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Three methods for the determination of the large-strain behavior of ductile polymers are compared in
both tension and compression. Each method relies on some (non-contact) measurement of the strain
and some approximations in the calculation of stress. The strain measurement techniques include digital
image correlation (DIC) and two techniques of video-based extensometry: marker tracking and area var-
iation monitoring. Since the specimens are inevitably subject to structural plastic instabilities (necking in
tension, barreling in compression) the strain and stress states are no longer uniform in the gauge section
after the peak load. Under such circumstances, it is demonstrated that the three experimental methods
can lead to significant differences. It is inferred from the comparative analysis that the method based on
vertical marker tracking is not reliable. Validated by DIC, video-based area variation is shown to be a sim-
ple alternative way to obtain an excellent estimate of the intrinsic true stress–strain behavior of the
polymer.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Experimental characterization of the large-strain constitutive
behavior of materials is a challenging task. The principal difficulty
resides in accounting for specimen-level geometry changes that
accompany large deformations. The task is further complicated
by the fact that the deformation and stress fields quickly become
nonuniform within the specimen. This nonuniformity manifests it-
self through necking in tension and barreling in compression. Both
necking and barreling are plastic instabilities. As such, they are not
dependent on the intrinsic material behavior only, but also on the
specimen geometry. Therefore, a key step in data interpretation
and analysis is to decouple, if at all possible, the structural effects
from the intrinsic behavior.

Glassy polymers, for instance, exhibit some viscoelastic defor-
mation, large inelastic strains with small-strain softening and
large-strain rehardening. The post-yield softening is dependent
upon the thermomechanical history (van Melick et al., 2003a)
and is believed to be associated with free-volume rearrangement
(Hasan et al., 1993) whereas the rehardening at large strains de-
pends on network density (van Melick et al., 2003b) and results
from an induced anisotropy due to molecular chain reorientation
ll rights reserved.
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(Haward and Thackray, 1968). Because of this peculiar behavior,
initially smooth bars of glassy polymers are subject to the propaga-
tion of necks along their axis, when strained in tension (Buisson
and Ravi-Chandar, 1990; Parsons et al., 2004). Shear bands may
trigger or accompany neck propagation and other similar complex
patterns of localized deformation may form under compression
(Bowden and Jukes, 1968). What is of particular significance is that
conventional methods cannot be used to infer the intrinsic mate-
rial behavior from the mechanical response of a specimen in the
presence of plastic instabilities or macroscopic localization. For
example, the post-peak strain softening observed in nominal
stress–strain data is not representative of the material behavior,
e.g. see Ravi-Chandar and Ma, 2000. More generally, while the
qualitative features of the uniaxial behavior are rather well known,
it remains that determining the quantitative response depends on
the way in which the structural effects are decoupled from the
polymer’s intrinsic behavior.

To address these challenges, several approaches have been fol-
lowed in the literature. One approach is to design the experiment
so as to delay the onset of localization and extract the material
behavior from specimens showing macroscopically homogeneous
deformation. Thus, platen lubrication in uniaxial compression
experiments has been shown to delay significantly barrel forma-
tion (Boyce and Arruda, 1990; Arruda et al., 1995; Liang and Liech-
ti, 1996) but is unlikely to suppress it completely (Ravi-Chandar
and Ma, 2000; Benzerga et al., 2004; Wu and Buckley, 2004). Other
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examples include custom-designed shear specimens (G’Sell and
Gopez, 1981; Santore et al., 1991; Liang and Liechti, 1996) and con-
fined compression (Ma and Ravi-Chandar, 2000). While promising,
this approach has had limited success. In shear specimens, exploit-
able ranges of shear strain remain small, because of premature
fracture in sheet specimens (Ravi-Chandar and Ma, 2000) or strain
localization near the specimen corners in rail-shear specimens
(G’Sell and Gopez, 1981; Santore et al., 1991). While larger strain
levels can be reached in confined compression, they remain smal-
ler than about 0.15. In addition, the stress state is multiaxial which
complicates the analysis of tests. Another approach is to use strain
gauges (Liang and Liechti, 1996; Goldberg et al., 2005). This meth-
od is obviously limited by the maximum range of the strain gauge.
In addition, it has been shown that strain gauges induce local stress
concentrations, which promote premature fracture (Goldberg
et al., 2005); for example, tensile strains were limited to less than
0.1 in ductile polymers capable of much greater straining (Liang
and Liechti, 1996).

