Downloaded via UNIV OF SOUTH FLORIDA on August 24, 2021 at 10:00:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Macromolecules

pubs.acs.org/Macromolecules Article

How Does the Character of Glassy-Polymeric Cavitation Depend on
Entanglement Density and the Local Poisson Ratio?

Kai Nan, Pedro Abritta, and Robert S. Hoy*

Cite This: Macromolecules 2021, 54, 73477353 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations |

ABSTRACT: Using molecular dynamics simulations of two generic glassy polymers, we distinguish | oosely

factors promoting cavitation that is followed by unrestrained void growth and coalescence (i.e. by crazing Entangled

and brittle fracture) from “ductile” cavitation that does not lead to massive void growth. Strain-controlled R AT

deformation in a wide range of wide Poisson ratios v reveals several features not apparent from the Erﬂg:;'é d Em’
uniaxial-deformation or uniaxial-stress protocols employed by the vast majority of previous studies. In e

particular, for 0.125 < v < 0.45, semiflexible, tightly entangled chains have a significantly lower void

volume fraction (but far more voids) at the same strain and volumetric expansion ratio than their flexible, loosely entangled
counterparts. Voids in loosely entangled glasses coalesce more often and grow faster, whereas voids in tightly (but not loosely)
entangled glasses continue to nucleate well into the strain-hardening regime.

1. INTRODUCTION inherent to this protocol, results from these simulations have
often been compared to results for other protocols such as
uniaxial-stress compression, simple shear, or constant-volume
pure shear.'’~**

The local deformation of a real glassy-polymeric sample,
however, is by no means limited to these simple modes. In
particular, representative volume elements (RVEs) within a

Predicting the toughness of glassy-polymeric samples from
their microscopic physical properties is a longstanding
challenge. Even for a given polymer chemistry and chain
length distribution, the sample’s thermomechanical history, the
ambient conditions under which it is deformed, and the
deformation protocol to which it is subjected are often the

factors that determine whether it will be brittle or ductile. A sample under tensile stress may undergo deformation ranging
key aspect of this problem is the interplay between cavitation from nearly uniaxial extension in a craze ahead of a crack tip to
and crazing. Cavitation often leads to massive void growth and nearly constant-volume pure shear during neck formation.
coalescence, i.e., to crazing and eventual brittle fracture."”” On Deformation modes lying between these idealized limits are
the other hand, cavitation that does not lead to crazing is also common, particularly, in samples subjected to triaxial loads.
common and can be an effective means of energy dissipation Such modes may play a key role in determining such samples’
during ductile deformation.’ ultimate mechanical response but (apart from uniaxial-stress
Determining which type of cavitation will occur for a given extension”"*°) have rarely been studied in any detail in the
sample and deformation protocol, however, is quite difficult in postyield regime.
general. Although macroscopic criteria for craze initiation such In this paper, we fill this gap in the literature by extending
as the triaxiality of tensile stress” and the fact that the crossover the study of model polymer glasses at a constant Poisson ratio
from shear yielding to cavitation is demarcated by a change in v. Our deformation protocol continuously interpolates
the slope a and offset 7, in the pressure-modified von Mises between the abovementioned idealized limits as v increases
criterion 7, = 7, + aP are well established,” much remains from 0 to 1/2. To avoid complications arising from
unknown about which factors control whether nucleated temperature’s strong influence on the shearing-versus-crazing
cavities will grow into stable crazes. Indeed, determining which competition, we study systems in the T — 0 limit, which

microscopic features control the relationship between
cavitation and fracture remains an active field of study for a
wide variety of soft-matter systems.’

Such features are neither straightforward to characterize
experimentally nor readily treated by either continuum or
microscopic analytic theories, but particle-based simulations
can offer many insights. Most previous simulations of glassy-
polymeric cavitation and crazing have employed a single
deformation protocol: uniaxial-strain extension where the
sample’s transverse dimensions are held constant.” ' To
elucidate the role played by the large volumetric expansion

maximally favors crazing and brittle fracture.”” We contrast the
results for two very different glasses: one flexible-chain, loosely
entangled glass with high packing efficiency and homogeneity
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and one semiflexible-chain, tightly entangled glass with less-
efficient, more heterogeneous packing. The former is intended
to be representative of ductile glasses which often craze (e.g.
PMMA), while the latter is intended to be regresentative of
glasses which usually shear-band (e.g. PC).”" ™"

