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Abstract A general model was developed to predict the temperature-dependent modulus and yield strength of different thermoplastic
polymers. This model, which depends on only two parameters with clear and specific physical meanings, can describe the temperature-
dependent modulus and yield strength of thermoplastic polymers over the full glass transition region. The temperature-dependent modulus and
yield strength of three thermoplastic polymers were measured by uniaxial tension tests over a temperature range of 243—-383 K. The predictions
showed excellent agreement with the experimental data. Sensitivity analysis of model input parameters showed negligible effect on the present
general model. The universality of the present general model was further validated, showing excellent agreement with published experimental

data on other thermoplastic polymers and their composites.
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INTRODUCTION

Thermoplastic polymers have unique thermal, mechanical,
electrical, and lightweight characteristics that make them suit-
able for use in a wide variety of applications in aviation,!" au-
tomotive,? battery,® biomedicine, and construction sectors.
In practical applications, thermoplastic polymers are subjected
to a wide range of environment and temperature conditions.
However, the mechanical properties of thermoplastic polymers,
such as modulus and strength, can drop by three orders of
magnitude at temperatures near the glass transition region,”
causing them to become too soft to resist external loads.
Therefore, an accurate description of their mechanical
properties at different temperatures is fundamental for the
successful design of engineering structures.

Many models have been developed to describe the tem-
perature-dependent mechanical property of polymeric ma-
terials in the glass transition region.[6-'81 Gu and Asaro em-
ployed a phenomenological form to describe the relation-
ship between temperature and the Young’s modulus of poly-
mer matrix composites.l! Ha and Springer present a power
law expression to model the temperature-dependent modu-
lus and strength of thermoset resins and their composites.l’]
Dutta and Hui developed a time- and temperature-depend-
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ent model of the modulus of glass-fibre-reinforced polyester
composites.8l By neglecting the loss modulus, Wang et al. cal-
culated the reduction in material properties using the degree
of attenuation of the storage modulus, thus establishing a
simple and stable phenomenological model to predict the
bending stiffness and strength of two kinds of thermoplastic
composites.®! Murayama and Bell established a temperature-
dependent model to characterize the dynamic modulus of an
amine-cured epoxy polymer in the rubbery state.'% In order
to describe the dynamic storage modulus of three thermo-
plastic polymers and one composite over the full range of
transition temperatures, Mahieux and Reifsnider presented a
Weibull-type function based on the breakage of bonds
between the macromolecules.''12 Gibson et al. developed a
semi-empirical model based on the hyperbolic tanh function
to characterize the mechanical properties of thermoset com-
posites at different temperatures.['314 Based on the Arrheni-
us equation, Bai et al. presented a model to predict the tem-
perature-dependent dynamic storage modulus of fibre-rein-
forced polymer composites across different temperature
ranges.!"> Guo et al. presented a temperature- and frequency-
dependent model of dynamic mechanical properties that dis-
played excellent agreement with the dynamic storage modu-
lus and flexural modulus of a thermoset composite.['6-18 The
Ree-Eyring’s model'9-21 considers the yield behaviour as a
thermally activated process and has been employed to pre-
dict the temperature- and rate-dependent yield strength of
aliphatic polyketone,[?2] plasticised starch-polyol,123! as well as
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polyamide 6 (PA6) and its nanocomposites.?4! Considering a
constant strain rate, a linear relationship was suggested by
Kambour who simplified the Ree-Eyring’s model.25! This rela-
tionship has been used for thermoplastic polymers such as
PA6 at a small temperature range (from 277 K to 353 K).[26l
Unfortunately, this relationship loses accuracy at a wide tem-
perature range. Most of these previous studies only focused
on modelling the dynamic storage modulus or the yield
strength of polymers and their composites, whereas the liter-
ature contains far fewer reports on temperature-dependent
modulus and yield strength model of thermoplastic polymers.
This article presents a general model of the temperature-
dependent modulus and yield strength of thermoplastic poly-
mers. The physical meanings of the model parameters are dis-
cussed in detail. Input parameters are used in the present
model: the modulus and yield strength of the specimen in the
glassy and rubbery states, determined by uniaxial tension
tests, and the glass transition temperature, determined by dy-
namic mechanical analysis (DMA). The present model was veri-
fied using the Young’s modulus and yield strength of three
types of thermoplastic polymer measured by uniaxial tension
tests under different temperatures, and by comparison with
experimental data published in the literature. The experi-
mental results were adopted for calibrating the fitting para-
meters of the present model. Sensitivity analysis showed that
our model was robust, with variations in input parameters
having only a slight effect on the model. The present model is
discussed in comparison with existing popular models.