Yet another approach is to record full-field measurements of
mechanical fields in deformed specimens. Particularly useful for
heterogeneous materials, this approach potentially allows the
determination of the intrinsic behavior locally, thus circumventing
the complications due to specimen-level geometric instabilities.
Real-time full-field strain determination is typically made using
deposited grid patterns (Buisson and Ravi-Chandar, 1990), geomet-
ric Moiré techniques (Liang and Liechti, 1996; Shield and Kim, 1991)
and, in recent years, using digital image correlation (DIC) (Hild and
Roux, 2006; Laraba-Abbes et al., 2003; Parsons et al., 2004; Grytten
et al., 2009; Fang et al., 2009; Littell et al., 2008). More difficult is the
determination of stress fields. Extensions of photoelastic methods
have been proposed and used (Buisson and Ravi-Chandar, 1990;
Liang and Liechti, 1996), but remain difficult to generalize. Thus,
when full-field strain data is available there often remains the ques-
tion of stress determination. When the wavelength of nonuniform
strain fields is larger than the characteristic grid/facet size, it is rea-
sonable to back-estimate the local stress assuming homogeneous
deformation at the scale of grid element. However, some difficulties
having both fundamental and practical origins remain. For instance,
the location of the maximum plastic strain is generally not fixed. In
addition, unloading may occur locally due to instabilities sweeping
by the location of interest. Also, the calculated stress is based on
the net force acting on a much greater area. Finally, the strain mea-
surements are limited to the surface.

In another set of studies, variants of Video-based Surface Extens-
ometry (VSE) have been developed (G’Sell et al., 2002; Gloaguen
and Lefebvre, 2001; Mohanraj et al., 2006). Axial and/or transverse
displacements of markers printed prior to the test are tracked to
determine local strains. In all of these, the stress is calculated
assuming homogeneous deformation of the specimen at some level.

An alternative method that has been used in tension experi-
ments consists of measuring the instantaneous minimum diameter
using either a diametral transducer (G’Sell and Jonas, 1979) or a vi-
deo-based radial extensometer (VRE) (G’Sell et al., 1992; Mohanraj
et al., 2006). Effective conjugate measures of strain and stress can
thus be obtained. This method has extensively been used by G’Sell
and co-workers and bears conceptual affinity with methods used
for ductile metals, e.g. (Beremin, 1981; Benzerga et al., 2004). In
the case of ductile polymers, the superiority of non-contact vi-
deo-based extensometry is without doubt. For example, besides
the risk of slippage along the neck, diametral transducers may
cause premature failure, an effect which is somewhat similar to
that of strain gauges. To our knowledge, methods based on video
extensometry have not yet been validated against full-field strain
measurements.

In this work, real-time DIC full-field strain measurements are
used to critically assess how effective video extensometry is at
obtaining the intrinsic behavior of a ductile epoxy polymer up to
large strains. Both techniques of video extensometry are probed:
VSE based on markers and VRE based on diameter measurement.
Cylindrical specimens were used for both tension and compres-
sion, building on previous work of Littell et al. (2008). The sensitiv-
ity of material properties, such as hardness, ductility and post-
yield drop, to the type of approximate true stress and strain mea-
sures is critically discussed.
2. Methods

2.1. Material

The material used in this study is a commercial untoughened
thermosetting epoxy E-862 manufactured in plate form by North
Coast Composites using a pressurized resin transfer molding pro-
cess. The polymer is formed from the reaction of epoxide resin
EPON resin 862 (Diglycidyl ether of bisphenol F -DGEBF-) with
the aromatic amine curing agent Epikure W which is mainly com-
posed of diethyltoluenediamine (DETDA). The degree of polymeri-
zation of EPON resin, which results from the reaction of an epoxide
and bisphenol F, is controlled by temperature. This curing reaction
is carried out at 176 �C (350 �F). The addition of the curing agent
DETDA creates a highly cross-linked network (Tack and Ford,
2008). When the appropriate curing agents are used to cross-link
Epon 862, higher electrical, adhesive, chemical and mechanical
properties are reached. Also, because of its wide availability, low
viscosity and high glass transition temperature (Tg=133 �C (Gilat
et al., 2007)), this resin has recently been selected as potential can-
didate for use in impact resistant materials.
2.2. Testing procedure

All mechanical testing was conducted under quasi-static condi-
tions on a tabletop MTS model 858 servo-hydraulic machine, as
previously reported (Littell et al., 2008). Here, a description of
the test procedure is reviewed for completeness. Round smooth
bars were cut out of a 0.25’’ thick plate. The use of a cylindrical
shape eliminates corners that are often the site of defects and asso-
ciated stress concentrations in specimens with rectangular cross-
section which have been cut from plates. Another benefit of using
the precision machined cylindrical geometry is that variation in
cross-sectional area is minimized without using the laborious pol-
ishing procedures that would be needed for specimens with rect-
angular cross-section. The cylindrical geometry also allows for a
better assessment of induced anisotropy during plastic deforma-
tion. In thin sheet specimens, through-thickness necking can lead
to a ‘‘structural’’ anisotropy.