We find that for a wide range of v and hence for a wide
range of triaxial-stress histories, the overall void volume
fraction f, remains significantly smaller in the tightly entangled
glass than its loosely entangled counterpart when systems are
compared at the same axial strain € and volumetric expansion
ratio V(e, v) = V(e, v)/Vy = exp[(1 — 2v)¢], despite the
fact that many more voids nucleate in the tightly entangled
glass during cavitation. Voids in the loosely entangled glass
coalesce far more often and grow faster, while voids in the
tightly (but not the loosely) entangled glass continue to
nucleate at a significant rate well into the strain-hardening
regime, providing an additional mechanism for energy
dissipation. Thus, our loosely (tightly) entangled glasses
roughly correspond to the cases where cavitation does (does
not) quickly lead to brittle fracture. Below, we describe these
results in detail and then place them in context with recent
simulations and experiments.

2. MODEL AND METHODS

We study the v-dependence of cavitation and void §rowth using
molecular dynamics simulations of a bead-spring model®"** which has
been shown to capture many features of glassy-polymeric mechanical
response.>® All monomers have mass m and interact via the truncated
and shifted Lennard-Jones potential

o =sa(2) - (2] - (‘) ' [_) ©

where ¢ is the intermonomer binding energy, a is monomer diameter,
and r, = 27/% is the cutoff radius. The Lennard-Jones time unit is

7 = yJma®/e, and the MD timestep employed in this study is 6t = 7/
200.

Covalent bonds are modeled using a quartic potential suitable for
studies of fracture>

U = k(I = R,)’(7 - Ry — B,) )
Bonds break when their length (7) exceeds R, = 1.3a. B, is selected by
matching Ug,(7) to the first zero and the minimum of Uggyg, which
sets B, = —0.4668a. As in many previous studies of bead-spring
glasses’ fracture mechanics,>* the ratio of the forces at which covalent
and van der Waals bonds break is set to 100 by setting kq = 9640¢/a*.

Angular interactions between three consecutive beads along chain
backbones are modeled using the standard potential U,(0) = k(1 =
cos(6)), where 0, is the angle between consecutive bond vectors b,
and b;,;; note that € is zero and U, is minimized for straight trimers.
We consider two chain stiffnesses here: flexible (x = 0) and
semiflexible (x = 2¢). The latter x produces tight entanglement®
which leads to dramatic, “Langevin” strain hardening and more-
violent plastic deformation and fracture.”>>**’

All molecular dynamics simulations are performed using
LAMMPS.*® Systems are composed of N, = 500 linear chains of N
= 600 monomers. Periodic boundary conditions are applied along all
three directions. Systems were prepared by very slowly cooling well-
equilibrated melts to T = 0 as described in ref 22. This protocol
produces fairly well-aged glasses that can exhibit significant strain
softening. The entanglement lengths in the final T = 0 states are
respectively N, = 70 and N, = 15 for k = 0 and « = 2e.

Following the cooling runs, we extend systems along their z-axes at
a constant Poisson ratio
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where € is their true strain tensor. We examine the entire range of
Poisson ratios (0 < v < 1/2) that is likely to be sampled by RVEs of
extensionally deformed samples; recall that v = 0 and v = 1/2
correspond to the well-studied uniaxial extension and constant-
volume extension limits.>”'” The applied (true) strain rate, ¢ = €,, =
1075/7, is small enough to be near the quasistatic limit for the very
low temperature we employ.”” We deform systems at this rate until
they have reached € = €., = 0.7, which corresponds to a final
extension ratio A, = exp(0.7) = 2. This strain is sufficiently large to
probe cavitation and craze initiation (or the lack thereof), which are
our primary interest. We found that bond scission was negligible for
all runs.

We monitor void nucleation, growth, and coalescence by dividing
simulation cells into N.(¢) = n,(¢) X ny(e) X n,(€) subcells of side
lengths [(e) = L.(¢)/floor[L,(¢)/a], 1,(¢) = L,(¢)/floor[L,(€)/a]l,
and I,(¢) = L,(€)/floor[L,(€)/a]. Here L (€) = L, exp(e), L,(¢) =
Lye) = Ly exp(—ve), and Ly =~ 65a are the initial (x-dependent)
simulation cell side lengths, and floor[x] rounds x downward to the
nearest integer, e.g., floor[8.7] = 8. The number of void cells N,(¢) is
the number of subcells that contain no monomer cores, where a core
is defined as a sphere of diameter a centered on the given monomer’s
position, and the void volume fraction is f,(€) = N,.(e)/N.(¢). We
divide the void cells into Ny, (€) distinct (topologically disconnected)
voids using connected component analysis*® and calculate the void
size statistics, focusing on f,,,(€), the volume fraction occupied by the
largest void.

