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1. Introduction 

Polycarbonate (PC) is an amorphous glassy polymer that is widely used for 
transparent protection. These materials are found in applications for the military, 
aerospace, and automotive industries, safety glasses, and household windows. The 
advantages of these classes of amorphous glassy polymers are being lightweight 
and having exceptional clarity as well as their ability to be molded into various 
shapes and sizes. In addition to these properties, these polymers are used in 
applications where impact resistance is important because of their high impact 
strength characteristics.  

PC is a thermoplastic polymer that is easily molded and thermoformed with a 
density of about 1.2 g/cm3. This is due in part to the low glass transition temperature 
(TG) of 150 °C and melting point of about 267 °C.1,2 The TG is the temperature at 
which an amorphous solid, such as glass or a polymer, becomes solid on cooling or 
soft on heating.3 PC has been extensively investigated for its toughness and tensile 
and compressive strengths. The mechanical properties of polymers depend upon 2 
key factors, the rate of deformation and the material temperature. Polymers 
typically exhibit an increase in the yield strength and modulus and a decrease in 
strain to failure as the strain rate increases from quasi-static (~10–3/s) to dynamic 
(103/s).4,5  

Research by Moy et al.6 showed that PC is rate-sensitive under uniaxial 
compression. They reported a softening after yielding followed by a strain 
hardening phase at low and high strain rates. Mulliken and Boyce7 reported similar 
behavior of PC at high strain rates. Their work also included dynamic mechanical 
analyses for PC and poly(methyl methacrylate), or PMMA, to characterize the 
visco-elastic behavior for these thermoplastics. Another polymer study by Hall8 
reports that the temperature increases during deformation at high strain rate while 
no appreciable temperature change occurs during deformation at lower rates. 
Research by Walley et al.9 has shown that the strain rate and temperature affect the 
strain hardening behavior of glassy polymers. For both PC and PMMA, Arruda  
et al.,10 Boyce et al.,11 and Boyce and Sarva12 have proposed material models to 
predict the deformation response for differing strain rates. 

In this study, the tensile mechanical behavior of PC is studied as a function of strain 
rate between quasi-static (0.001/s) and intermediate (~5/s) strain rates with a focus 
on the behavior after yield. Optical strain measurement techniques, including 
digital image correlation (DIC), were used to measure the strain distribution and 
identify areas of localized plastic strain concentration (necking). DIC is a widely 
used technique to make detailed deformation and displacement measurements of 
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materials and systems.13–17 In addition, as the specimens yielded and plastic 
deformation occurred, adiabatic heating also occurred, with the largest amount of 
heat generation localized at the plastic deformation concentration (necking). A 
thermal, or infrared (IR), camera was used to measure the temperature change and 
heat generated in the specimen at both rates. This allowed for the effect of strain 
rate on adiabatic heat generation to be quantified.  

2. Experiments 

ASTM D638-1018 standard polymer tensile dog-bone specimens were cut out of 
5.75-mm-thick PC sheet by waterjet. The specimen geometry is shown in Fig. 1 (in 
millimeters). The specimen edges were hand polished using wetted 600-grit 
sandpaper, which ensured that there were no edge or machining effects contributing 
to premature failure of the specimens. After polishing, no edge marks, nicks, or 
machining lines were observable (to the naked eye) along the gage length edges.  

 

Fig. 1 ASTM D638.1018 plastic tensile specimen geometry (for less than 7-mm thickness) 

These specimens were loaded in tension using an Instron servo-hydraulic test 
frame. Far-field load and stress measurements were made using the load cell 
installed on the test frame. The specimens were speckled with a random, high-
contrast paint pattern to enable the use of DIC to perform direct surface strain 
measurements. This provided detailed strain distribution data over the entire 
specimen gage length including strain concentrations that occurred during necking. 
True stress calculation was made using the global engineering stress and the true 
(log) strain measurement converted to engineering strain. In addition to performing 
strain measurements, a forward-looking IR thermal camera, based on an InSb 
imaging chip, was used to make detailed temperature measurements of the 
specimen gage length during deformation. These measurements were performed on 
the unpainted side of the specimen. The experiments were controlled at a constant 
displacement rate; these rates were chosen to cause average deformation of the 
specimen at specified strain rates. This is an approximation at best, however. After 
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yielding, the strain field was not constant across the gage length and the neck 
position did not remain constant. These difficulties will be discussed in Section 3. 