Specimen geometry and dimensions were derived from those of
an ASTM standard tensile specimen (ASTM, 2008), and are given in
Fig. 1. The bars were smaller than standard specimens because of
the plate thickness constraint. The small specimen size also leads
to a lower probability of internal (processing-related) voids in
the gauge section. A smooth surface finish was achieved in the
gauge section using a computer numerical controlled (CNC) lathe
process. The same specimens were used for compression testing.
In addition to being convenient, the common geometry increases
the propensity to strain localization under compression. This con-
stitutes a further test for the proposed methodology, which aims at
extracting the intrinsic polymer behavior in the presence of struc-
tural instabilities.

The specimens were tested in tension and compression at room
temperature and at various values of the nominal strain rate
(crosshead speed/initial gauge length). At least three, and up to se-
ven realizations of the same test condition were carried out. Other



Fig. 1. Geometry and dimensions of the cylindrical specimen used in tension and
compression testing.
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details of the experimental procedure may be found in Littell et al.
(2008).
2.3. Full-field strain measurement by digital image correlation (DIC)

A cylindrical frame of reference is associated with the specimen
having ðer ; eh; ezÞ as base vectors. Also, a local surface frame of ref-
erence ðe1; e2; e3Þ is used with e1 ¼ eh in the hoop direction and
e2 ¼ ez in the axial direction (Fig. 3(a)). Surface strain measure-
ments were carried out using a non-contact digital image correla-
tion (DIC) technique. Each tested specimen was painted with a
black and white speckled pattern (Fig. 2(a)) and the displacements
of the speckles were tracked during the test. The optical measure-
ment system consists of two CCD-1330 stereo cameras (resolution
down to 10�4 mm) and offers the possibility to measure 3D dis-
placements. Image data processing was carried out using the DIC
Fig. 2. (a) Gauge section of specimen painted with speckles; (b) Contours of
extensional axial strain, also showing five markers used for local strain
measurement.
software ARAMIS,1 which provided the pointwise extensional and
shear strains. Various choices of the local deformation tensor may
be output by the software. For instance, let dSð2Þ ¼ dS2e2 be a line ele-
ment along x2 in the reference, undeformed configuration, with x2

being the loading axis (vertical in Fig. 2). Also, let dsð2Þ ¼ ds2n be
the deformed material element with n. In uniaxial loading, n is not
very different from e2 so long as deformation is not localized in shear
bands. For the DIC software, the values of dS2 constitute initial data
and the set of values ds2 are continuously tracked during the exper-
iment. With that basis, one can work with the stretches
k22 ¼ ds2=dS2, the elongations ðds2 � dS2Þ=dS2 or the logarithmic
strains �22 ¼ lnðk22Þ. Either measure can be used in generating field
maps. In what follows, we will work with the logarithmic axial strain
�22 and hoop strain �11. An example of full-field maps of �22 is shown
in Fig. 2b.

2.4. Video-based Surface Extensometry (VSE)

This method is based on tracking the displacement of surface
markers. Two sets of markers were used for both axial and horizon-
tal strain measurements, as sketched in Fig. 3a. The markers are
also visible in Fig. 2b as large dots. The point tracking method is en-
abled by the DIC software. The axial and horizontal true (logarith-
mic) strains are defined as

E22 ¼ ln
V
V0

� �
ð1Þ

and

E11 ¼ ln
H
H0

� �
ð2Þ

where V and H respectively denote the current spacings between
the vertically aligned and horizontally aligned markers (Fig. 3a),
V0 and H0 being their initial values. The markers are located in
the region where the highest strains are expected, i.e., in the central
region of the gauge section. Strain uniformity between the markers
was systematically studied using section line plots of DIC fields
across the gauge section, as will be illustrated below.

2.5. Video-based Radial Extensometry (VRE)

One advantage of using round specimens is that when necking
or barreling occur, strain gradients develop mostly in the axial
direction (since no shear bands form). Because the radial strain
gradients are small, measuring the diameter reduction provides a
good estimate of the radial true strain. Thus, a second measure of
true strain is defined based on the reduction of cross-sectional area
within the neck:

e ¼ ln
S0

S
¼ 2 ln

U0

U
ð3Þ

where S is the current cross-sectional area at the neck (or section of
maximum diameter under compression), U is the diameter and the
subscript 0 refers to initial values. If the material were incompress-
ible, e would be an approximation of the Hencky strain integrated
over the deformation history. It is only an approximation, notably
because of strain gradients in the radial direction.

Strain measure (3) requires that the diameter U be measured at
the desired height. This measurement does not require any addi-
tional setup as it is readily accessible from camera images and
the post-processing capabilities of the DIC software. More specifi-
cally, a digital tangent circle was used to fit the current deformed
configuration, as sketched in Fig. 3(b). This defines a video-based
1 ARAMISTM GOM, Braunschwieg, Germany.