3. RESULTS

We begin by discussing systems’ macroscopic mechanical
response. Figure 1 shows the axial stress o,,, the pressure P,
and the normal stress difference A = 6,, — (0, + ny) /2, for
flexible chains, for a wide range of v. All results for v = 0 are
similar to those reported in previous simulation studies of
crazing which used uniaxial-strain deformation:”~'® an elastic
regime, followed by very sharp cavitation-induced yielding and
massive strain softening, which is followed by stable craze
drawing at nearly constant stress. All results for v = 0.5 are
comparable to those reported in previous studies of uniaxial-
stress extension:”> *° the much greater strain softening and
much lower o, for € 2 0.1 are caused by the positive pressure
produced by the constant-volume constraint [panel (b)]. Here
our main focus is on intermediate v.

Panels (a—b) show similar trends for all v < 0.375.
Simultaneous sharp drops in o,, and increases in P indicate
cavitation-induced yielding,4’S eventually followed by stable
craze drawing. As expected, the yield strains increase and the
yield stresses decrease monotonically with increasing v. The
cavitation pressures P, (ie. the minima in P) increase
monotonically with increasing v. Intriguingly, however,
systems’ densities at cavitation (Table 1) remain nearly
constant, suggesting that the heights of the lowest energy
barriers to cavitation in actively deformed polymer glasses
depend primarily on V and only secondarily on the anisotropy
of € and G.

For v 2, 0.4, the ¢,,(€¢) curves show two maxima—gradual
yielding at € = €,(v) followed by sharper drops at € = €.,,().
The reason these curves are qualitatively different from their v
< 0.375 counterparts is very simple: the “natural” Poisson ratio
(obtained by additional pressure-controlled simulations that
imposed zero transverse stress rather than fixing v) v,,,, is 0.40.
All the curves for v > v,, are consistent with initial shear
yielding followed by eventual crazing, which often occurs when

https://doi.org/10.1021/acs.macromol.1c01128
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Figure 1. Axial true stress 0,,(¢) [panel ()], pressure P(¢) [panel
(b)], and normal stress difference A[h(4, v)] [panel (c)] for flexible
(x = 0) chains, for v = 0, 0.125, 0.25, 0.3125, 0.375, 0.425, 0.45, and
0.5. For clarity, results for v = 0.4S are omitted from panel (c). The
bar legend indicates v, and dashed black curves in panels (a,b) show
results for uniaxial-stress runs with o, = 0.

samples extend well beyond necking before fracturing.”® None
of this is surprising in and of itself, but shear yielding followed
by (sometimes much later) crazing has rarely been studied in
simulations of bulk polymer glasses, and we will show below
that it leads to a void-growth phenomenology that is
significantly different from its v < v, counterpart.

Sharp insights into these systems’ mechanical response can
be obtained by analyzing the systems” A(4), where 4 = In(e) =
L,/L, is the axial stretch. Ductile polymers typically exhibit at
least some strain hardening, an increase in true stress that
occurs in the postyield regime. Gaussian strain hardening, i.e.,
A1) = 64, + Grh(4, V), where Gy is the polymer’s strain-
hardening modulus, h(4, v) = g(4, v) — g(1, v), and g(4, v) =
A — 20071, is observed in the postyield regime for most
ductile polymer glasses.”>*" For v = 0 and v = 1/2, g(4, v)
reduces to the familiar forms A and A*> — 1/, which are often

7349

Table 1. Cavitation Strains, Pressures, and Densities for
Flexible and Semiflexible Chains”

k=0 K =2¢
v €cay = Peyy Peay €cay — Peyy Peav
0 0.078 4.59 1.009 0.069 3.81 0.996
0.125 0.097 4.00 1.015 0.090 3.57 0.999
0.25 0.147 3.82 1.014 0.145 342 0.995
0.3125 0.207 3.79 1.010 0.192 3.29 0.996
0.375 0.291 3.52 1.015 0.284 3.03 0.998
0.425 0.453 332 1.020 0.438 2.65 1.004
0.45 0.627 2.95 1.025 0.570 245 1.013

“Pressures are given in units of ea™? and densities in units of a~>. For
reference, the initial (unstrained) densities for k = 0 and kx = 2¢ are
respectively p, = 1.092 and p, = 1.073. Note that we define €_,, as the
strain at which pressure is minimized even when the minimum is not

sharp.

used to characterize A in studies of uniaxial-strain and uniaxial-
stress extension.

