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ARTICLE INFO ABSTRACT

Keywords: In this study, the effect of the macro-scale mechanical deformation on the nanostructure of glassy polymers is
Shear transformation zone investigated by scrutinizing the alteration of their nanoscale mechanical response. Nanoindentation technique
Nanomechanics

was used to measure the mechanical properties of the polycarbonate and poly(methyl methacrylate) specimens
which were subjected to a prior plastic deformation in uniaxial tension. While the elastic part of the deformation
induces reversible nanostructural reordering, it is the plastic part that brings about permanent/irreversible
rearrangements. Hence, the measurements were only focused on the inelastically deformed and unloaded
specimens. By incorporating the homogeneous flow theory and strain rate dependency of the plastic flow in
nanoindentation, activation volume of the localized shear transformation zones that mediate the plasticity was
calculated. The results show that the shear activation volume decreases with inelastic deformation. Considering
the interrelation between the shear activation volume and the free volume content as the nanostructural defect in
glassy polymers, this observation is well supported by the previously observed increase in defects upon plastic
deformation for glassy polymers. Besides, the variation of hardness and modulus with plastic deformation history

Polymeric glasses
Free volume

of the polymer is presented and discussed in this paper.

1. Introduction

Polymeric glasses (PGs) have become ubiquitously present in the
daily lives in a wide range of applications, from eyeglass lenses to
medical prostheses, composite panels in aircrafts to space structures,
and electronic devices (Roth, 2017; Hiemenz and Lodge, 2007; Mittal,
2011; Zhao and Zikry, 2015). Thanks to their unique characteristics
including a wide range of thermomechanical properties, they exhibit
good processability that allows building complex shapes through
traditional and modern manufacturing methods, e.g., injection molding
and 3D printing (Roth, 2017; Hiemenz and Lodge, 2007). Nevertheless,
any structural or nonstructural polymeric element requires to satisfy
some load-bearing expectations; hence, it is of essential importance to
understand and predict their mechanical properties at different length
scales. Glassy polymers are generally categorized as visco-elasto-plastic
materials, i.e., their small- and large-deformation mechanical behaviors
are rate and time-dependent. Moreover, temperature and
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thermomechanical history of the PGs are known to affect their me-
chanical properties significantly (Argon, 2013). On the other hand,
describing large deformation response of glassy polymers has always
been a serious challenge in the field of material science and solid-state
physics (Voyiadjis and Samadi-Dooki, 2016; Boyce et al., 1988). Un-
like crystalline solids which have long-range structural coherence with
dislocations as the mobile carriers of plasticity, amorphous polymers
have virtually no significant order in their molecular structures resulting
in a different mechanism of plastic deformation. In other words, due to
the absence of regular lattices in glassy solids, variants of alternate
mechanisms are believed to mediate plasticity in these materials (Argon,
2013).

Early efforts to understand the plasticity mechanisms of glassy
polymers can be traced back to the work of Eyring who proposed mo-
lecular rearrangement during deformation (chain conformational
transformations) as the main mechanism of the plastic flow (Eyring,
1936). Since then, researchers have built numerous large deformation
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models for polymers upon the macromolecular chain rearrangement
(Argon, 1973, 2013; Boyce et al., 1988; Robertson, 1966; Arruda et al.,
1995); including Boyce and coworkers (Boyce et al., 1988) who pro-
posed chain entanglement opening as the post-yield softening, and chain
alignment as the post-yield hardening mechanisms.

Although these models seemed to be appropriate for glasses with no
long-range molecular order, by thermodynamic measurements of the
plastically deformed PGs, Oleinik (Oleinik, 1991; Oleinik et al., 2007)
showed that a considerable amount of energy is stored in the sample
after unloading. While such a level of stored energy cannot be described
in terms of conformational chain rearrangements, he suggested that it
arises from non-vanishing elastic fields (after unloading) that form
around permanently deformed plastic units. Oleinik’s suggested mech-
anism was similar to the localized transformation theory, which had
been proposed to mediate plastic deformation in metallic glasses
(Spaepen, 1977; Argon, 1979). After years of development, it is now
accepted among researchers that one common mechanism governs the
plasticity of all disordered solids, whether polymeric, metallic, or co-
valent in nature. In this mechanism, nucleation of discrete irreversible
rearrangements of atomic/molecular clusters upon yielding, which are
called the shear transformation zones (STZs), yields the main
rate-controlling event of the whole plastic deformation (Argon, 2013;
Falk, 2007). These sites act as carriers of plasticity and have long-range
elastic fields around them, similar to Eshelby’s inclusion model
(Eshelby, 1957). These elastic fields are the main sources of the energy
excess which was observed in experimental studies of Oleinik (Oleinik,
1991; Oleinik et al., 2007) for plastically deformed PGs.