3. Results 

3.1 Strain-Rate-Dependent Necking Behavior 

At low, or quasi-static, strain rate (~10–3/s), the tensile specimens exhibited ductile 
behavior; that is, they elastically deformed, yielded, and began to neck at a location 
within the gage length. However, unlike traditional materials, the neck reached a 
strain of about 55% and remained constant. Then the neck “spread out” along the 
entire gage length. After the neck had spread along the entire gage length, plastic 
strain in the gage section again increased, evenly distributed over the now “fully 
necked” gage length. Once this plastic strain became large enough, a flaw or defect 
allowed for a tear to begin. Shortly thereafter, the specimen failed in a brittle 
fracture, in that there was no evidence of (a second) necking at the point of failure. 
Additionally, the fracture surfaces were flat, further supporting a brittle failure. This 
behavior is illustrated graphically in Fig. 2a (the dimensions are not to scale and 
some are exaggerated so that the behavior is clear). Further, a series of specimen 
pictures taken during a tensile experiment with strain field data overlaid are shown 
in Fig. 2b, reinforcing this behavior. 

  
 (a) (b) 

Fig. 2 Graphical a) and DIC b) representation of quasi-static tensile behavior of PC 

These quasi-static experiments contrasted the behavior of the PC when loaded in 
tension at the intermediate strain rate of 5/s where this “neck spreading” behavior 
was not observed. The PC yielded and plastic strain concentrated into a neck region 
where strain concentrated until failure. 
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3.2 Low-Rate Mechanical Behavior 

Obtaining the mechanical behavior at the low strain rate is difficult because the 
strain concentration location changes along the length of the specimen as the 
specimen is stretched. To compare what the strain data look like as a function of 
location, the strain history was extracted from several locations’ average over the 
entire specimen gage length. The specimen was also divided up into thirds (top, 
middle, and bottom) and the average strain over each third was extracted. Strain 
histories were also extracted from the initial neck region and the failure region. 
Finally, the maximum (max) strain value (wherever it was located on the specimen) 
was extracted for each data point. The location of this max strain value changed as 
the strain concentration location changed. However, as can be seen in Fig. 3b, the 
max strain history (gray) was very similar to the strain history at the initial neck 
(red). The 2 only diverged just prior to failure, as the strain concentrated at the 
failure initiation location, which was away from the initial neck location. The 
locations of these are shown in Fig. 3a, though not shown is max strain, as its 
location changed. The strain history data from a single experiment for each of these 
locations is shown in Fig. 3b.  

 
 (a) (b) 

Fig. 3 a) Locations of strain history extraction and b) strain history as a function of time 

The strain rate for each specimen is obtained from the post-yield response from the 
main linear region of the averaged gage length response (orange curve), as this post-
yield response is the main focus. The slope is taken as the strain rate; for the 
experiment shown in Fig. 3b, the strain rate was 0.000974/s, or about 10–3/s. This 
is an imperfect way to represent strain rate; after yield, the specimen is not in a state 
of uniform strain. In addition, the location of strain concentration is changing, and 
the strain histories from different locations can be quite different and nonlinear.  

To illustrate this, the strain histories for only the max and average locations are 
shown in Fig. 4. The strain rate of the max strain (gray) at the neck is about 10–2/s 
during necking (~80–120 s) and then levels off to about 10–4/s as the neck spreads 
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out (~140–600 s). This is in contrast to the strain rate measured for the averaged 
gage length, which remains relatively constant over the entire experiment at 
approximately 10–3/s.  

