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ABSTRACT

Rate-dependent large deformation behavior of the alloy of polycarbonate and acrylonitrile-butadiene-
styrene (PC/ABS) is experimentally investigated over a crosshead speed range of 1-3000 mm/min. Three-
dimensional non-contact digital image correlation (DIC) method is used to measure the large defor-
mation of polymer specimens. Numerical simulation of geometry effect on the necking process of
specimens is done for the specimen with two section sizes. It is found that the width contracts less than
the thickness due to its larger size than the thickness for specimens with rectangular sections, and the
relations between two lateral contraction ratios and engineering strains are geometry dependent, but
independent of loading speeds. The influence of strain rates on local volume ratios of PC/ABS is also
discussed. Based on the experimental results, a simple phenomenological constitutive model with six
parameters is proposed for the glassy polymer, in which the effect of strain rate and its variation during
constant crosshead speed loading tests is considered, and can be used in constant true strain rate or

constant principal stretch rate loading condition.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Polymers have been widely used in a number of structures such
as automobiles, aircraft, spacecraft, pressure vessels and pipes.
Modeling and predicting of the deformation and failure behavior of
polymers become very important for the structures made of poly-
mers. However, investigations of the deformation and failure of
polymers are still in its infancy. This is mainly because polymers
have much more complicated mechanisms of deformation and
failure compared to metals. Large inelastic deformation involving
strain softening and/or hardening [1-3] is one of the characteristics
of glassy polymers such as PC, PMMA, PC/ABS blends, which makes
the glassy polymers highly prone to the localization of plastic
deformation.

It is well known that the constitutive model of material is
essential for modeling and predicting of the deformation and
failure of structures and materials. However, how to establish
a reasonable constitutive model to describe the large inelastic
deformation behavior of glassy polymers is still an open problem,
even though extensive works have been devoted to this field and
several theoretical models have been proposed in the past decades.
The well-known theoretical constitutive model to describe the
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large inelastic deformation of glassy polymers was proposed by
Boyce et al. [4-6] on the basis of the kinematics of molecular chains
and later modified by Wu and van der Giessen [7,8] and Basu and
van der Giessen [9]. Drozdov and Christiansen [10] proposed
a constitutive model for nonlinear time-dependent response of
isotactic polypropylene by dividing the network with passive
mesoregions (with affine junctions) and active mesodomains
(where junctions can slide with respect to their reference positions
with various rates) two separate parts. Theoretical models have
great assistance to the understanding of the micro- and macro-
scopic mechanisms of the deformation and fracture of polymers.

Phenomenological constitutive models are generally convenient
for engineering applications. In the past decades, several useful
phenomenological models have also been proposed to describe the
large inelastic deformation of polymers. G'Sell and Jonas [11]
proposed a constitutive equation used for describing the flow
curves of polymers. Using the Maxwell elements, Bardenhagen
et al. [12] proposed a three-dimensional viscoplastic constitutive
model of polymers. More recently, Duan et al. [13] developed
a more general phenomenological constitutive model for glassy
and semicrystalline polymers, which includes eight material
parameters and is applied to some polymers. Considering the effect
of internal damage, Fahmi et al. [ 14] developed a constitutive model
for rubber-modified polymer, in which the strain softening, strain
hardening, sensitivity of strain rate and evolution of void are
included. Based on their experimental results, Fang et al. [15]
proposed a three-stage phenomenological model for PC/ABS alloy,
in which the strain rate effect is not included.
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It is well known that the reliable experimental results are the
basis of establishing accurate constitutive models of polymers,
which depend on the accurate measurement of the large defor-
mation of polymers. Usually, necking in polymeric specimens
occurs at relatively small strain, which results in the inhomoge-
neous deformation of polymers. In this case, the conventional
extensometers are generally questionable or useless. So, how to
evaluate the large inhomogeneous deformation of polymers is
another open problem and alternate method is required.