Panel (c) shows A[h(4, v)] for all 0 < v < 1/2. Evidently,
all systems share a common elastic response at small strains
before yielding in the order of increasing v. Beyond yield, A
depends strongly on v, in ways that were not apparent from
examining ¢,, and P. For 0.125 < v < 0.45, all systems show a
sharp minimum in A at € = €, followed by sharp linear
increases, followed by more gradual linear increases corre-
sponding to Gaussian strain hardening. The transition between
the sharp and gradual regimes occurs when A has reached the
common A = 6g,, + Ggh(4, V) curve. In the sharp-increase
regime, the systems’ axial stress ¢,, slowly decreases, whereas
their transverse stress Oy = (04 + 0,,)/2 more rapidly
decreases; a linear increase in A occurs because do,,/dh —
d6ns/dh is roughly constant.

In contrast, for v = 0, do,,/dh — 0y,,,/dh is initially negative
but then immediately begins increasing, and the transition
between the sharp and gradual linear-increase regimes is
obscured; thus it was missed by previous simulation studies of
crazing that only employed v = 0 deformation.”™'® At larger
strains, the A values for v = 0 and v = 1/2 fail to collapse onto
the common strain-hardening response because Oy, (€, V)
increases much faster than o,,(¢, v) as v decreases toward 0
and decreases much faster than c,,(¢, v') as v increases toward
1/2. Our main purpose in discussing these features is to
demonstrate that systems deformed via our constant-v
protocol with 0 < v < 1/2 have a common mechanical
response which is distinct from those for the rather artificial v
=0and v = 1/2 cases.”?

Figure 2 shows the same quantities as Figure 1 but for
semiflexible (k = 2¢) chains. In all panels, results are
qualitatively different than those discussed above. The maxima
in 6,,(¢) and IP(¢€) are considerably less sharp even for v = 0,
and both weaken and broaden rapidly with increasing v. The
deep, sharp minima in A are replaced by shallower, broader
minima, especially for v 2 0.125. The supralinear-in-h
(Langevin) hardening exhibited by these systems is typical of
tightly entangled polymer glasses:*® again, all systems with 0 <
v < 0.5 exhibit a common response. Nothing in any of the
stress—strain curves for v 2 0.35 indicates cavitation of the
type experienced by flexible chains deformed at the same v.

Overall, the contrasting behaviors of loosely and tightly
entangled glasses shown in Figures 1 and 2 all suggest that the
former undergo cavitation followed by crazing for deformation

https://doi.org/10.1021/acs.macromol.1c01128
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Figure 2. Axial true stress 0,,(¢) [panel (a)], pressure P(¢) [panel
(b)], and normal stress difference A[h(4, v)] [panel (c)] for
semiflexible (k = 2¢) chains, for v = 0, 0.125, 0.25, 0.3125, 0.375,
0.425, 0.45, and 0.5. The bar legend indicates v, and dashed black
curves in panels (a,b) show results for uniaxial-stress runs with 6, =
0.

protocols spanning the range 0.125 < v < 0.45, while the latter
does not. All results are consistent with the well-established
idea that tighter entanglement favors shear yielding over
crazing.">***’ However, since V(v, ¢€) is the same for both
systems, the k = 2¢ glasses cannot simply be shear-yielding in
the same manner as they would in a uniaxial-stress experiment.
Cavitation must be occurring, but of a sort that does not have a
clear signature in their stress—strain curves. To solve this
puzzle, we examine in detail how voids in both glasses nucleate,
grow, and merge during deformation.