The shear transformation theory, which was originally proposed to
explain the plasticity in metallic glasses by Spaepen (1977) and Argon
(1979) and later re-formulated by Falk and coworkers (Falk, 2007), has
been proven to be a well-founded method to describe the plastic
deformation of PGs as well (Argon, 2013; Voyiadjis and Samadi-Dooki,
2016; Hasan et al., 1993). Computer simulations have shown that these
zones are associated with regions of the enhanced structural disorder
(Schuh and Lund, 2003) and nucleate in a cooperative manner, i.e., their
transformation can induce the formation of new STZs. According to this
theory, STZs are irreversible and thermally activated, and once formed,
due to the absence of long-range structural coherence in PGs, they are
not able to expand by translational movements of their boundaries
(Argon, 2013). In other words, the plasticity of PGs mediated by shear
transformations is nucleation controlled (Argon, 2013; Mott et al., 1993;
Spathis and Kontou, 2001).

From the thermodynamics point of view, a polymeric glass is a
nonequilibrium material formed because of packing frustration. As it is
cooled to a solid from the fluid-like state, at a certain point, the system
becomes non-ergodic due to insufficient thermal energy at the given
time scale. The polymeric molecular chains are trapped in a nonequi-
librium state associated with the condition they underwent at the point
of vitrification (glass formation). At this state, a PG possesses a higher
volume and configurational entropy compared to its equilibrium state
due to the formation of excessive frozen-in free volume during vitrifi-
cation (Roth, 2017). After they are formed, glasses start to move from a
metastable state towards an equilibrium state through slow and gradu-
ally continual relaxation process which is called physical aging (Struik,
1977; Malekmotiei et al., 2017; Martinez-Vega et al., 2002). The study of
free volume evolution upon thermal treatment has been carried out by
many researchers to explore the correlation between the resulting nano
and microstructural changes and the changes in mechanical properties
of amorphous polymers (Hasan et al., 1993; Malekmotiei et al., 2017;
Sandreczki et al., 1996; Tanio and Nakanishi, 2006; Cangialosi et al.,
2003; Gunel and Basaran, 2011, 2013). In a recent study by Malekmotiei
et al. (2017), the effect of annealing process on the microstructural and
micromechanical properties of poly(methyl methacrylate) (PMMA) and
polycarbonate (PC) was investigated using positron annihilation lifetime
spectroscopy (PALS) and nanoindentation techniques. Based on that
study, average free volume size (as the nanostructural state variable)
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changes in the opposite direction to the shear activation volume size (as
the micromechanical state variable which is correlated with STZs).
Malekmotiei et al. (2017) also demonstrated that annealing at temper-
atures close or above Ty of PC and PMMA is not beneficial for their
mechanical strengthening since the increase of free volume content
leads to facilitated flow of the material.

Nanostructural state and free volume content of the PGs are not
solely functions of their thermal history but also affected by their prior
exposure to mechanical deformations (Hasan et al., 1993; Hasan and
Boyce, 1993; Oleinik et al., 2006; Lee and Ediger, 2010). In general,
inelastic deformation changes the nanostructural state of the PGs, and
accordingly, their micro- and macro-mechanical response to subsequent
external loadings (Hasan et al., 1993). Accordingly, some studies have
been focused on the effect of plastic deformation on the PGs’ nano-
structural state to investigate the nature of the disturbance mechanisms
during plastic deformation to elucidate micromechanics of the de-
formations and visualize its different stages (Hasan et al., 1993; Hasan
and Boyce, 1993; Oleinik et al., 2006; Lee and Ediger, 2010). Hasan et al.
(1993) conducted PALS measurements on PMMA samples subjected to
different thermal and inelastic compressive deformations and found that
free volume content monotonically increases with inelastic strain until it
reaches a steady state. In addition, they observed that the free volume
content of annealed and quenched samples, although different at zero
strain, eventually become equal after adequate inelastic deformation.
Therefore, inelastic deformation is observed to erase the effect of prior
thermal history and indeed increase free volume content with a corre-
sponding drop in the yield stress after a certain point of plastic strain.