In the past two decades, several methods have been devel-
oped to measure the large deformation of polymers. Spaced grid
lines method was used by several researchers [16-19], with
which the instantaneous distances between the lines were
measured and then the true stress and strain curves of polymers
were obtained. Another efficient way was proposed by G'Sell
et al. [20], in which a special video-controlled tensile testing
system was developed to measure in situ the stress and strain
curves and the volume changes of PET and HIPS polymers. Using
the method given in [20], Bai and Wang [21] studied the plastic
damage mechanisms of PP/PA6/POE blends under cyclic tension.
However, these methods can only show the average strain
between points in a small distance apart. Recently, digital image
correlation (DIC) analysis method is successfully employed to
measure the large deformation of polymers and appears its
advantages over the previous ones. Based on the DIC method
and using a non-intrusive digital speckle laser extensometer,
Laraba-Abbes et al. [22] developed a coarse-fine search method
to measure the large deformation of rubber-like materials and
then obtained the two-dimensional in-plane displacement fields
and local strain of carbon black filled natural rubber. Parsons
et al. [23] developed a data reduction scheme to determine the
local strain history at individual points on the specimens with
DIC method. Using this method, they studied the large inho-
mogeneous deformation behavior of net PC and successfully
obtained the full-field strain contours and volumetric strain.
Berfield et al. [24] applied the DIC technique across multiple
length scales through the generation of a suitable speckle
pattern at each size scale. For microscale measurements,
a random speckle pattern of paint was created with a fine
point airbrush. Nanoscale displacement resolution was achieved
with a speckle pattern formed by solution deposition of fluo-
rescent silica nanoparticales. Fang et al. [2,25] developed a new
method to measure accurately the large tensile deformation
behavior of polymers through the simultaneous measurement of
three-dimensional deformation of the specimen on the basis of
DIC method, in which the deferent deformation behaviors in
three directions of specimens can be measured without any
assumption.

Rate-dependent large-strain mechanical properties of polymers
are of great importance in engineering and scientific research.
Briscoe and Hutchings [26] studied the flow stress of high density
polyethylene at low strain rates by using a commercial testing
machine and high strain rate with a projectile method. Briscoe and
Nosker [27] studied the influence of interface friction on the
compressive yield properties of a high density polyethylene with
a Split Hopkinson pressure bar (SHPB) equipment. Yi et al. [28]
studied the large rate-dependent stress-strain compression
behavior of polyurea and polyurethanes by quasi-static compres-
sion testing and SHPB testing. Roland et al. [29] studied the high
strain rate mechanical behavior of polyurea in uniaxial tension over
a range of strain rates from 0.06 to 573 s! on a drop weight test
instrument. Jordan et al. [30] studied the compressive properties of
polytetrafluoroethylene across strain rate from 10> to 10° s~ ! with
commercial test machine and SHPB equipment. Due to the diffi-
culty of strain measurement, they only take average strain rate or
reference strain rate as the effective strain rate to describe the rate-

dependent deformation by ignoring the variation of strain rate
caused by the inhomogeneous deformation of polymers after
yielding. However, the effect of the strain rate variation cannot be
ignored in some loading case, if the strain rate effect on the
deformation behavior of polymers is strong enough. The develop-
ment of the DIC measurement technique makes it possible to
measure the variation of local strains. It is therefore possible to
investigate the effect of the variation of local strain rates on the
deformation performance of polymers.

Here, the rate-dependent large deformation behaviors of PC/
ABS are experimentally investigated over a crosshead speed
range of 1 to 3000 mm/min. The three-dimensional non-contact
digital image correlation (DIC) method proposed by the present
authors [2] is modified and used to measure accurately the large
deformation of polymers, in which a new method is included to
calculate the strain fields with the measured displacement fields.
High speed cameras are used to record the deformation of
specimens. The variation of local volume deformation ratio and
strain rate is discussed. The geometry effect on the necking
deformation is discussed with numerical simulation. The true
stress—strain curves of PC/ABS tested with different loading
speeds are obtained. Based on the experimental results,
a phenomenological constitutive model is proposed, in which
the variation of strain rates due to the inhomogeneous defor-
mation behaviors of polymer is considered.

2. Test and results
2.1. Materials and specimens

The material used here is PC/ABS with blend ratio of PC to
ABS being 70/30. The average molecular weight of PC is 30,000 g/
mol. The minor phase ABS with pellet sizes of 0.2-0.5 pm is
uniformly distributed among the continuum phase PC. It is inject
molded into dumb-bell tensile specimen as shown in Fig. 1. The
injection temperature is 300-320 °C, and the holding pressure is
60-80 MPa.