TEMPERATURE-DEPENDENT MODULUS
MODELS

According to the linear relationship between modulus and yield
strength (Eg. S1 in the electronic supplementary information,
ESI) and the definition of degree of glass transition ag,“sl which
is widely adopted by many other literatures,'5~'8273¢ q_ can be
written as:

Py -P(T)
ag(T) = PP (1)
where Py is the mechanical property (modulus and yield
strength) of the specimen in the glassy state, Py is the
mechanical property of the specimen in the rubbery state, and
P(T) is the instantaneous mechanical property.

In statistical mechanics, the glass transition can be con-
sidered as a process in which a large population of molecules
change progressively from a glassy to a rubbery state.'? If N
is assumed to be the total number of molecules, then the
number of rubbery-state molecules at temperature T can be
expressed as N-aq(T). The number of molecules changing to
the rubbery-state per unit temperature is defined as
d(N-a
A %5) ) - )

In most thermoplastic polymers,37-39 the shape of the
modulus-temperature curve is a reversed sigmoid, which is
similar to the generalized logistic function, also known as

Richards’ curve.®9) Based on this, we hypothesize that
d(N-aq
M/(N-ag) decreases as the total number of rubbery-

state molecules increases, as shown in Eq. (2):

W/(N'aghk-A'(N'aQ)’" )
where k is the initial increase in the number of rubbery-state
molecules per unit temperature, m is a shape factor, and A is a
constant. From Eq. (2), the number of molecules changing to
the rubbery-state per unit temperature becomes k as aj
approaches zero, and zero as a4 approaches 1. The constant A is
equal to k/N™. Thus, the variation of a4 per unit temperature can
be written as:

?:k-ﬁ—agq)-ag (3)

When the temperature approaches the glass transition
temperature Ty, the maximum increase of a4 per unit temper-
ature occurs. The derivative of day/dT equals zero, and thus

we can calculate agwhen T= T
a1

“9|T=Tg =(ﬁ)m (4)

Based on Eq. (4), the solution to differential Eq. (3) can be
expressed as:

agn=——1 (5)

(me—mk(r—rg) +1 )#

Substituting Eq. (5) into Eq. (1), the temperature-depend-
ent mechanical property P(T) can be determined by Eq. (6):

Py —P
PN =Py - —— (6)

(me—mk(r—rg) +1 )rln

Eq. (6) therefore provides the basis of the general temper-
ature-dependent model developed in this study. In this mod-
el, the input parameters Py and P can be determined by uni-
axial tension tests, and T, by DMA. Further discussion of k and
m follows.

The parameter k represents the initial increase in the num-
ber of rubbery-state molecules per unit temperature. More-
over, it determines the width of the glass transition region.
With regard to the degree of glass transition, when a4 <0.01,
the material is in the glassy state, and when a4 2 0.99, the ma-
terial is in the rubbery state. Then, the width of glass trans-
ition region AT (0.01 < a4 <0.99) can be represented as
const/k for a given value of shape factor m, based on Eq. (5).
Given the inverse-proportional relationship between AT and
k, the smaller the value of k, the wider the glass transition re-
gion. In the glass transition region, the low molecular weight
chains relax earlier than those with high molecular weight
due to their higher chain mobility.*"l Therefore, a polymer
with a broad (narrow) molecular weight distribution has a
wide (narrow) glass transition region. Overall, the parameter k
is related to the polydispersity index (P), a measure of the dis-
tribution of molecular weights in a given polymer. More con-
cretely, the higher (lower) the D of the polymer, the smaller
(larger) the initial increase in the number of rubbery-state
molecules per unit temperature.