Based on the above-mentioned findings, the inelastic deformation
and nanostructural state of PGs reciprocally affect each other. However,
unlike the effect of physical aging, a proper interrelation between micro-
and macro-scale evolutions upon inelastic deformations of PGs is seldom
presented in the literature. Therefore, this study was aimed at utilizing
the nanoindentation technique to evaluate the flow stress of PGs sub-
jected to different prior inelastic deformations. Uniaxial tensile testing
coupled with Digital Image Correlation (DIC) technique was used to
precisely induce and monitor the plastic strain in the samples over the
region intended for subsequent nanoindentation measurements. Using
the homogeneous deformation theory for STZ mediated plasticity and
strain sensitivity of the flow in glassy polymers, the nanomechanical
properties of STZs were obtained employing nanoindentation results. In
particular, the effect of inelastic straining on the shear activation volume
of STZs is scrutinized, and its interrelation with free volume evolution
due to plastic deformation is discussed.

2. Experimental procedure
2.1. Sample preparation

Commercially available amorphous poly(methyl methacrylate)
(PMMA) and Lexan® polycarbonate (PC) sheets, with a thickness of 5
and 2.4 mm, respectively, were selected for this study. For the nano-
indentation testing of the as-received materials, sheets were cut into
small pieces of 150 x 150mm squares and then mounted on the
aluminum stub using superglue. The surface of all samples was first
thoroughly washed using isopropyl alcohol (IPA) and deionized water to
remove any contamination. All samples were then stored in a desiccator
for at least one week to remove any moisture from the washing process.
The surface of samples made of both materials were optically smooth,
hence, no polishing was required to prepare them for nanoindentation.
The glass transition temperature (Tg) of the samples were measured
using Perkin-Elmer 4000 differential scanning calorimeter (DSC).
Purging gas used was compressed nitrogen with purging rate at 20 ml/
min and standard aluminum pans were used to encapsulate the samples.
The DSC tests were performed at a ramp rate of 10 °C/min from the
ambient temperature up to 200 and 250 °C for PMMA and PC, respec-
tively. The glass transition temperature was measured to be about
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105 °C for PMMA and 148 °C for PC samples. Since the focus of this
study was to investigate the effect of the prior plastic deformation on the
nanomechanical properties of PGs, all tests, including tension and
nanoindentation, were performed at room temperature (significantly
below Ty).

To investigate the effect of the plastic deformation on the nano-
indentation response of the polymers, dog-bone shape specimens were
prepared according to ASTM D638-14 type 1 using a waterjet machine
(Fig. 1(a)). The pre-test moisture removal process for the dog-bone
samples was similar to that for the nanoindentation specimens.

2.2. Tensile tests with Digital Image Correlation strain measurement

Tensile test specimens were tested using an Instron 5982 Universal
Testing Machine equipped with a DIC apparatus for accurate measure-
ment of the strain contour (Fig. 1(c)). DIC is a non-contact optical
measurement technique that uses a series of images of the surface of the
object to calculate full-field surface deformation under load. It is based
on examining the pixel density of the two subsets of images from the
speckle patterned surface during deformation. Due to the transparent
characteristic of the tested glassy polymers, one side of the specimens
was sprayed with a black on white speckled pattern for imaging and data
processing (Nath and Mokhtari, 2018). Special care was taken to apply a
very thin layer of paint to minimize the impact of solvent on the me-
chanical properties of the polymer during the tensile test while preser-
ving the quality of images for post-processing. Fig. 1(a)-(d) show the
DIC tensile test experimental setup and a speckle patterned specimen
surface before and after testing and analysis. Two LED light sources were
placed leveled with the specimen to ensure that the speckled pattern on
the gauge length area was identified by the two 12.0 Megapixel cameras.
The servo-controlled load frame setup recorded the tensile load
throughout the test. Load data acquisition from the tensile test machine
and DIC image capturing were synchronized and the camera and image
processing setup were calibrated before running the tests. The strain
measurement noise level was found to be less than +0.03% at no-load
condition which is negligible in the current study. The isothermal uni-
axial tensile tests were performed at room temperature and a constant
engineering strain rate of 0.02% s~'. The DIC data acquisition was
continued for 2 min after the specimen failure to account for any strain
recovery due to the viscoelastic nature of the samples. Therefore, a
non-zero residual strain 2 min post-failure (unloading) was considered

165 mm

|2
mmyj

Instron control unit load frame

LED lights

two cameras
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as an indicator of a plastic deformation in the specimen. The uniaxial
tensile strain in the loading direction was averaged over the region of
interest and reported for further analysis. Hereafter, the irreversible
engineering plastic strain measured by the DIC method is denoted by &.