(a)

(b)

Fig. 3. (a) Video-based surface extensometry (VSE): positioning of vertical and
horizontal markers. (b) Video-based radial extensometry (VRE): determination of
the current cross-sectional diameter U in (3) and (4) using the tangent circle utility
of the DIC software. Also shown in (a) is the local surface frame with associated x1-
axis (horizontal) and x2-axis (vertical). These axes are denoted x and y in Fig. 2.
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2 Plastic incompressibility is obeyed in many glassy polymers. The material is
compressible in the elastic regime.

3 It is indeed checked a posteriori that initially round sections remain round after
deformation.
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extensometer which can be implemented in real-time or after test-
ing. 24 tension and compression tests, including those reported in
Littell et al. (2008), were analyzed using this method.

2.6. True stress determination

An important consequence of video-based radial extensometry
(VRE) is that the true stress can be evaluated as

rVRE � r ¼ F
S
¼ 4F

pU2 ð4Þ

where both F (the force given by the load cell) and U (the diameter)
are measured. Thus, curves of the above measure of true stress, r,
versus the true strain measure e in (3) constitute the output of VRE.
On the other hand, when using surface markers (VSE) or DIC
strains further assumptions must be used to calculate the stress.
An estimate of the true stress associated with the VSE true strain
measure E22 in (1), assuming that is the only available strain mea-
sure, is given by

rVSE;2 ¼ F
S0

expðE22Þ: ð5Þ

where material incompressibility2 and isotropy3 are assumed. Note
that the remote uniaxial stress state is assumed to hold on the sur-
face between the vertically aligned markers. Similarly, the following
true stress is associated with the VSE horizontal strain E11 in (2)

rVSE;1 ¼ F
S0

expð�2E11Þ ð6Þ

since S ¼ S0k
2
rr where the radial stretch krr is identified with

khh ¼ k11. Eq. (6) relaxes the assumption of incompressibility. If
there are no axial strain gradients rVSE;1 � rVSE;2 to the neglect of
elastic compressibility.

Likewise, an estimate of the true stress associated with the DIC
true strain measure �22, assuming that is the only strain measure
available, is given by

rDIC ¼ F
S0

expð�22Þ:

where material incompressibility and isotropy are assumed as
above. Note that the remote uniaxial stress state is assumed to hold
locally on the surface. A better estimate of the true stress is ob-
tained by using the DIC hoop strain �11 using

rDIC ¼ F
S0

expð�2�11Þ

which relaxes the assumption of incompressibility. In principle, if
not in practice, the local true stress–strain response may then be
estimated using rDIC from either equation above versus �22. How-
ever, we shall not pursue this option because, even in the presence
of rather weak instabilities, the location of the maximum strain
within the gauge section changes during loading.
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3. Results

3.1. Nominal stress–strain response

For illustration, curves of the nominal stress reng � F=S0 versus
axial strain E22 given by (1) are shown in Fig. 4. One example is for
compression at _� ¼ 10�1=s; the other is for tension at _� ¼ 10�5=s. In
each case, the nominal stress is compared with the true stress r gi-
ven by (4). While obvious differences are expected at large strains,
Fig. 4 clearly shows that the engineering stress deviates from the
true stress more significantly in compression than it does in ten-
sion. For example, at the peak stress in compression the difference
between the two measures is a little over 20 MPa and increases to
about 80 MPa at larger strains. In tension, the difference is smaller;
as will be illustrated below, this is due to the fact that barreling in
compression is more pronounced than is necking in tension. One
reason for the absence of strong localization under tension is the
cylindrical geometry and the length of the gauge section, which
is quite short thus preventing significant neck propagation from
occurring.
 0.2

 0.25
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 0.35
3.2. Video surface versus radial extensometry

We now proceed to compare the true stress–strain responses
obtained using VSE (surface markers) and video-based radial
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Fig. 5. (a) True stress–strain curves in tension obtained using video-based
extensometry (VSE vs. VRE). (b) Video based surface extensometry (axial) strain
measure E22 in (1) versus video-extensometer based e in (3). Here, _� ¼ 10�3=s.
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Fig. 6. (a) True stress–strain curves in compression obtained using video-based
extensometry (VSE vs. VRE). (b) Video based surface extensometry (axial) strain
measure E22 in (1) versus video-extensometer based e in (3). Here _� ¼ 10�3=s.
extensometry (VRE). VSE employs stress measure (5) versus axial
strain measure E22 in (1) whereas VRE uses r in (4) versus e in
(3). Comparison is illustrated in Fig. 5 for a typical case in tension.
The two responses are very close to each other with the VSE based
stress measure (5) leading to a slightly harder response. As shown
in Fig. 5(b), the strain measures e (diameter based) and E22 (mark-
ers based) are also very close to each other. The maximum relative
difference between the two was less than 15% with a 5% difference
being typical. For our purposes, the measures e and E22 will be con-
sidered as indistinguishable in tension.