2.2. Displacement measurement

Tensile tests are performed following ASTM D-638 standard at
room temperature (about 16° C) air environment by using a Zwick
Z005 universal tensile machine. The three-dimensional DIC
method proposed [2] is used to measure the surface displacements
of specimens, in which two digital cameras or two high speed
cameras are used simultaneously to record the deformation images
of the two surfaces of specimens during tensile tests at lower or
higher speed, respectively, as shown in Fig. 2. The detailed
description of the method and its verification can be found in
literature [2]. Random speckle pattern is sprayed on the specimen
surfaces with three different inks (black, blue and red) (For inter-
pretation of the references to color in this figure legend, the reader
is referred to the web version of this article.) as shown in Fig. 3. The
coordinates system is also shown in Figs. 2 and 3. The specimens
are loaded to failure with constant crosshead speeds in the tensile

sk R= 60
G S 1/
F
20 w=10
~—__ |
— =70 —]
170

Fig. 1. Geometry and dimensions of the tensile specimen.
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Fig. 2. Set-up of the deformation measurement system.

test. The crosshead speeds used in the test for different specimens
are 1, 5, 25, 625 and 3000 mm/min. Images are taken at a speed as
high as 1 picture per second for the tensile tests with crosshead
speeds of 1, 5 and 25 mm/min. For the tensile tests with crosshead
speeds of 625 and 3000 mm/min, images are taken with two high-
speed cameras at a speed of 60 pictures per second. Efforts are
made to start loading and image capturing simultaneously to keep
synchronization of the image capturing and loading. Moreover, we
can correlate the loading data with each image according to the
load vs. time data and image vs. time data by the fracture points for

each specimen. To ensure necking locates within the gage region,
the width near the center of the specimen is reduced by about
0.1 mm with fine grit sand papers.

Fig. 3 shows several deformation images of the width surface at
different tension stages for a PC/ABS specimen tested at a cross-
head speed of 25 mm/min. On the specimen surface image taken
at the very beginning of each test, coordinates and a square region
to be measured are chosen as that shown in Fig. 3(a). Then, the
displacement fields at each following tensile stage can be
obtained.

As an example, Fig. 4 shows the axial and lateral displacement
fields at the tensile stage of 1.133 s from the beginning, which
corresponds to a maximum engineering tensile strain of about 0.67
at the middle section of the necking region, for a specimen tested at
a crosshead speed of 3000 mm/min. (x, y) denotes the pixel coor-
dinates of points in the un-deformed image for the specimen. The
u(x,y) and v(x,y) are the overall displacements at point (x,y) in x and
y directions, respectively. It is seen that the displacement fields
u(x,y) and v(x,y) vary significantly in the necking deformation stage.
The shearing deformation is nearly symmetric in the necking
region.

2.3. Calculation of strain fields

The sketch of the strain calculation method is also illustrated in
Fig. 4(a). If we intend to calculate the strains at point (x;y;), then

Region to be measured

0 second (before loading)

14 seconds (maximum engineering tensile strain = 0.3192)

34 seconds (maximum engineering tensile strain = 1.052)

Fig. 3. Deformation images of a specimen tested at crosshead speed of 25 mm/min.
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Fig. 4. Surface displacement fields at time stage 1.133 s for a specimen tested with
a cross speed of 3000 mm/min.

a square subset ABCD (xj — ks <x <xj + ks,yi — Is <y <yj+ ls) around
point (x;,y;) is selected, where the values of ks and [ are chosen
according to the variations of displacement fields. If the displace-
ment fields change smoothly in x (or y) direction, larger values of k;
(or Is) are chosen; otherwise, smaller values of ks (or ;) are taken.
Fitting the axial or lateral displacement fields over the subset ABCD,
we then obtain the displacement fields u(x,y) or v(x,y) on the

subset. The engineering strains can be calculated as follows,
although larger deformation is considered here.

ou

Eex = & (1)
ov

ey = @ (2)
ou ov

Yo = 5y Tox (3)

Fig. 5 shows the engineering strain fields calculated from the
displacement fields shown in Fig. 4. It is clear that the axial and
lateral strains are nearly constant along lines perpendicular to the
axial direction (i.e. at fixed x position). It is learned from Fig. 5, at
the middle of the necking region where the maximum tensile
engineering strain and minimum section area is obtained, the shear
strains vyyy are vanishing although there are shear strains appeared