 

Fig. 4 Strain history as a function of time (max and gage length only) 

However, there must be some way to represent the differences in deformation rate, 
especially as the rate progresses from quasi-static (slow Instron testing) to dynamic 
levels (Kolsky bar testing) and higher. Using the averaged gage length strain to 
determine a strain rate will provide distinctions between these deformation rates 
and have 2 other benefits. First, it will allow for compliance with ASTM reporting 
standards, as these call for the use of a single extensometer to acquire strain data. 
Averaging the DIC strain over the entire gage length provides similar results to the 
use of strain gages (small strain) or gage length extensometers (large strain). 
Second, using an averaged gage length strain rate will allow the results to be 
compared with previous research that did not have the additional information or 
detail provided by full-field strain measurements.  

These data can also be shown with loading history to obtain the mechanical (stress-
strain) response of the specimen, as shown in Fig. 5. Although there is significant 
variation in the strain histories (Fig. 3b), there is not a tremendous difference 
between the stress-strain data based on extraction location. The biggest variation is 
just after yielding, where the level of softening depends on the strain data extraction 
location. The elastic behavior, modulus, and yield stress (as to be expected due to 
state of strain uniformity), as well as the later strain-hardening behavior, are all very 
similar regardless of strain extraction location. 
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(a) (b) 

Fig. 5 Mechanical response of PC at quasi-static rate for a) all locations and b) gage length 
average and maximum only 

The results from previous studies resemble the data shown in Fig. 5, using the 
averaged gage length as the location to extract strain, in that they show a significant 
softening that occurs just after yield. This is to be expected, as those studies used 
an extensometer to measure strain as the standard dictates, averaging the strain in 
the specimen over the entire gage length. However, using the actual maximum 
strain in the specimen is a more accurate way to represent the intrinsic material 
mechanical behavior because it measures and accounts for the strain concentration 
that occurs during necking.  

The large drop in stress between yield and the point when strain hardening begins 
has been previously attributed to a softening that occurs in the material as adiabatic 
heating begins during plastic straining of the specimen. However, using the max 
strain as a measure of the strain history of the specimen shows that this softening 
behavior may not be as influential as previously thought. This is illustrated in  
Fig. 5b, which compares the mechanical response of the PC for only the averaged 
gage length strain and max strain histories. Note the difference in the level of 
decreased stress during the softening region; the averaged gage length shows a drop 
of 16.8 MPa, or 25.1% of yield stress (67 MPa), while the max strain shows a drop 
of only 6.3 MPa, which is 9.4% of yield stress.  

3.3 Intermediate-Rate Mechanical Behavior 

At the intermediate strain rate (~5/s), the mechanical behavior was more traditional; 
the specimens would yield, neck, and eventually fail in the neck. This makes 
interpretation of strain data simpler; the strain history is simply extracted from the 
neck area, which is approximately the same as extraction of the max strain values. 
Figure 6 shows a series of strain fields present on a typical PC specimen stretched 
at the intermediate rate.  
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Fig. 6 Mechanical response of PC specimen at intermediate rate 

Figure 7a shows the strain histories for PC at the intermediate rate, again extracted 
as an average over the gage length (to make strain rate measurements and allow for 
comparison with other research) as well as the neck/max strain. The strain rate is 
approximated from the averaged gage length strain history during the post-yield 
response, as this is the focus of this research, and is approximately 5/s. The initial 
linear strain rate from the max during the beginning of necking (0.37–0.40 s) was 
approximately 10/s and then slowed to 2/s (>0.40 s). Figure 7b shows the strain 
histories combined with the loading histories to display the mechanical response of 
PC at the intermediate rate. The max response again shows less softening than the 
gage length response. However, the softening reduction was not as large as the 
reduction for the quasi-static rate. The softening for the gage length was 15 MPa, 
or 18% of the yield stress (82 MPa). The softening for the maximum was 10 MPa, 
or 12% of the yield stress. 