In compression, however, the situation is different as typically
shown in Fig. 6. The flow strength levels are found to be increas-
ingly higher with the VSE based stress measure (5) compared with
the VRE based measure (4). As shown in Fig. 6(b), the main discrep-
ancy between the two methods resides in the strain determination.
The VSE strain measure E22 is found to be considerably smaller
than the VRE measure e in the plastic regime. This difference oc-
curs subsequent to necking-induced strain localization. Despite
the fact that E22 has more of a local character, it was systematically
found to be smaller than the diameter-based measure e, irrespec-
tive of strain rate or whether the testing was in tension or
compression.4
4 There is only one exception among all experiments: one case of tension at
_� ¼ 10�3=s shows end-of-test values of e ¼ 0:32 and E22 ¼ 0:38. The corresponding
realization is shown in Fig. 8.
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For reference, published VSE based works (G’Sell et al., 2002;
Gloaguen and Lefebvre, 2001; Mohanraj et al., 2006) have exclu-
sively used the axial strain E22 in generating true stress–strain
curves. It is noteworthy that these authors used stress definition
(6) instead of (5). This is always better since (6) does not assume
incompressibility. However, the assumption of incompressibility
is not relevant here. To verify this, Fig. 7 depicts the comparison
between the VSE stress–strain curve as obtained in the above
works and the VRE r-e curve. Important differences remain. In
the presence of strong localization, as is the case in compression
here, these differences are associated with a problem in using
the axial strain measure E22 when there are axial strain gradients.
This issue is now addressed through detailed comparisons with
DIC strain fields.
3.3. DIC based assessment of VBE methods

An important difference between E22 and e is that the former is
a surface measurement whereas the latter smears out the radial
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Fig. 8. (a) True stress r versus true strain E22 and corresponding select snapshots of DIC
strain �22 at various levels of logarithmic axial strain E22, showing the progress of localiza
necking (resp. (A) and (C)), which is observable at (B). The cross indicates fracture whic
strain gradients in the specimen. However, the large discrepancies
found in compression between the two measures cannot be ex-
plained on that basis. In order to appreciate these differences fur-
ther, it is worth examining the phenomenology of deformation in
EPON 862 by correlating the full-field strain mapping with video-
based strain measures and the overall stress–strain response.

Fig. 8 illustrates such a correlation in the case of tension (the
test realization being different from that in Fig. 5). The contours
of axial strain are shown using the same scale. Prior to the peak
yield, the polymer behavior is nonlinear. At a strain of
E22 ¼ 0:083, i.e., slightly before peak, the strain distribution is
essentially homogeneous within the gauge area, Snapshot (A).
Shortly thereafter, deformation localizes because of the develop-
ment of a shallow neck. Difficult to visualize with the naked eye,
the onset of necking is ascertained based on two observations: (i)
the drop in the force, as seen for example in the nominal curve
of Fig. 4; and (ii) the deformation becomes nonuniform along the
x2-axis (Snapshot (B) in Fig. 8). In actuality, localization is likely
to have set in earlier than stage (B). This can be ascertained based
on the line section plots in Fig. 8(b). For each value of VSE strain E22

the corresponding DIC strain �22 is plotted along the vertical line
shown in the inset. Local strains reach values around 0.20 and de-
crease down to about 0.08 near the ends of the specimen gauge
section. Subsequent deformation is characterized by a rehardening
regime starting at a strain of about E22 ¼ 0:14. As a consequence,
material in the vicinity of the incipient neck hardens again and
deformation becomes more diffuse going from snapshot (B) to
(D) through (C). Finally, fracture takes place at a strain of about
E22 ¼ 0:39. The corresponding snapshot (D), taken right before
fracture, exhibits some strain concentration at the center with
most of the gauge section experiencing strains higher than 0.3.

The asymmetry of the DIC strain profiles in Fig. 8(b) implies that
neck initiation occurs at a random location. The shift of the location
of the maximum strain is the signature of neck propagation. Each
strain profile is indexed with the marker-based VSE strain E22.
There is a very good correspondence between the maximum local
strain �max