The second parameter m is a shape factor that determines
the symmetry of the mechanical property-temperature curve.
Eq. (2) with different values of m are plotted in Fig. 1. When

ag)
g .
/(N-ag) s
found as the number of rubbery-state molecules increases;

m =1, a linear decrease in the correlation
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the model can be reduced to our previous model.l'! Under
this condition, the mechanical property-temperature curve
shows central symmetry with respect to the point

(Tg, Py ;PR in the glass transition region, and ag = 1/2 at T,

When m > 1, the curve in Fig. 1 is convex (decreasing as the
number of rubbery-state molecules increases), giving ag > 1/2
at Tg. In contrast, when 0 < m < 1, the curve in Fig. 1 is con-
cave (decreasing as the number of rubbery-state molecules
increases), giving aq < 1/2 at Tg. In terms of geometry, the lar-
ger the value of m, the larger the value of a4 at T In addition,
in terms of the physical mechanism, the parameter m is con-
nected with the crystallinity of the polymer. The results of Lin
et al. suggest that the degree of crystallinity of a polymer re-
mains constant below Ty, and then gradually decreases
between Ty and the melting temperature,*? probably result-
ing from crystal melting. The larger the degree of crystallinity,
the larger the transition from crystal phase to amorphous
phase. Above T, the amorphous phase is in a rubbery state.
Therefore, a polymer with a larger degree of crystallinity will
exhibit a larger drop in mechanical property between the
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Fig. 1 The relationship between T/ (N. Gg) and N-ag with

different shape factors m.

glass transition point and the rubbery state, but a smaller
drop in modulus between the glassy state and the glass
transition point (smaller a4 at Tj). From this, it can be con-
cluded that the parameter m in our model is related to the
crystallinity of the polymer: the smaller the value of m, the
larger the degree of crystallinity of the polymer.

Various established temperature-dependent modulus and
yield strength models are summarized alongside our pres-
ent model in Table 1. The model by Wang et al. is a phe-
nomenological model, which is strongly dependent on the
storage modulus.®! The models by Mahieux and Reifsnid-
er,["121 Ha and Springer,”) and Gibson et al.['314 have one fit-
ting parameter. Unfortunately, this fitting parameter has no
legitimate physical meaning. For the model by Bai et al.,l'!
parameter ag, which depends on three fitting parameters,
must first be solved numerically, and T, a critical temperat-
ure in the glass transition region, is not included. The ab-
sence of Ty makes it inconvenient to analyze the glass trans-
ition region from the molecular level. It should be emphas-
ized that our model, which has a concise form, is derived
based on the changing trend of the increasing number of
rubbery-state molecules per unit temperature, and includes
the critical temperature T, The fitting parameters k and m re-
lated to D and crystallinity of the polymer, respectively, have
specific physical meanings. It is also interesting that the mod-
el by Gibson et al. can be derived from our model when k =
2k’and m = 1.0l

EXPERIMENTAL

Materials and Specimens

In this study, three kinds of thermoplastic polymer blends that
are widely used in automotive trim systems were studied:
acrylonitrile-butadiene-styrene (ABS), polycarbonate/acryloni-
trile-butadiene-styrene (PC/ABS), and polypropylene/ethylene-
propylene-diene-monomer/talc15 (PP/EPDM/T15), obtained
from LG Chem (Korea), SABIC (Saudi Arabia), and PRET (China),
respectively. The automotive is subjected to a temperature
change ranging from 243 K to 383 K. Hence, three different

Table 1 Description of temperature-dependent modulus and yield strength models.

Model Formula Input parameter  Fitting parameter Physical meaning
Wang etal. E(T)-E (T Er, —E(T) Ery Er Er, Ey None E'is storage modulus.
E(T) = ETO EI —- EI Tr El — El 0 !
To T To Te
M%hi.?nqg and T\ Eq Eri Ty m' m'is Weibull exponent.
elfsnider E(T) = (Eq - E-) exp —(T—g) +E
Bai et al. E(T)=Eg (1- ag) +Erag Ag Eagn' Ag is a pre-exponential factor;
da. A —Ea , Ep g is the activation energy;
2 = Bexp[—=2)(1-ag)" n' is the reaction order.
ar B RT 9
Ha and T.—-T\? T To, P(To n nis a constant without physical meaning.
Gibsonetal. Pu+Pr Py-Pr , Py, PR, T, K k' is a constant related to the sharpness
P(T) = UT - Y Rtanh (K(T-Tq)) 9 of the transition.
Present model Py — PR Pu, Pr, T, k,m kis related to &; m is related
P(T) =Py - UTR g to the crystallinity of the polymer.

(me—mk(r—rg) + 1)%

Ty is a temperature in the glassy state; T, is a temperature in the rubbery state; E, and E, represent the modulus in glassy state and rubbery state, respectively.
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polymers are tested with the same temperature range in the
next section.