2.3. Nanoindentation

To investigate the correlation between nanostructural state and
plasticity response of glassy polymers, depth-sensing indentation
method was utilized in this study. Otherwise known as nanoindentation,
this technique has recently become popular in the mechanical and
microstructural characterization of polymers due to its repeatability and
ease of use (Nikaeen et al., 2019; Vu et al., 2020; Voyiadjis et al., 2017;
Zhang et al., 2018; Flores et al., 2009). A Nanoindenter G200 equipped
with a three-sided pyramidal-shaped Berkovich tip was used to carry out
the nanoindentation experiments at room temperature. Tip area cali-
bration was performed prior to the main experiments to account for the
tip imperfections and its deviation from an ideal geometry. Continuous
stiffness measurement (CSM) technique was utilized to collect the me-
chanical properties throughout the whole indentation depth with a 2 nm
amplitude and 45 Hz frequency oscillating sinusoidal load which was
superimposed on the primary monotonically increasing load signal. To
ensure the constant indentation strain rate, the loading segment was
applied such that the loading rate divided by the load ratio (P/P) was
maintained at a constant value (see (Voyiadjis et al., 2019; Voyiadjis and
Malekmotiei, 2016) for details). A hold segment was applied after
loading to allow for the creep of the material, which is followed by the
unloading at a constant rate. The output data of the nanoindentation
experiment was analyzed according to the most common formalism
developed by Oliver and Pharr (1992) to calculate the mechanical
properties of the material. Accordingly, hardness H is calculated as:

P
H= 1?( (@)
where P is the applied indentation load and A, is the projected contact
area. The contact area is described according to Oliver and Pharr (1992)
by a polynomial function of contact depth h, as follows:

A =24.56K + Cih! + Coltt + Cshi + Cylis + ... + Cghts )

While the first term on the right-hand side of Eq. (2) represents the
area function of a perfect Berkovich tip, other terms account for the

(e)

applied nanoindentation load

Berkovich tip

necking area

non-necking area

Fig. 1. a) geometry of the tensile test coupons according to ASTM D-638-14 typel, b) white and black speckled pattern for DIC measurements, c¢) universal tensile
test machine equipped with DIC camera setup, d) strain contour of a representative PC specimen after failure, e) subsequent nanoindentation test on the plastically

deformed samples.
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deviation from an ideal shape. Accordingly, the constants C; should be
obtained for the diamond tip before running the tests on the samples
through an empirical fitting process utilizing the results of indentations
on fused silica.

The elastic modulus of the material is calculated from the reduced
elastic modulus, E,, as:

_ 21!
-5

where E; and v; are the Young’s modulus and Poisson’s ratio of the
indenter, respectively, and v; is the Poisson’s ratio of the tested spec-
imen. While for a diamond tip, v; = 0.07 and E; = 1141 GPa, the Pois-
son’s ratio of PC and PMMA are close to 0.38 and 0.37, respectively
(Samadi-Dooki et al., 2016; Malekmotiei et al., 2015). The reduced
elastic modulus which accounts for elastic deformation of both tip and
the tested material is obtained as:
S n

Er:ﬂ /Tp 4

in which 4 is a constant equal to 1.034 for a Berkovich tip, and S is the
contact stiffness which for a CSM indentation is expressed as:
—1
1 1

§= - 6))
recos(p) — (K —mw?) Ky

where K; and Ky represent the internal spring and the indenter frame
stiffnesses, respectively, m is the indenter mass, and P, and h,s are the
amplitudes of the superimposed sinusoidal load and displacement,
respectively. According to Eq. (5), the angular frequency of the load and
displacement is equal to @ and the displacement lags the load by a phase
shift of ¢.

Since the rate sensitivity characteristic of the flow was used to
calculate the nanomechanical and geometrical properties of the shear
transformation units in this study, nanoindentation tests were per-
formed at different indentation strain rates. The indentation strain rate
é; is proportional to the loading rate divided by the load ratio (P/ P). This
ratio can be satisfactorily maintained at a constant value during CSM
nanoindentation (see (Voyiadjis et al., 2019; Voyiadjis and Malekmotiei,
2016) for details and discussion). In order to convert the nano-
indentation strain rate to the shear strain rate, the following relation is
used (Malekmotiei et al., 2015):

. \3CP
=

6 P ©)

where the tip geometry dependent constant 6 is equal to 2 for a Berko-
vich tip, and C is a constant equal to 0.09 (Schuh and Nieh, 2003; Poisl
et al., 1995).