22 and E22, hence between �max
22 and the VRE measure e, gi-

ven the results in Fig. 5.
Fig. 9 depicts a typical response in uniaxial compression as well

as snapshots of strain contours at various stages of deformation. As
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Fig. 9. (a) True stress r versus true strain E22 and corresponding select snapshots of DIC strain contours in compression at T = 25 �C and _� ¼ 10�1=s. (b) Section line plots of
axial strain �22 at various levels of logarithmic strain E22, showing the progress of localization. The circles on the curve in (a) correspond to stages before and after the onset of
barreling (resp. (A) and (C)), which is clearly observable at (B). The full circle indicates the loss of consistency of DIC data.
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observed in tension, the strains at peak stress (r = 102 MPa) are
rather homogeneous (snapshot A). During the softening regime,
barreling becomes clear within the specimen gauge (snapshot B).
Additional compression is accompanied by a growing barreling
instability as well as strain concentrations. The lower yield stress
(r = 87 MPa), is reached at E22= 0.18. A mapping of strains at the
beginning of the rehardening stage is detailed in snapshot (C). Con-
trary to tension, a more asymmetric strain distribution pattern
develops in the specimen. In this particular case, the maximum
compressive strains are obtained in the lower half of the gauge sec-
tion. It is likely that the asymmetry in strain distribution is caused
by the non-standard specimen geometry. The strain profiles in
Fig. 9(b) quantify the strong localization of plastic flow under
compression.

Going back to the difference between the two strain measures
E22 in (1) and e in (3) (see Fig. 6), the picture is now much clearer
in light of the results shown in Figs. 8 and 9. In particular, barreling
in compression often leads to a strain distribution that is asymmet-
ric with respect to the horizontal x1-axis. Because the strain
measure E22 includes some material points above and below the
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Fig. 10. Profiles of DIC axial strain �22 corresponding to increasing values of the VRE
strain e.
section of maximum diameter, its value is smaller than the maxi-
mum strain. In tension, local strain variations are smaller between
the vertical markers. Note that in longer specimens this may not
hold true. In some cases, the two measures lead to nearly identical
stress–strain curves (e.g. Fig. 5(a), 10�3=s), but in other cases (e.g.
at 10�5=s), some differences are noted, although less dramatic than
under compression loading.

To complete the picture, Fig. 10 shows the same local strain pro-
files as in Fig. 9(b) but now indexed with the diameter-based VRE
strain measure e. Not only is there good correspondence in the
early stages of deformation between �max

22 and e, the latter takes lar-
ger values at the later stages of deformation. This might seem sur-
prising at first sight but can be explained by the development of a
complex stress state on the surface of a barreled specimen. Indeed,
analysis indicates that tensile hoop stresses develop on the surface
(Kweon and Benzerga, in press-a) which lead to axial surface
strains that are smaller in magnitude than at the center of the spec-
imen. It is believed that the value of e ¼ 0:539 is close to the value
at the center of the bar. In any case, differences between e and �max

22

remain rather small and the above comparisons (i) validate video-
based radial extensometry (VRE); and (ii) show that a strain mea-
sure based on vertically aligned markers is not reliable.

The DIC software may not be capable of capturing and calculat-
ing strains in highly deformed regions (dark spots in Fig. 9 at stage
(D)). When such problems occur in the center of the specimen,
where strain values are used for post-processing the measure E22,
the software calculates the strain at a nearby location, which is
problematic for consistency. In the example shown, this data cap-
turing problem occurred at a strain of about E22 ¼ 0:215. It is indi-
cated by a filled circle in the figure. The data acquired beyond this
point is plotted as a dotted line, simply to indicate that it may not
be as reliable as data before that stage. Snapshot (D) depicts the
strain contours at E22= 0.255. The strain distribution is heteroge-
neous with maxima exceeding a value of 0.35, concentrated at
the bottom of the gauge section.
3.4. VSE with horizontal markers

When comparing the stress–strain responses in Figs. 6(a) and 7
the discrepancy between flow stress levels in the latter is much



1876 X. Poulain et al. / International Journal of Solids and Structures 50 (2013) 1869–1878
smaller than in the former. The difference is that the horizontal-
marker based strain measure E11 is used in calculating the stress
plotted in Fig. 7, as per Eq. (6). In the compression specimen, strain
gradients develop post-barrelling mostly in the axial direction of
the specimen thus affecting strongly the strain measure E22. On
the other hand, the strain gradients are smaller in the x1 direction
(Fig. 9(b)) so that the transverse measure E11 is less affected by
strain localization.

In what follows, we therefore describe results obtained using a
variant of the VSE method for determining the true stress–strain
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Fig. 11. True stress–strain responses of epon 862 to (a) tension and (b) compression
at T = 25 �C and _� ¼ 10�3=s. (c) Strain measure 2jE11j in (2) versus jej for both tests.
response whereby j2E11j is used instead of jE22j as an estimate of
axial true strain, assuming incompressibility. Typical stress–strain
curves obtained with this method are compared with those ob-
tained using the VRE method (Eqs. (4) and (3)) in Figs. 11(a) and
(b). What is interesting is that the two curves are close to each
other, both under tension and compression. Fig. 11(c) shows how
jej and 2jE11j evolve against each other for both tests considered.
The two strain measures take identical values before the onset of
plastic instability. Subsequent to that, measure e is found to be
greater. The difference between the two measures increases at first
with straining but eventually decreases such that at a strain of
about 0.4 the two measures are almost identical. Analysis (Kweon
and Benzerga, 2013) indicates that the strain is maximum at the
center of the bar but 2E11 is based on a surface measure. In addi-
tion, since the horizontal markers are positioned prior to testing,
the location of the maximum of 2E11 may be away from the exact
location of the neck (in tension) or barrel’s apex (in compression).
With such limitations in mind and with appropriate care, it may be
convenient in general to work with true stress–strain curves ob-
tained using this variant of the VSE based procedure instead of
the commonly used one based on vertically aligned markers.