Uniaxial Tension Tests

The mechanical behaviours of the three thermoplastic polymers
were studied at the same temperature range (243, 263, 296, 333,
353, and 383 K) by conducting uniaxial tension tests on an
electromechanical tensile machine (Zwick/Roell Z020; maxi-
mum load capacity 20 kN) equipped with an environmental
chamber. Dumbbell-shaped uniaxial tension specimens were
prepared with approximate dimensions of 1770 mm x 20 mm X
3 mm, in accordance with ISO 527.%3 Prior to each test, the
chamber was preheated to the designated temperature. Then,
each specimen was placed in the chamber for 10 min to allow
the temperature inside the specimen to equilibrate to the
designated temperature (see Fig. 2a). Three specimens were
tested at each temperature. The loading speed was set to
2 mm/min.

A non-contact measurement system was adopted to meas-
ure the strain by using a two-dimensional digital image cor-
relation system. Two pairs of crossed lines were marked on
each specimen in order to provide two intersection points
with a distance of 50 mm (Fig. 2b). Adequate contrast was
achieved using white LED lights to illuminate the specimen
surface. A CCD camera (Basler acA1600, resolution 1626 x
1236 pixels) and Pylon Viewer software were employed to ac-
quire 20 static images per second. During real-time strain
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measurement, a correlation subset of 51 x 51 pixels was
chosen to achieve sufficient spatial resolution.

Dynamic Mechanical Analysis

In order to characterize the glass transition temperatures (T,) of
the thermoplastic polymers, DMA was performed across a tem-
perature range of 210 K to 393 K using a dynamic mechanical
analyzer (DMA Q800, TA Instruments, USA). Rectangular

Chamber

Fig. 2 Experimental setup for uniaxial tests: (a) Zwick/Roell Z020
testing machine and (b) a specimen.
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Fig.3 Stress-strain curves of thermoplastic polymers at different temperatures: (a) ABS, (b) PC/ABS, and (c) PP/EPDM/T15.
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specimens were prepared (approximate dimensions 10.2 mm X
6.8 mm X 0.75 mm) in accordance with the manufacturer’s
instructions. The storage modulus, loss modulus, and loss
factor were obtained using multi-frequency-strain mode in
tension, where the heating rate and testing frequency were 3
K/min and 1 Hz, respectively.

RESULTS AND DISCUSSION

Uniaxial Tension Tests

The stress-strain curves in Fig. 3 reflect different tensile char-
acteristics of the three thermoplastic polymers with regard to
temperature. The curves are plotted using engineering stress
and strain. Fig. 3 clearly shows the temperature dependence of
the mechanical properties of all three thermoplastic polymers.
The five regimes of behavior are elasticity, yielding, strain sof-
tening, cold drawing, and failure. However, strain softening does
not occur during high temperature measurements (383 K).
Instead, the cold-drawing behavior (elongation at a constant

Huang, P. Y. et al./ Chinese J. Polym. Sci. 2020, 38, 382-393

stress: appearing as a horizontal plateau) takes place imme-
diately after yielding. For the materials without a yield plate-
au, nominal maximum stress®**4! and backward extrapolati-
on% are used to define the yield point (Fig. S1 in ESI).
Young's modulus and yield strength (presented in Table 2),
are calculated from the linear elastic portion (g 50, t0 €g250,) Of
the stress-strain curve.®3] As demonstrated in Table 2, the
polymers are stiffer at lower temperatures and softer at higher
temperatures.

Dynamic Mechanical Analysis

DMA experiments can reveal the thermo-mechanical properties
of thermoplastic materials. The storage modulus E', loss modu-
lus E", and loss factor curves were recorded as a function of
temperature, as seen in Fig. 4. The thermoplastic polymers
presented high E' values, which gradually decreased with incre-
asing temperature in the glassy state; a sharp drop occurred
around T, corresponding to a dramatic increase of E”, which
resulted in an increase of the loss factor. Ty can be determined

Table2 Average Young’'s modulus and yield strength of ABS, PC/ABS, and PP/EPDM/T15.