Q.-Z. Fang et al. / Polymer 50 (2009) 296-304

299
a

Axial engineering strain sa(xtv)

¥ (Pixey) 500

T

g 2
Lateral engineering strain szy(xt )

¥ (Pixey ) 500

Ve
SN

QRO

O

Shear strain Y,,(Jx")

Shear strain y_(x,y)

Fig. 5. Strain fields calculated from the displacement fields shown in Fig. 4.

in the necking region apart from the middle section area. That
means the engineering strains in x and y directions on the middle
section are principal engineering strains. It has been deducted that
the engineering principal strains ¢.; and ¢ can be obtained for
small as well as large strains with the following transformation.
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el (sex + €ey)/2 + (eex - gey)2+7£y/2

(4)
fe2 = (sex + 3ey)/2 - (eex - gey)2+7£y/2

The angle of the direction of the principle strain with-axis « can be
given with

tan 20 = —Yyy/ (Cex — Eey) (5)

It is seen from Fig. 5(c) that the shear strains at the middle section
of the necking region are vanishing. At the regions apart from the
middle section of the necking region, shear strains vy, are much
lower than the (eex—¢ey), therefore its effect on the engineering
principal strain fields is small according to Eq. (4).

The average axial and lateral engineering principal strains of the
specimen for any fixed x position are calculated and given in Fig. 6.
Here, the symbols ¢e and ¢eyw denote the maximum average axial
principal strain and the minimum lateral principal strains obtained
from the displacement fields on the width surface of the specimen,
respectively. The symbol ¢ey denotes the minimum average lateral
principal strains obtained on the thickness surface of the specimen.
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Fig. 6. Variations of the average strains along tensile direction obtained with the strain
fields shown in Fig. 5.

For the large strains, the average axial true strain ¢ can be
calculated [2,20] as:

e=1In1+¢e) =1In4 (6)

where the parameter A =1 + ¢, is the local principal stretch.

The local principal stretch on the thickness surface can also be
obtained with the maximum average axial principal engineering
strains on thickness surface.

The true strains given with Eq. (6) can be used to represent the
maximum axial true strains of the specimen at the tension stage,
and the A on the width surface is used to represent the principal
stretch of the specimen.

2.4. Necking deformation

It is seen from Fig. 6(a) that eeyw and eey¢ are the minimum
average lateral engineering strains of the specimen. The ratio of the
minimum width w to the initial width wg of the specimen can be
calculated as:

w
W—O: 1+€eyw (7)

Similarly, we obtain the ratio of the minimum thickness t to the
initial width to of the specimen,

% = 1+ eyt ®)
Fig. 7 shows the necking ratio (w/wp)/A or (t/tp)/4 vs. tensile engi-
neering strain (A — 1) for specimens with different loading rate. It is
found that the necking ratios in width direction are significantly
different from that in thickness direction for all the specimens
tested at different crosshead speeds. It can also be found that the
necking ratios in width direction or in thickness direction are not
affected by the loading speeds. This means each of the necking
ratios vs. tensile engineering strains at minimum necking section
are independent of the loading speeds.

The difference of the necking ratios in two lateral directions
can be caused by the different sizes and/or anisotropy deforma-
tion properties in width and thickness directions. The anisotropy
deformation cannot be simulated reasonably without the anisot-
ropy properties of the polymer. Here, the numerical calculation of

0.6

= PC/ABS1-3w-3000 * PC/ABS1-12w-25
1.1 o PC/ABS1-3h % PC/ABS1-12h
e PC/ABS1-4w-3000 ¢ PC/ABS1-11w-25
1.0 o PC/ABS1-4h o PC/ABS1-11h
1 PC/ABS1-5w-625 * PC/ABS1-7w-5
S 094 PC/ABS1-5h o PC/ABS1-7h
< ] % v PC/ABS1-6w-625 < PC/ABS1-8w-5
2 v PCI/ABS1-6h < PC/ABS1-8h
5 087 N, > PC/ABS1-Ow-5
< ", > PC/ABS1-9h
= 07 + PCIABS1-10w-1
£ X PC/ABS1-10h
2
.2
T
[