4. Discussion

The fundamental hypothesis in identifying the mechanical re-
sponse of a specimen with the intrinsic behavior of the constituent
material is that the deformation is homogeneous within the spec-
imen gauge. When deformation ceases to be uniform, the response
is inherent to the specimen, not to the material. The tacit question
addressed in this experimental study is therefore that of what prac-
tical measures of true stress and true strain, if any, would deliver
the best approximation of the exact true stress–strain relation. This
involves identifying a representative elementary volume, within
the test specimen, over which nonuniformities are weak enough
to allow for the sought identification.

Over the past decade, experiments aimed at extracting the
intrinsic behavior of polymeric materials from tensile tests have
employed either whole field strain measurements or video extens-
ometry with some variations. In this study, the different ap-
proaches have been compared. In all previous work based on the
marker tracking variant of video extensometry, the true stress
was determined by calculation assuming that deformation is
homogeneous between vertically or horizontally aligned markers.
Here, a version of video extensometry compatible with the DIC set-
up was used to obtain the true stress by direct measurement of the
instantaneous diameter of the minimum cross-section at the
evolving neck. While this measurement provides a net normal
stress, it is preferred to the local estimation of the true stress, as
for example done by Gloaguen and Lefebvre (2001). This is so be-
cause when strong strain localization sets in, the local stress–strain
behavior is generally affected by neck progression as inferred, for
example, from finite-element analyses of structural instabilities
in glassy polymers (Kweon and Benzerga, 2013); see also Parsons
et al. (2004).

Digital image correlation (DIC) is a powerful mapping technique
that provides more information than the minimum necessary for
material behavior identification. In the case of the investigated
epoxy resin, the DIC measurements allowed a critical assessment
of video-based extensometry. We have shown that the stress–
strain responses based on both techniques (VSE and VRE) are quite
close to each other in the absence of strong (specimen-level) local-
ization. However, the case of compression (Fig. 6) shows that one
cannot entirely rely on VSE based data when strong localizations
occur. Measures such as E22 are inevitably impacted by the effects
of the structural instability. In that case, the VRE method delivers a
much more accurate determination of stress–strain behavior.
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The differences seen here between tension and compression
should not be mistakenly generalized. In general, strong localiza-
tions are indeed more likely under tension loading because of neck
propagation or shear-band mediated necking. Some factors that
have limited the extent of tensile localization in this study include
(i) the material used; (ii) the short length of the gauge section and
(iii) the use of round specimens as opposed to prismatic rectangu-
lar ones where shear bands are usually observed.

Any attempt at inferring the true stress from the nominal one
using an axial strain measure will suffer some artifacts. The
approximate stress measure (6), i.e., estimated based on horizontal
markers, provides an alternative way of calculating the true stress.
This method may be attractive when video radial extensometry is
not available. As shown in Fig. 11, the stress–strain curves inferred
from this method are very close to the r-e curves. However, such
good correspondence may break down under circumstances of
strong strain localization, i.e., with lateral strain gradients in rect-
angular specimens.

Determination of the intrinsic behavior of polymers is essential
before making inferences about salient features of their constitu-
tive response and the underlying physics of deformation mecha-
nisms. Some features of the intrinsic response of Epon 862 are
worth discussing. As shown in Fig. 4 this epoxy is able to sustain
very large strains, even in tension. To our knowledge, the tensile
ductility levels revealed by the present measurements are unprec-
edented for an epoxy resin. In the literature, tension data is often
reported up to a few percents of total strain because of premature
fracture. Together with results from previous investigations (Gold-
berg et al., 2005) the present results clearly show that this behavior
is an artifact of using strain gauges. The latter concentrate strains
and thus lead to specimen failure. More generally, fracture is af-
fected by processing-induced internal voids (Chowdhury et al.,
2008b), surface flaws and stoichiometry variations. In this work,
the density of voids was minimized by using precision tooling
and a pressurized RTM process to fabricate the panels. Major sur-
face flaws were avoided by using a cylindrical specimen shape
(no corners), CNC machining and non-contact strain measurement.
For the commercial Epon 862 that has been used, systematic char-
acterizations of different resin systems were carried out at NASA.
Reporting on these goes beyond the scope of this paper. What is
of particular importance, however, is that standard (hence larger)
specimens with rectangular cross-section, with mounted extens-
ometers or glued strain gauges, failed at much lower strains than
the small, cylindrical test specimens.