Young's modulus (GPa)

Yield strength (MPa)

Temperature (K)

ABS PC/ABS PP/EPDM/T15 ABS PC/ABS PP/EPDM/T15
243 2.325 2.145 2.830 60.88 71.08 34.52
263 2.183 1.962 2417 53.93 52.25 28.14
296 2.134 1.941 1.220 44.58 41.27 16.57
333 1.759 1.481 0.409 28.72 33.69 9.25
353 1.352 1.277 0.285 20.92 27.39 6.56
383 0.175 0.136 0.172 1.75 3.36 4.12
1.6 R 0.20 128 2.0 PC/ARS b 0.28 10.9
ABS | 126 &
1ala 0.18 154 1.8 {024 108
F 15 1016 {22 = 16 020 ~ 197
i 101 g149% G 14 & os
3 101 —o— storage modulus 1012 9116 S é 1.2} —° Storage modulus 10.16 g 105 S
'§ 0.8l —o Loss modulus 10.10 S 114 E T 10} —o— Loss modulus 1012 3 104 5
IS —»— Loss factor 40.08 -8 1 }é g IS 08 —— Loss factor -8 03 §
L 06 1006 E:O-SJ g o 1008 E1%° 9
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Fig.4 Variation of storage modulus, loss modulus, and loss factor with temperature: (a) ABS, (b) PC/ABS, and (c) PP/EPDM/T15.
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from the peak of the loss factor or loss modulus curves, or the
mid-point of the storage modulus curve. In our model, T was
obtained from the peak of the loss modulus for the following
reasons. Firstly, the temperature corresponding to the peak of
loss modulus typically coincides with the temperature of
maximum change in storage modulus,['®-'85" and the trend of
storage modulus is similar to that of Young’'s modulus; thus,
the maximum change of Young’s modulus (or ag, see Eq. 4)
occurs at the T, determined by the peak of the loss modulus.
Secondly, the peak of the loss modulus is much easier to read
than the maximum change of the storage modulus. According

to Fig. 4, the glass transition temperatures were 383, 377, and
314 K for ABS, PC/ABS and PP/EPDM/T15, respectively. The
mechanical properties and T, are strongly loading speed/fre-
quency-dependent due to the viscosity of polymers.>2>3 DMA
testing at 1 Hz was used because the strain rates of the two
types of tests (DMA and uniaxial tension test) are comparable
based on the equivalent method.*¥

Sensitivity Analysis of Model Input Parameters
Each of the models has mandatory inputting parameters. In
our model, Py, Py and T, should first be measured and

Table 3 Parameters to determine Eq. (7).

Glassy state Rubbery state
Material 1 1 ; 5 ,
7—range (K) EB (GPa) S (MPa/K) T?ange (K) EB (GPa) 5 (MPa/K)
ABS 220-30015! 2.239 3.39 390-40071 0.133 3.39
PC/ABS 220-3001%8] 2.042 3.53 398-408!5 0.095 3.53
PP/EPDM/T15 17324360 2.962 3.77 353-393061 0.210 3.77
Table4 Lower boundary, baseline, and upper boundary of E, E,, and Tg
Material Eq (GPa) E; (GPa) Tq (K)
L B U B U L B U
ABS 2.103 2.239 2375 0.116 0.133 0.150 379 383 387
PC/ABS 1.901 2.042 2.183 0.060 0.095 0.130 373 377 381
PP/EPDM/T15 2.830 2.962 3.094 0.135 0.210 0.285 310 314 318
250 S 2.25 5
295 | So0l PC/ABS
2.00}
= = 175}
& 175t 5
e Y150+
35150} 5 15
=3 > . r
B 125+ 3
S 100} © 5P \ EN00F o o
2 ° Sp2 ) 2075L o Sp2
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> 0.50 = — Eg=2.103 GPa,£,=0.133 GPa \ > 050 — — E;=1.901 GPa, £, = 0.095 GPa
051 Ey=2.239 GPa,E,=0.133 GPa (Baseline) \ 025 Ey=2.042 GPa, E, = 0.095 GPa (Baseline)
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Fig.5 Sensitivity analysis of Eg: (a) ABS, (b) PC/ABS, and (c) PP/EPDM/T15.
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determined. It is noteworthy that P, shows a small reduction
with temperature increase in the glassy state, as does Py in the
rubbery state. The deviation of T, may be caused by instru-
mentation error and different measurement techniques. For
instance, DSC and DMA can cause a difference of + 4 K for
a wide variety of commercially available thermoplastic
polymers.> In order to verify our model's universality, a
discussion about its sensitivity to Py, P, and Ty is essential. In
this section, Py and Py specifically refer to Young's modulus.
The yield strength follows the same trend because of the
linear relationship with Young’'s modulus.