To investigate the mechanical response of the PMMA and PC sam-
ples, nanoindentation tests at eight P/P values ranging from 0.002 to
0.15s"! were conducted at room temperature. At each strain rate, 25
tests were performed with a maximum indentation depth of 10 pm and a
spacing of 200 pm to avoid the effect of interactions of plastic de-
formations of the adjacent indents.

3. Theory: homogeneous flow of glassy polymers

The plastic deformation of a glassy solid might follow one of the two
basic modes of flow (Spaepen, 1977): (I) a homogeneous flow associated
with the cooperative contribution of the localized rearranged atomic (in
metallic glasses) or molecular (in polymeric glasses) clusters to the total
plastic strain; the units that carry plastic strains are called shear trans-
formation zones (STZs). (II) an inhomogeneous flow where the strain is
localized by coalescence of STZs in a few very thin shear bands.
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Homogeneous and inhomogeneous flow in PGs can be differentiated by
their distinct characteristics; homogeneous flow is shown to be sensitive
to strain rate in a sense that with increasing the rate the material exhibits
a higher flow stress. In contrary, the inhomogeneous flow is strain rate
insensitive (Spaepen, 1977). Moreover, inhomogeneous flow during
nanoindentation of polymeric glasses has been shown to be manifested
by multiple pop-in events in the load-displacement curve as opposed to
the homogeneous flow where the curve is virtually smooth (Zhang et al.,
2005; Golovin et al., 2001). In order to investigate the nature of flow in
PMMA and PC samples in this study, load-displacement curves of the
nanoindentation tests performed on both undeformed and deformed (in
tension) samples at different strain rates were analyzed (Fig. 2) and no
pop-in event was observed. Moreover, Figs. 3 and 4 illustrate the
dependence of hardness of both materials on the strain rate. Considering
the direct relation between hardness H and yield stress o, with a pro-
portionality factor of x (Tabor’s relation H = o), this rate sensitivity
serves as another indication of the homogeneous nature of the flow of
the tested polymers. This observation is in a good agreement with the
study by Casas et al. (2008).

Thermally activated homogeneous flow in amorphous polymers can
be described by the flow model developed by Spaepen (1977) and Argon
(1979), which was originally developed for metallic glasses. According
to the STZ mediated homogeneous flow, the kinetic relation between the
applied shear stress 7 and the shear strain rate y can be expressed by an
Arrhenius relation as follows:

o AG) . TQr
7 =7, exp ( - kB_T) sinh <};k3T> (@]

in which kg is the Boltzmann constant, T is the absolute temperature,
and y, is the pre-exponential factor proportional to the attempt fre-
quency. The other three variables are related to the STZs; 2 is the vol-
ume of an STZ, yT is the transformation shear strain it contains, and AG is
its nucleation free energy. For conventional PGs at temperatures below
their glass transition, one can assume y'Qr>2kgT; this results in a

rearranged form of Eq. (7) as In(y) = %1 +C; with C; =In (%’) — ,Q‘E—(;

representing a stress-independent parameter. At a given temperature,
this rearranged expression represents a linear relation between the
natural logarithm of shear strain rate In(y) and shear stress 7 with a slope

r’o
of Tt

flow stress is nearly half of the maximum plane stress at yield. Hence, by
considering the previously explained Tabor’s relation and a « factor
value of 3.3 for glassy polymers (Prasad et al., 2009), one can readily
convert the hardness obtained by nanoindentation to shear flow stress
by dividing it by 6.6. Accordingly, by performing nanoindentation tests
at different strain rates and recording hardness values, one can use the
above linear correlation to calculate y7Q. The shear activation volume
(V*) of the plasticity units can then be calculated by Eq. (8) as follows:

It is known that under monotonic loading condition, the shear

V' =(1+pa)y’Q (8)

where f$ is the dilatancy parameter obtained from the pressure sensi-
tivity of the yielding, and « is a constant related to the loading condition.
In equation (8), the shear activation volume is calculated by modifying
the STZ volume () with consideration of the dilatation effect.