 
 (a) (b) 

Fig. 7 Intermediate a) strain histories for max and gage length and b) stress-strain behavior 
of PC at intermediate rate for max and gage length 
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3.4 Rate Effects on Mechanical Behavior 

The response of PC at the intermediate rate was significantly different from the 
quasi-static rate; this material has been shown to be highly sensitive to strain rate, 
demonstrating a significant change in response to even small (1 or 2 orders of 
magnitude) changes in strain rate. The yield stress increased from 66 MPa at the 
quasi-static strain rate to 82 MPa at the intermediate strain rate. The material 
response at the intermediate strain rate continued to be about 15–20 MPa higher for 
the post-yield behavior, as the material strain hardened and failed. The modulus 
remained the same at 1.9 GPa for both strain rates. These differences in response 
to strain rate are shown in Fig. 8, comparing the mechanical response of PC at both 
tested strain rates. 

 

Fig. 8 Mechanical response at quasi-static and intermediate strain rate for PC 

3.5 Thermal Behavior 

At quasi-static strain rate (0.001/s), there was evidence of heat generation due to 
temperature increases measured during the experiments. Figure 9a shows a series 
of thermal images of the specimen at the same discrete times as the prior strain 
distribution image series (Fig. 2b). The specimen begins heat generation just as the 
neck begins to form. The temperature in the neck increased quickly and then 
reached a constant level. The heat generation then spread out across the gage length, 
just as the neck “spread” across the gage length. 
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The maximum temperature change in the gage length is shown in Fig. 9b along 
with the max strain history. There is no change in temperature until the neck forms, 
at which point the temperature increases significantly. Once the neck is formed and 
begins to spread, however, the temperature change levels off and remains constant, 
having risen 8 °C. This figure shows the delta, or change, in max temperature in the 
gage length. The rate of temperature increase during the brief period of neck 
formation (~90–110 s in Fig. 9b) was approximately 0.5 °C/s. 

 
(a)                                                               (b) 

Fig. 9 Quasi-static a) thermal distribution and b) temperature and strain history at 0.001/s 
for PC 

It is possible to extract temperature and strain data as a function of position along 
the specimen gage length. Figure 10 shows the a) strain profiles and b) temperature 
profiles along the gage length at several discrete times throughout a quasi-static 
experiment. These profiles can be used to understand quantitatively how the strain 
and temperature distributions evolve as the specimen is deforming. The times 
shown in Figs. 10a and 10b are the same times used for the strain and thermal 
distributions in Figs. 2b and 9a: 0, 88, 108, 270, 537, and 706 s. The location of  
0 mm in Figs. 10a and 10b corresponds to the approximate bottom of the gage 
length when the specimen is undeformed. As the specimen stretches, the gage 
length gets longer, which is shown by the profiles extending into negative locations 
at the later times.  
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 (a) (b) 

Fig. 10 Distribution profiles along the gage length for PC at quasi-static rate for a) strain and 
b) temperature change 

At 0 s, the temperature increase should be zero across the specimen; due to the 
sensitivity of the IR camera to ambient reflected IR energy (light), the specimen is 
not at a single temperature but rather has a distribution that varies along the gage 
length of ±0.5 °C. At 88 s, which corresponds to approximately the end of elastic 
loading, the specimen strain has increased a constant amount along the gage length 
while the temperature has not increased at all. At 108 s, the neck has begun to form, 
and this can be seen in the strain localization as well as the sharp temperature 
increase localization. At 270 s, the neck has reached its maximum strain and has 
spread along approximately half the gage length. The temperature maximum is 
occurring at the “neck fronts”, while the location where the neck originally began 
to form has already begun to cool off. At 537 and 706 s, it is shown that the neck 
and temperature maximum locations have spread farther away from the gage length 
center. Failure occurs at approximately the –55 mm location. 