ABS is in the glassy state at 220-300 K,°9! in which the
Young’'s modulus decreases at an average state of
3.39 MPa/K. The midpoint (260 K) within this temperature
range is defined as the baseline of £5(ABS). Based on the aver-
age decreasing value of Young's modulus per unit temperat-
ure, and the temperature range of the glassy state, the lower
boundary and upper boundary of E4(ABS) can be estimated
by Eq. (7):

i i Tlran e i

L
2 (i=1,2) @)

i i T:range i

E = B+ e g

where the superscript i is equal to 1 (glassy state) or 2 (rubbery
state), the subscripts L, B, and U represent the lower boundary,
baseline, and the upper boundary, respectively, Tnge is the

2.50
a g ABS
225}
200t
©
& 1.75¢
5150}
=]
B 125+
€
2 100 o Sp.i
g Sp.2
5 o075}F © °P
o ¢ Sp3
050 - — F,=2.239GPa,E,=0.116 GPa
025L— Eg =2.239 GPa, E, = 0.133 GPa (Baseline)
— - E4=2.239 GPa, £, = 0.150 GPa

O I I
220 240 260 280 300 320 340 360 380 400
Temperature (K)

3.0

temperature range, and S represents the average decrease in
Young's modulus per unit temperature. Eq. (7) also applies to
PC/ABS and PP/EPDM/T15, and thus we can estimate the
upper and lower boundaries of £y and E, for PC/ABS and PP/
EPDM/T15. Based on Table 2, Fig. 4, and various literatures,6-6"!
S, Eg, and Tp;nge Can be approximated. In this study, we hypothe-
size that S' approximately equals S? for the same material. The
parameter values in Eq. (7) are summarized in Table 3.

The baseline of T, is defined from the peak of the loss
modulus, and the range of variation in T, corresponds to
the measurement difference (+ 4 K). On the basis of Eq. (7),
Table 3, and literatures,!56-61 the lower and upper boundar-
ies of £g, E,, and T4 can be calculated and are summarized in
Table 4.

Sensitivity Analysis of E

Fig. 5 illustrates the predicted Young’s modulus versus tem-
perature for the three polymers, showing that different values of
Eq have almost no effect on the glass transition region or the
rubbery state. The maximum discrepancy between our model
predictions and the experimental results is observed in the
glassy state for ABS (Fig. 5a). Nevertheless, when compared to
the order of magnitude of the modulus in the glassy state, this
discrepancy can be neglected.

Sensitivity Analysis of E,
Fig. 6 depicts the predicted Young's modulus versus tem-
perature for the three polymers, showing slight variations in the
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Fig.6 Sensitivity analysis of E,: (a) ABS, (b) PC/ABS, and (c) PP/EPDM/T15.
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glass transition region and glassy state in response to different
values of E.. Our model shows slightly reduced accuracy when
the temperature approaches the rubbery state for PP/EPDM/T15
(Fig. 6¢). In consideration of the low (close to zero) modulus in
the rubbery state, the difference between the model predictions
and the experimental results can be neglected.

Sensitivity Analysis of T

Fig. 7 presents the predicted Young's modulus versus tem-
perature for the three polymers based on different Ty, The
results show excellent agreement, demonstrating that varia-
tions in T, have only a slight influence on the entire curves and
can be neglected.

To conclude, Figs. 5-7 demonstrate that the present mod-
el is insensitive to variations in Eg, E, and T,. Our model has a
strong pervasive characteristic. Researchers do not want to be
concerned with the initial values of input parameters.

Temperature-dependent Modulus and Yield Strength
Model

The predicted and experimental temperature-dependent
Young's moduli and yield strengths of three thermoplastic
polymers are shown in Fig. 8. Young’s modulus and yield
strength decrease slowly as temperature increases in the
glassy state, and show a significant decrease during the glass
transition. The model predictions showed excellent agree-
ment with the experimental data over the full glass transition
region. Fitting parameters of each model were calculated by the
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nonlinear least square method (MATLAB R2015a) using six
representative experimental points. Stretch-induced crystalli-
zation and melting-recrystallization take place during uniaxial
tensile deformation.? Herein, it is worth mentioning that
Young's modulus is calculated under small deformation (g <
0.25%) and the strain at yield point is less than 5%. Under this
condition, the crystallinity of the polymer has little changed.”*?
Therefore, the change of crystallinity is neglected and the
parameter m is considered as a constant.