0.5

0.4

0.3 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Tensile engineering strain (A-1)

Fig. 7. Necking ratio vs. tensile engineering strain for specimens tested at different
strain rates. PC/ABS1-x represents specimen number; the letters w and h after the
specimen number represent width and thickness, respectively. The number behind the
letter w is the crosshead speed in a unit of mm/min.
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the necking process is done with ABAQUS FEM code to simulate
only the geometry effect on necking deformation process by
assuming the material being isotropic. The true stress—strain
curve obtained in the experiment for specimens tested at cross-
head speed of 1 mm/min is separated into elastic and plastic parts
as needed by the ABAQUS FEM code, and used as the material
model in the computation. Two specimen geometries are used
here to show the geometry effect on the necking behaviors of
specimens. One of the specimen geometry is the same as that
shown in Fig. 1 with a section size of 10 x 4 mm, and another is
the same except the section size is changed as 10 x 10 mm. Fig. 8
shows the necking ratios obtained with the numerical simulation.
The definition of the symbols and the calculation of each
parameter are exactly same as that used in the experiment. It is
found that the necking ratios in two lateral directions are signif-
icantly different for the specimen with a section size of 10 x 4 mm
just as that given in the experiment (Fig. 7), while the necking
ratios in two lateral directions are same for the specimen with
a section size of 10 x 10 mm. This means geometry is one of the
main reasons to cause the difference of the necking ratios in two
lateral directions. Therefore, it can be concluded that the rela-
tionships between the necking ratios and tensile strain are
dependent on the geometry.

It is well known that dilatational deformation is an important
phenomenon for polymers. G’Sell et al. [20] and Parsons et al. [23]
have measured the volume variations of different polymers
through different methods. They gave the volume deformation
ratio by the summation of three principal strain components, in
which they took the two lateral strains as same by assuming the
strain tensor transversally isotropic. However, because only the
surface strains of the specimens can be measured, it is difficult to
give the volume deformation ratios accurately. In this study, the
following formula is used to calculate the volume ratio at the
minimum section of specimens.

VKO = (1+¢e) (wﬂ()) (%) = (1+ee)(1+eyw) (1 +eeyt) 9

In obtaining this formula, it is assumed that the minimum specimen
sections remain rectangular during the whole tensile deformation
process. As shown in Fig. 5(a), the tensile strains at the minimum
section are higher in the middle than that near the edges of the
specimen during necking deformation process. The deformation is
concentrated in a smaller distance in the middle part than that near
the edges, as shown in Fig. 3(b). The lateral contraction strains here

1.0 1 1. Section 10x4mm
—— WO=1Omm
0.9
; —<+— t=4mm
o
§ 0.8 1 2. Section 10x10mm
by —&— w,=10mm
o 0.7 4
< —O0— ,=10mm
)
S 061
2
-]
& 05
0.4
0.3 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Tensile engineering strain (A-1)

Fig. 8. Numerical simulation of necking ratios for specimens with different section
sizes.

are also inhomogeneous, as shown in Fig. 5(b). The specimen
contracts more near the edges of the specimen due to the less
constraint. In the stable necking deformation stage, the minimum
section can be recognized as rectangular section reasonably, and
therefore Eq. (9) gives a reasonable volume deformation ratio in the
stable tensile stages. Fig. 9 shows the volume ratio variations
calculated with Eq. (9) for PC/ABS specimens tested at different
loading rate. It is seen that the ratio V/Vj increases with the increase
of true axial strain for PC/ABS, which is in agreement with [20,23],
and then decreases gradually. It is also found that the maximum
volume ratio seems to decrease and the position at which the
maximum volume ratio reached seems to increase to a higher true
strain with the increasing of the loading rates, although there is
some scatter of the experimental data in Fig. 9.

2.5. True strain rate

It is known that the strain rate does not keep constant during
the tensile process with the constant crosshead speed loading
policy due to the inhomogeneous deformation behavior of poly-
mers [2]. Therefore, it is necessary to consider the effect of the
strain rate variation, while trying to give a constitutive formulation
of the true stress—strain of polymer under the basis of the experi-
mental results.