It is likely that at these low strain rates some of the heat generated during plastic 
strain is being lost to cooling. The rate of heat generation may be close to the rate 
of cooling that occurs during convection between the specimen and laboratory 
atmosphere and conduction between the specimen and grips. A pair of experiments 
from the intermediate rate data set was used to understand the cooling behavior of 
these specimens when located in the experimental setup. After being heated (by 
stretching at the intermediate rate to failure), 2 specimens were observed as they 
cooled for the first few minutes after the test. Figure 11 shows the maximum 
temperature in the specimen after failure as it cooled postexperiment. As can be 
seen from the data, the specimens cooled via conduction and convection in the test 
fixtures at a rate of approximately 0.04–0.06 °C/s. Of course, these cooling 



 

11 

estimates are only valid over the limited temperature range seen here, 
approximately 25–50 °C, as well as for the grips and testing setup used. Still, it is 
likely that the rate of temperature increase during plastic strain, even at the quasi-
static strain rate, is much higher that the cooling rate, such that the effect of cooling 
during the experiment may be assumed negligible. 

 

Fig. 11 Cooling response of PC specimens after failure 

The PC exhibited a significant amount of heat generation that was measured as 
temperature increase of the specimen when stretched at the intermediate strain rate 
(~5/s). This heating is generated mostly during plastic deformation as the long 
molecular chains slide along one another creating friction and heat. Figure 12  
shows the maximum specimen temperature increase during deformation as well as 
the strain history of the PC at both the a) quasi-static rate (repeated from Fig. 9b 
with matched y-scales for ease of comparison) and b) intermediate rate. The 
temperature begins to increase as the plastic deformation begins. Just as with the 
quasi-static rate, the temperature increase was concentrated at the location of the 
neck. At the intermediate rate, the maximum change in temperature was 
approximately 28 °C, more than triple the maximum temperature increase at the 
quasi-static rate (8 °C). The rate of temperature increase is not very linear; at the 
time of initial necking (0.37–0.38s), the temperature is increasing at a rate of 
approximately 820 °C/s, while afterward, from 0.38 s to failure (0.405s), the change 
in temperature slows to a rate of approximately 375 °C/s. 
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 (a) (b) 

Fig. 12 Maximum temperature change and strain histories for PC at a) quasi-static and  
b) intermediate rates 

It is also useful to understand how the heat generated during deformation is related 
to the amount of strain or deformation. Figure 13 shows the specimen temperature 
increase as a function of the strain history of PC at both a) the quasi-static rate and 
b) intermediate rate. Both results show no heat generation during the initial strain 
generated during elastic loading up until yield. After necking occurs and the strain 
begins to localize, both rates show a substantial increase of temperature due to 
strain localization. The intermediate rate shows a constant rate of temperature 
increase (47.4 °C/ε) across the entire plastic strain region (ε > 0.1). The quasi-static 
rate actually demonstrates a higher initial rate of temperature increase (64.5 °C/ε) 
from 0.25 < ε < 0.35 than the intermediate rate. This slows to 13.8°C/ε during the 
strain region of 0.35 < ε < 0.50.  

   
 (a) (b) 

Fig. 13 Maximum temperature change as a function of max strain for PC at a) quasi-static 
rate and b) intermediate rate 
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4. Conclusions 

A technique was developed to enable measurement of the mechanical and thermal 
response of polymers, and specifically PC, at quasi-static to intermediate strain 
rates using a standard polymer test specimen geometry. PC is highly rate-sensitive 
with significant changes in response to increasing in strain rate. The yield stress 
and tensile strength both increased as strain rate increased while the modulus 
remained constant. At both strain rates, there was a significant amount of adiabatic 
heat generation observed during plastic deformation; this heating contributes to the 
softening of the response of PC after yield. Increased strain rate also increased the 
amount of heat generated; the temperature increase in the specimen at the neck 
more than tripled as the strain rate increased from quasi-static to intermediate. This 
data will be used to help develop and refine models that are used to simulate this 
material. 
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