4. Results and discussion

The results of the tensile tests with DIC on PC and PMMA are shown
in Figs. 5 and 6, respectively. In Fig. 5 the evolution of engineering stress
versus engineering strain in the necking region, non-necking area, and
the whole gauge length are demonstrated for PC. Two zones of interest
for nanoindentation measurements in the transverse direction were
chosen in areas with homogeneous distribution of strains and subjected
to different inelastic straining: one necking area which ended up
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Fig. 2. Load-displacement into surface curves for deformed (a) PC and (b) PMMA samples at different strain rates (legend numbers indicate P/ P (s71) values). Origin
offset of 1 pm is applied for all curves except for the ones associated with P/P of 0.15 s~1. Similar smooth curves are observed for undeformed samples, which are not

shown herein for brevity. No pop-in event is observed in any of the tests.
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Fig. 3. Variation of hardness with the indentation depth for (a) undeformed and (b) deformed (40.5% ¢;,) PC samples at different P/P values (as indicated in

the legend).

maintaining a steady value of 40.5% irreversible strain (shown as a red
rectangle in Fig. 5) and one non-necking area with 2.6% irreversible
strain 2 min after failure (shown as a blue rectangle in Fig. 5). Strain
gradient with the localized concentration on the necking area for PC
samples indicates the sample underwent ductile stretching and necking
before failure. In contrast, it is seen in Fig. 6 that PMMA experienced a
brittle fracture with a maximum engineering strain of around 3% with
no signs of necking. After fracture and releasing the elastic strain, the
plastic strain reduced to around 0.4%, and eventually after 2 min of
strain recovery it reached a steady irreversible value of 0.2%. The red
rectangle in Fig. 6 designates the chosen area for the nanoindentation
measurements for the deformed PMMA sample.

The nanomechanical response of the plastically deformed samples
was measured using nanoindentation. Continuous Stiffness Measure-
ment method was used to record the properties throughout the whole
indentation depth. Figs. 3 and 4 show the variation of hardness, and
Figs. 7 and 8 show the variation of elastic modulus of all samples with

indentation depth up to 10 pm. Each curve in these figures represents the
average response of 25 indents at that rate. It can be observed that the
nanoindentation results have apparent variation at very shallow depths
due to indentation size effects (ISE) (Voyiadjis et al., 2018; Pharr et al.,
2010). However, recorded values reach a plateau after a certain depth
(around 600 nm) and can be considered as the bulk properties of the
samples. Accordingly, at each rate, the bulk elastic modulus and hard-
ness were obtained by averaging the values between 5 and 10 pm for all
25 indents at that rate. Also, the maximum coefficient of variation (COV)
of the nanoindentation results for each rate for the undeformed and
deformed PMMA samples was calculated at 0.4% and 0.7%, respec-
tively, and that for undeformed and deformed PC samples were calcu-
lated at 1.5% and 0.7%, respectively. Low COV of the obtained
nanoindentation results verifies the validity, consistency, and repeat-
ability of the whole experimental procedure to extract the mechanical
properties.

It is noticeable from Figs. 7 and 8 that the strain rate does not seem to
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Fig. 5. Inelastic deformation of PC samples monitored by DIC during tension
with 40.5% and 2.6% irreversible strain 2 min post-failure for necking and non-
necking regions, respectively. Each strain-stress curve corresponds to the areas
shown in colored rectangular box, and the black stress-strain curve corresponds
to the whole gauge length area.

alter the elastic modulus of either of the polymers to the same extent that
it affects the hardness (flow stress); this observation is consistent with
the fact that the elastic modulus is controlled by intermolecular van der
Waals interactions in glassy polymers which are less sensitive to strain
rate (Argon, 2013; Perez, 1998). On the other hand, the calculated
hardness values exhibit a significant rate dependency as shown in Figs. 3
and 4 where a higher strain rate results in a higher recorded hardness
value. The strain rate sensitivity character of the flow and the Arrhenius
relation of Eq. (7) are employed to calculate the geometrical properties
of the plasticity units in the homogeneous STZ mediated flow of the
glassy polymers. In particular, the shear activation volume pertaining to
the nanostructural state of the glasses before and after plastic defor-
mation in tension is calculated using Eq. (8) and incorporating the slope
of the variation of the shear flow stress versus the logarithm of shear
strain rate curves (see Figs. 9 and 10 for PC and PMMA samples,
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Fig. 6. Inelastic deformation of PMMA samples monitored by DIC during ten-
sion with 0.2% irreversible strain 2 min post-failure. The distribution of irre-
versible plastic strain is consistent throughout the whole gauge length due to
the brittle fracture.
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respectively). Using a and f values of 0.65 and 0.27 for PC (Rittel and
Dorogoy, 2008) and 0.65 and 0.204 for PMMA (Ward, 1971), respec-
tively, shear activation volumes were calculated as shown in Table 1.
The calculated V* values for undeformed samples closely match the
previously reported values based on experiments (Malekmotiei et al.,
2017) and atomistic simulations (Argon, 2013). The current results,
however, reveal that a history of plastic deformation decreases the shear
activation volume for both glassy polymers.