The local principal stretch rate is given as:

dl  dee

—dr e (10)
The true strain rate is given as:
. de
P= g (11)
Therefore, according to Eq. (6)
A= efe (12a)
&= % (12b)

The true strain rates for each specimen can be obtained with the
strain fields obtained in the experiment. Fig. 10(a) and (b) show
the true strain rate variation of specimens during tensile test
with crosshead speeds of 3000 and 5 mm/min, respectively. It is
found that the strain rate has significant variation during the
tensile loading process, and the maximum strain rates are
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
True strain

Fig. 9. The volume ratio at the minimum section of specimens tested at different
crosshead speeds.
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Fig. 10. Strain rate for different specimens.

different for different specimens even with same crosshead
loading speed due to the scatters of the geometry and material
behaviors. This must be considered in the formulation of
constitutive model.

2.6. True stress-strain curve

The true stress is calculated as

P P wt
oo = st = gy (s 1) (13

where P is the load applied to specimens. The true stress and strain
curves of the specimens tested at different crosshead speeds are
shown in Fig. 11. Fig. 11(a)-(e) shows the experimental stress—strain
curves obtained for the specimens tested at crosshead speeds of
3000, 625, 25, 5 and 1 mm/min, respectively. The deformation of
PC/ABS alloy can be separated roughly into elastic, yielding and
orientation hardening stages. Unlike the stress-strain curves
obtained in literatures [20,23], there is almost no strain softening in
these stress-strain curves just after yielding. This is due to the
consideration of the different deformation properties in two lateral
directions, as shown in Fig. 7. In what follows, a simple and efficient
phenomenological constitutive model is developed to describe the
deformation behavior of PC/ABS alloy on the basis of the measured
stress and strain curves shown in Fig. 11.

3. Phenomenological constitutive model

Based on the true stress-strain curves shown in Fig. 11 and the
previous phenomenological constitutive models [13], the following
function can be used to describe the first two (elastic and yielding)
deformation stages of the polymers:

o = K[1 — exp(—Be)* (14)

where k, § and & are material parameters.

k is related with the yield stress which depends on the elastic
strain rate, which is equal to the initial principal stretch rate 4y in
the study. The initial principal stretch rately is given with the
crosshead speed c divided with the specimen gage length I
(I=70 mm as shown in Fig. 1)

: c c

ho=1=7 (1)
where c is the crosshead speeds which are taken as 50, 10.416,
0.416, 0.0833 and 0.0167 mm/s, respectively. The unit of Aq is 1/s.
Because only elastic homogeneous deformation occurred within
the gage length before yielding, therefore, Ay reflects the initial
elastic principal stretch rate of the specimens. After yielding, the
overall strain rate ¢ (or the overall principal stretch rateA), which
reflects mainly the strain rate of inelastic deformation after
yielding, increases rapidly in the inhomogeneous necking defor-
mation stage, as shown in Fig. 10. This has a great effect on the
stress—strain curves. According to the experimental results, it is
found that the effect can be introduced by a modification of the
parameter k, which is given as:

k = (ao+u }/)\*) (16a)

o :A+n1n(zo/i) (16b)
where A and 7 are material constants. Z* = 1.0 (1/s) is the refer-
ence principal stretch rate.

It is found that the parameter (¢ has a great effect on the initial
stiffness of the stress—strain curves, which also depend on the
initial elastic principal stretch rate A, with the form of the following
formula:

8 =B+x\ig/h (17)

where B and « are material constants.

Because £ has only a weak relation with the loading conditions, 2
is assigned to the parameter ¢ to reduce a variable in the consti-
tutive model.

Generally, the distribution of polymer chain length can be
described with log normal distribution function. Therefore, it is
reasonable to describe the stress and strain responses of polymers
after yielding by using the following function [15],

2
o= C+ 0o exp|:_;(£ fsem) } (18)

where C, g1, ¢m and s are material parameters.
Combining Eqgs. (14), (16-18), and let g9 =09, a simple
phenomenological constitutive model is obtained as,

N

o:<00+u )\/f)[lexp(ﬁe)]eraoexp{;(eem)z] (19a)
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. oK .
go = A+nln( g/ 19b A
0 K (0/ (1) _ l6360+1.101n (%0
A
. Lk - 2
B = B+k\ /A (19¢) 2
+20,|=|q1—exp|—-[117.37 -65.91
which includes six parameters to be identified according to the A
experimental results. 3 1 1.09\ 2
By fitting to the experimental results given in the study, the +163.60+1.101In <_2)} exp { _ _(8_—) }
following phenomenological constitutive formula is obtained for A 2\ 030
PC/ABS in term of principal stretch rate as Eq. (20). (20)
a
1 b 100 ,
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Fig. 11. True stress-strain curves for PC/ABS alloy tested with different crosshead speed.
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Fig. 12. The effect of the crosshead speed (strain rate) on the true stress-strain curves.

