientation

calculated by WAXD in test locations “1, 2, 3” and “4, 5, 6” respectively.).
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Fig. 6. The exemplary temperature dependent curves of loss modulus and tand
in DMA.

temperature stretched samples, the increased viscosity is attributed to
the increased orientation, which is perpendicular to the alternating
loading direction in the single cantilever beam mode of DMA. The an-
isotropic viscosity of polymer has been shown to be greatly affected by
orientation. Just as the assumptions in Reptation model suggested by de
Gennes that a worm in a tube can only crawl along the tube, the
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hindrance for molecular motion in the oriented system has a direction
dependence. The De in Eq. (10) can also be used to explain the vertical
directional viscosity decrease with orientation. The viscosity of polymer
along the orientation decreases with increasing the De. Besides that, the
molecules can be arranged more compact in the oriented state than in
the random state, which further promotes the increase of anisotropic
viscosity [50]. The conceivable reason is that, the orderly molecular
alignment forces the free volume to congregate along the orientation.
The specific directional gathering of free volume leads to a sandwich-
like microstructure, and the fracture and discontinuity are covered by
staggered multi-layer chains. The void produced by free volume be-
tween two neighbor chains can absorb the shock from outside, and the
strong intramolecular force prevents the dislocation developing along
the fracture, which increase the energy dispassion and enhance the
transverse toughness [57].

5. Conclusion

Based on the DMA and WAXD results, it is clear that the storage and
loss modulus are associated with the molecular orientation for high-
temperature stretched PC samples. The orientation of most of the low-
temperature stretched specimens is higher than that of the high-tem-
perature ones. The regular changes of dynamic viscoelasticity with
orientation do not appear in the samples under the low-temperature
condition. A relaxation equation deduced from the Elastic Dumbbell
model has been successfully used in explaining the orientation
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Fig. 7. The loss modulus versus average orientation of stretched specimens.
tively.).

dependence of storage elasticity. The free volume theory and sandwich-
like microstructure assumption were applied for interpreting the
transverse loss modulus increase. The Deborah number is also in-
troduced to interpret the increase of E’ and E” with increasing the or-
ientation. The experimental results prove that the molecular theories
can be used in the glass-like state of polymers. The dynamic depen-
dence of viscoelasticity on molecular orientation during the deforma-
tion can be obtained analogically by the static images. DMA can be
regarded as a new approach to determine the global orientation of high-
temperature drawn PC sample. This research is helpful for under-
standing the mechanism of orientation and developing the new or-
ientation characterization methods.
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