There also is a connection between tensile ductility and post-
yield softening, as pointed out by van Melick et al. (2003a). In the
studied Epon 862, the strain softening is very small in tension. This
is not the case of other previously investigated materials, e.g. (Liang
and Liechti, 1996). It is likely that the higher amount of softening,
which may be due to different processing histories, is responsible
for the lower ductility levels reported by previous studies.

In tension, the true stress–strain curve is characterized by a
hardening stage at small strains, followed by a plateau then a
rehardening stage at larger strains. It is likely that the true tensile
behavior exhibits a weak post-yield strain softening, given that the
net stress measure r slightly overestimates the actual true stress
(Kweon and Benzerga, 2013). In compression, the amount of
post-peak softening is noticeable. The care taken in analyzing the
data leads us to conclude that this softening is intrinsic to the
material behavior. The magnitude of the difference between ten-
sion softening and compression softening post-yield is likely to
be smaller than reported here. Nevertheless, it is a finding based
on consistent and repeatable experimental measurements. This
difference may be associated with the microscopic processes of
free-volume rearrangement in the early stages of shear yielding
and how such processes are affected by the amount of hydrostatic
pressure or, more generally, by some stress-state dependence. This
aspect of tension–compression asymmetry has not been discussed
in the literature, probably because of the scarcity of data available
in both tension and compression for the same polymer.

The VRE strain measure e has some limitations as well. For
example, the stress–strain data is not reliable in the elastic regime
because of the underlying assumption of material incompressibil-
ity. Next, some challenges arise in measuring the diameter with
sufficient accuracy in the early stages of deformation. For instance,
some serrations can be clearly see in Fig. 5(a). However, both lim-
itations hold for the small strain regime, during which deformation
is homogeneous. Thus, they do not affect the central issues of the
study, i.e., the intrinsic character of any post-yield softening and
the large-strain behavior.

It is worth examining how the above differences among the var-
ious methods impact the identification of the polymer behavior and
that of material parameters in advanced polymer models, e.g. (Arr-
uda et al., 1995; Wu and Van, 1993; Chowdhury et al., 2008a; Klom-
pen et al., 2005). The key in understanding is to decouple the
unavoidable structural effects from the intrinsic behavior. Here,
we distinguish two cases: one where strain gradients are mostly ax-
ial (as is favored in round specimens) and one where strain gradi-
ents occur both axially and radially, as is expected in rectangular
(thin or thick) specimens. The latter have been extensively reported
in the literature and often lead to the formation of propagating
shear bands. If the evolving localization is such that strain gradients
are mostly in the axial (loading) direction then the best material–
structural decoupling is ensured by using video-based extensome-
try (the r-e curves). In the second case, the shear-band mediated
propagation of tensile necks creates challenges for all measures.
However, if the post-yield drop is moderate, analysis indicates that
the r-e curves provide again an accurate representation of intrinsic
behavior (Kweon et al., submitted for publication). Some authors
have proposed the use of inverse identification to extract the intrin-
sic behavior, using full boundary-value problem solutions. While, in
principle, this is possible, in practice it proves challenging because
the local stress–strain response is itself affected by the onset and
propagation of instabilities.
5. Conclusion

Whole-field strain measurements were obtained in combina-
tion with video-based radial extensometry and marker tracking
to study the inhomogeneous deformation of a polymer. An exper-
imental methodology was proposed to extract the intrinsic behav-
ior of polymers from the mechanical response of tensile and
compression specimens. The method is applicable in the presence
of moderate structural instabilities. The main conclusions of this
study are:

� Video-based extensometry delivers approximately work-conju-
gate measures of true stress and strain. The corresponding
stress–strain curve represents the large strain intrinsic behavior
of the material fairly well, as validated by comparison with DIC
based measurements. Any disadvantages due to the assumption
of incompressibility or the inaccuracy of curvature measure-
ment manifest exclusively at small strains when the specimens
deform homogeneously.
� Care should be taken in using strain measures based on verti-

cally aligned markers, a common technique of video extensom-
etry. They may not represent the true strain well in the presence
of moderate to strong strain localization.
� In tension, the true stress–strain curve of Epon 862 is character-

ized by a hardening stage at small strains, followed by a plateau
then a rehardening stage at larger strains. The amount of
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softening, if any, is very small. In compression, the amount of
post-peak softening is noticeable. This aspect of tension–com-
pression asymmetry indicates a strong dependence of the yield
process on the stress state.
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