Fig. 9 indicates the flow stress values of undeformed and deformed
PC samples are significantly different such that with increasing the
accumulated plastic strain in tension, the flow stress in the transverse
direction decreases up to 10% (also see the insets in Fig. 3). Considering
the dramatic post-yield softening of this material (see Fig. 5) and the fact
that any reloading after unloading follows the same path as the
unloading segment, this observation may suggest an isotropic plastic
softening (contrary to an isotropic hardening) in this material; this
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means a contraction of the yield surface as opposed to its expansion in
isotropic hardening. Physically, the reduction of resistance to flow could
be due to accumulated damage in the specimen at high strain levels;
such damage mechanisms can emerge as voids and crazes which are
usually detectable with optomechanical measurements (e.g., alteration
of the refractive index (Kambour, 1964)) considering their size scales.
Another reason might be the effect of the post-yield stretching on the
chain alignment in the loading direction, which results in reduced flow
resistance in the transverse direction. Also, the increased free volume
ratio due to the plastic deformation (Hasan et al., 1993) can contribute
to the reduction of the resistance of the material to subsequent plastic
deformations. The latter mechanism will be further discussed in the
following paragraph. As demonstrated in Fig. 10, the variation of flow
stress for a plastically deformed PMMA sample does not show a signif-
icant difference with the intact one. This observation might be due to the
brittle nature of the failure with negligible irreversible strains for
PMMA. Nevertheless, the slope of the variation of the shear flow stress
with the logarithm of the shear strain rate increases with even a small

plastic deformation for this material. Another feature of the response of
PMMA samples to variation of the strain rate is the double-linear vari-
ation of the shear flow stress versus the logarithm of the shear strain rate
separating at shear strain rates of around 0.005 s~ 1. This behavior which
was previously reported in Malekmotiei et al. (2015), is associated with
the activation of the so-called fg-transition mechanism (Mulliken and
Boyce, 2006; Roetling, 1965; Bauwens-Crowet, 1973). Restriction of the
ester side group rotations at high strain rates, along with the intermo-
lecular and local backbone motion restrictions are deemed to be the
reasons for this transition in PMMA. Accordingly, only the o-regime
(below the transition point) has relevant implications to be used for
measuring shear activation volume in PMMA (Malekmotiei et al., 2015).
Analogous to PC samples, a reduction of shear activation volume for
PMMA samples has been observed in a-regime, where it decreased from
2.602 nm® for the undeformed state to 2.520 nm? after 0.2% irreversible
strain. However, this reduction is not well pronounced as PC since the
material has undergone relatively small plastic deformation before
fracture at room temperature.
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Table 1
Shear activation volume (V*) values calculated for PC and PMMA samples
subjected to plastic deformation at room temperature.

V¥ (PC) V* (PMMA)
Undeformed 2.6% & 40.5% ey undeformed 0.2% &
6.258 NM°> 5.718 nm* 5.093 nm* 2.602 nm* 2.520 nm*

It is evident from the current experimental results that shear acti-
vation volume changes upon plastic deformation, indicating a change in
the nanostructural sate of the polymer. For PC, the undeformed sample
had a V* of 6.258 nm®, which was compacted to 5.718 nm? and 5.093
nm? after being subjected to 2.6% and 40.5% irreversible plastic strain,
respectively. As originally described in the theory of shear trans-
formation mediated plasticity by Argon (1979), the plastic units are
deemed to nucleate in the proximity of the free volume cavities in
glasses. Since the size of free volume holes is an order of magnitude
smaller than V* in PGs, they do not provide space for the required shear
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straining in STZs, whereas, by creating “weak spots,” they act as fertile
sites to initiate the shear transformations (Argon, 2013). Due to the
importance of the interrelation between free volume content and
micromechanics of flow, several studies have focused on free volume
evolution upon plastic flow in glassy solids. According to Hasan et al.
(Hasan and Boyce, 1993), inelastic deformation in PMMA increases the
average size of the free volume sites as measured by PALS until it attains
a steady value (which occurs around 30% compressive strain). More-
over, it was previously observed that the shear activation volume varies
in the opposite direction of the free volume average size, i.e., the
increased free volume size results in a decrease in the shear activation
volume (Malekmotiei et al., 2017). Collectively, the decreased shear
activation volume due to the increased accumulated plastic strain, as
observed in this study, confirms the role of large deformation on the
evolution of the free volume average size without directly measuring it.