Substitute Eq. 12(a) in Eq. (19), then the phenomenological
constitutive formula in terms of true strain rate is obtained for PC/
ABS according to the experimental results.

o= <63.60+ 1.101n<A—2> +2.0 exp<f> F)
. 2 .
p p
- 2
ﬁ’H 1)
i
o 1/e —1.09\2
63.60+L]Oln(T)}exp[—i(W) }

Fig. 11 (a)-(e) shows also the lines predicted with the
phenomenological constitutive model (Eq. (20) or (21)) for speci-
mens tested at crosshead speeds of 3000, 625, 25, 5 and 1 mm/min,
respectively. It is found that the phenomenological constitutive
model fits the experimental results well.

Fig. 11(a) shows the stress—strain curves given with the exper-
iment results as well as that given by Eq. (20) or (21) while taking
into the consideration of the strain rate variation of the two spec-
imens tested at a crosshead speed of 3000 mm/min. It is found that
the phenomenological constitutive model fits the experimental
results well, and can discriminate the different experimental
results due to the difference of the true strain rates in the necking
deformation stage, as shown in Fig. 10(a).

Fig. 11(d) shows the stress-strain curves given with the experi-
mental results as well as that predicted with Eq. (20) or (21) for the
three specimens tested at a crosshead speed of 5 mm/min. It is found
that the effects of the true strain rates in the necking deformation
stage on the stress—strain curves are small compared to the larger
effects of the strain rate on stress—strain curves given in Fig. 11(a). This
phenomenon can also be explained from Eq. (20) or (21). According to
the phenomenological constitutive model, the true stress is influ-
enced by the square root of principal stretch rate A.The effect is larger
for higher value of the principal stretch rateA or true strain rate é.
Therefore, it can be concluded that the effect of the variation of the
strain rate due to the inhomogeneous necking deformation can be
ignored for a lower strain rate, due to the relative small value of the
square root of principal stretch ratel. But its effect cannot be ignored
for a higher strain rate. As we know, it is hard to conduct a constant
true strain rate test for polymers due to its inhomogeneous defor-
mation behaviors after yielding. With the method given in the
research, we can predict the true stress-strain behaviors of constant
principal stretch rate (in which 4 = ¢) or constant true strain rate
simply by letting A = Ag or ¢ = A/A = constant, respectively.

x<1— exp{— <117.37 —65.91,

+

The effect of the elastic strain rate, which is given in term of 1o in
the model, cannot be ignored for both low and high strain rate. Fig.12
shows parts of the experimental stress-strain curves of PC/ABS
tested at different crosshead speeds. It is shown that the strain rate
has significant effects on the true stress—strain curves of PC/ABS.

4. Conclusions

A modified three-dimensional non-contact digital image corre-
lation (DIC) method is proposed and used in this paper to measure
accurately the large deformation of polymers, from which one can
obtain the displacement fields and the strain fields. The true stress—
strain curves tested with a range of crosshead speeds (from 1 to
3000 mm/min) are experimentally obtained for PC/ABS. It is found
that the relationships between the necking ratio and the tensile
strain are dependent on the geometry, and independent on the
loading rate. Based on the experimental results, a simple phenom-
enological constitutive model with six parameters is proposed for
the glassy polymer, in which the effect of strain rate variation during
a constant crosshead speed loading test is considered, and can be
used in constant true strain rate or constant principal stretch rate
loading condition. The variation of the strain rate in the necking
deformation stage can be ignored for lower strain rates as shown in
Fig. 11(d), but cannot be ignored for higher strain rate as shown in
Fig. 11(a). The effect of the elastic strain rate, which is given in term
oflg, cannot be ignored for low and high rates of strain.
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