Comparisons of Different Temperature-dependent
Models

The predictions of models from various literatures are also
depicted in Fig. 8. The consistencies between the experimental
and predicted data can be evaluated by using the correlation
coefficient R?, as presented in Table 5. A larger R? value (close
to 1) represents greater consistency. From Fig. 8, it can be
noticed that both the present model and Bai et al. model can
accurately predict the Young's moduli of the three thermo-
plastic polymers. It can also be noticed that Ha and Springer
model and the present model can accurately predict the yield
strength of the three thermoplastic polymers. The correlation
coefficients for these models are all close to 1. Mahieux and
Reifsnider's model and Gibson et al. model lose accuracy
around T,. Especially, the model by Gibson et al. gives a cor-
relation coefficient of less than 0.4 when predicting the yield
strengths of ABS and PC/ABS.
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Fig.7 Sensitivity analysis of Tg: (a) ABS, (b) PC/ABS, and (c) PP/EPDM/T15.
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Fig. 8 Young's modulus (left) and yield strength (right) versus temperature: Experimental data and predicted curves for (a) ABS, (b)
PC/ABS, and (c) PP/EPDM/T15.
Table 5 Correlation coefficients R? for three thermoplastic polymers from each model.
R? for Young's modulus R?for yield strength
Material Mahieux and Reifsnider's ~ Gibsonetal.  Haand Springer's  Gib:
: . pringer’s ibson et al.
Present model  Bai et al. model model model model model Present model
ABS 0.9940 0.9874 0.8064 0.6605 0.9892 0.3721 0.9722
PC/ABS 0.9869 0.9689 0.8596 0.7160 0.9002 0.2579 0.9255
PP/EPDM/T15 0.9669 0.9957 0.9203 0.7899 0.9754 0.8519 0.9541

Extension of the Present Model
In order to extend and generalize the present model, we
compared model predictions and experimental data from other

published studies. Fig. 9 compares our predicted mechanical
property for four materials with experimental data, including
poly(lactic acid) (PLA),'® poly(butylene terephthalate) (PBT),¥
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Fig. 9 Mechanical property versus temperature: experimental data and predicted curves for (a) PLA, (b) PBT, (c) C/PPS, and (d) GF/PPS.

as well as carbon fiber fabric (3K T300) and glass fiber fabric
(7781 E-Glass) polyphenylene sulfide (PPS)-based composites.!
The yield strength of PLA is calculated from the stress-strain
curves of uniaxial tension tests performed by Zhou et al.'*® who
focused on mechanical properties of injection-molded PLA
samples after annealing at different temperatures. For PBT,
the yield strength is directly taken from Zhang's result.*¥ The
Young's modulus of the two types of PPS-based composites
are taken from Wang et al.”® who studied the effect of
temperature on bending stiffness and strength. Comparing the
experimental data and model predictions shows excellent
agreement on temperature-dependent modulus throughout
the range of temperatures investigated. This broad agreement
indicates that the present model can be applied to different
thermoplastic polymers and their composites.

CONCLUSIONS

A general two-parameter model was established to predict
the temperature-dependent Young's modulus and yield
strength of different thermoplastic polymers. The physical
meaning of k is related to the polydispersity index (D), a
measure of the distribution of molecular weight in a given
polymer: the smaller the value of k, the higher the value of b.
The physical meaning of m is related to the crystallinity of the
polymer: the smaller the value of m, the larger the degree of
crystallinity. For polymers, entanglement or entangle number is

another typical parameter, which can influence their viscosity,*?
yield strength,%® and crystallinity.®® The present model is still
a macroscopic model, though the physical meaning of
parameters is analysed from the molecular level. Molecular
dynamics simulation is a better method to understand defor-
mation mechanisms on the molecular level.[67.58]

The predictions of the present model for the three materi-
als were compared with those of widely used models. The
present model exhibits excellent agreement with experi-
mental data for all studied thermoplastic polymers, as well as
with published experimental data of other thermoplastic
polymers and composites. Within the measured ranges, vari-
ations in input parameters had only a slight effect on the
model results. This robustness to input values enables more
flexible selection of these parameters without adversely af-
fecting the model reliability. This strongly indicates that the
present model has universality. Moreover, it can be conveni-
ently applied due to not only its more concise form but also
its insensitivity to initial values.
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