In addition, it is well known that the increase of free volume average
size (rejuvenation process) facilitates the flow mechanism in polymeric
glasses by increasing the fertile sites for nucleation of STZs, and
accordingly, an apparent reduction in yield stress and hardness values.
One of the limitations of the current work is lack of direct measurement
of the free volume content of the tested polymers. Nevertheless, strain
field measured by the DIC technique was used to calculate the change of
the volume with the uniaxial tension as shown in Fig. 11. The volume of
both samples increased with increasing the uniaxial strain. For PC, the
non-necking region experienced less than 1% volume increase for the
axial strains up to 7%. For the necking region, the volume increased up
to 6% uniaxial strain (which corresponds to the local maximum stress).
Subsequently, the volume started to decrease slightly until the axial
strain reached 15%. This stage corresponds to the reduction in the en-
gineering stress. For uniaxial strains beyond 15%, the volume continued
to increase monotonically and reached a 5% volume increase for a 45%
uniaxial strain. For PMMA, the volume increased monotonically with
the uniaxial strain up to the failure point. It should be noted that the
change of the volume was calculated using the stretch values rather than
the engineering strain (for detailed discussion on the relation between
volume change and strain measures see (Voyiadjis and Samadi-Dooki,
2018)). The volume change calculated based on strain field measured
by DIC might not exactly match the free volume change but is consistent
with the expected trend of volume change.

From the experimental results provided in here and previous studies
(Hasan et al., 1993; Malekmotiei et al., 2017), it can be concluded that
inelastic deformation has a rejuvenation effect on glassy polymers by
increasing the free volume content and erasing the effect of the thermal
history. Therefore, annealing (as a physical aging process) and inelastic
deformation are deemed to act oppositely in changing the nano- and
microstructural state of PGs and their subsequent mechanical properties.
This observation agrees with findings of a recent study by Malekmotiei
et al. (2017) on PC and PMMA samples where it was found that shear
activation volume and free volume content change in opposite di-
rections upon annealing.

Lastly, it is important to note that the elastic modulus of both poly-
mers did not seem to vary in a meaningful manner with the history of
plastic deformation (see Figs. 7 and 8). This observation is consistent
with the previous findings of the minimal effect of the thermal history on
the elastic modulus of glassy polymers (Malekmotiei et al., 2015) and
considering the fact that the plastic deformation has a similar effect on
the nanostructure of polymer to the rejuvenation due to some thermal
treatments such as quenching.

5. Conclusion

The fundamental core of the STZ mediated plastic flow mechanism in
PGs is the nucleation of shear transformation units under external
loading. However, there are yet many unknown aspects of the mecha-
nism of such localized deformations to bring about the large-scale per-
manent plastic strain upon large deformations. This study sheds light on
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Fig. 11. Change of the volume vs applied uniaxial strain for (a) PC and (b) PMMA.

some aspects of the nanostructural state of the material in the shear
transformation sites. Plastic deformation was selected as a mechanism to
change the nanostructural state of the PC and PMMA, as two widely used
glassy polymers, and the effect of such alterations on the characteristics
of their flow units was investigated. For PC, it was observed that a his-
tory of in-plane plastic deformation results in lower resistance to addi-
tional plastic deformation in the transverse direction. The dramatic post-
yield softening of this material may suggest an isotropic plastic softening
with contraction of the yield surface. Such a conclusion cannot be made
for PMMA due to a minimal plastic deformation before its failure.
Moreover, it was observed that a history of plastic deformation results in
the reduction of shear activation volume of the STZs for both polymers.
Considering the interrelation between the shear activation volume and
the free volume content of the polymers, this study suggests an alternate
method for monitoring the damage accumulation in PGs (an increase of
free volume content) without directly measuring it. Hence, nano-
indentation can serve as a powerful tool for nondestructive health
monitoring of load-bearing elements in NEMS, MEMS, small scale me-
chanical actuators, and the like.
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