Figure 3 shows results for the three void metrics discussed in
Section 2. Panel (a) shows that for all v and €, the void volume
fraction f,(e) is substantially lower in the tightly entangled
glass. For v = 0, the differences are relatively small—for
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Figure 3. Void volume fraction f, [panel (a)], number of distinct
voids Ny, [panel (b)], and volume fraction occupied by the largest
void f,,, [panel (c)] for flexible k = 0 (solid curves) and semiflexible x
= 2¢ (dashed curves) chains, for v = 0, 0.125, 0.25, 0.3125, 0.375,

0.425, and 0.4S; the bar legend indicates v; all quantities are negligible
for the v = 0.5 and 6y, = O runs.

example, flexible chains have a terminal £,(0.7) = 0.451 while
semiflexible chains’ have a terminal f,(0.7) = 0.325—and are
clearly quantitative rather than qualitative. They may arise
primarily from the x = 0 §lasses’ larger craze extension ratios
and interfibril spacings.” As v increases, however, the
differences become much more dramatic. The volumes of
the initially nucleated cavities (i.e. the size of the initial jumps
in f,) for k = 2¢ glasses progressively shrink relative to those
for k = 0, and subsequent void growth becomes progressively
slower. For v 2 0.4, the void volume fractions in the common
strain-hardening regimes [Figures 1c and 2c] are almost one
order of magnitude lower for x = 2e.

Other metrics show that the differences in these systems’
cavitation and void-growth phenomenology are even greater
than those suggested by the differences in f,. Panel (b) shows
that for all v, the number of topologically distinct voids Ny, is
at least an order of magnitude larger for semiflexible chains.
Another qualitative difference is that for flexible chains with all

https://doi.org/10.1021/acs.macromol.1c01128
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U < Uy, the voids that nucleate tend to merge; Ny, stays flat or
decreases as strain increases. Comparable results (for v = 0)
were recently reported in ref 16; such void coalescence is
probably an essential ingredient for brittle fracture. For
semiflexible chains, however, Ny, increases monotonically
with strain for all v, indicating not only that void coalescence
is minimal in these systems but also that new voids continue to
be nucleated during strain hardening. As a side note, the
growth in Ny, at moderate strains in flexible chains with v 2
Uy corresponds to the fact that barriers to void nucleation are
lower in systems which have just shear-yielded or (more
generally) been mechanically rejuvenated.”’

Panel (c) shows how the volume fractions f,,, occupied by
the largest voids in the systems increase with strain. The slope
v = d[In(fy,)]/d[In(h)] indicates the power law with which
fmy grows with h: y < 1 (y > 1) indicates sublinear
(supralinear) growth. Results for flexible chains indicate void
growth that is weakly stabilized by strain hardening; as their
A[h(4, v)] increases linearly with h [Figure 1c], their y
gradually decreases. Again, results for k = 2€ chains are
qualitatively different, especially for v > 0.125. Although these
systems can form medium-size voids (~ 1/3 — 1/2 the size of
those found in their flexible-chain counterparts), the growth of
these voids is clearly stabilized by strain hardening to a much
greater degree. In particular, the much faster decrease in their y
is presumably directly associated with the faster increase in
their dA/dh [Figure 1c]. While both glasses’ y remains below 1
for all v and all €., < € < €4y We expect that their y will
increase rapidly at larger strains; supralinear void growth has
very recently been identified*”** as an immediate precursor to
brittle fracture.

Figure 4 illustrates the essential differences between our
loosely and tightly entangled glasses. The snapshots show
terminal configurations for v = 0.375; the fractional volumetric
expansion for both systems is V(0.7, 375) — 1 = 19%. The

Figure 4. Voids in k = 0 (left) and k = 2¢ (right) glasses deformed at
v = 0.375, at the terminal strain €, = 0.7. Different colors are
assigned to topologically distinct voids. For both systems, the gold-
colored void is the largest. Note that the V we have considered and f,
we have reported in this paper for v < 0.45 and large strains are
substantially larger than those observed in experiments where f, is
obtained by averaging over a large volume. In such experiments,
samples’ V' and f, typically remain well below 10% and 0.1%,
respectively.***> Our simulation cells, however, are RVEs correspond-
ing to the internal regions of an experimental sample where strain
localizes and hence dilatative deformation is much greater.”
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final void volume fractions are f, = 0.119 for k = 0 and f, =
0.052 for k = 2¢. This implies that the noncavitated portions of
the samples have expanded far more in the tightly entangled
systems, as might be expected from their larger IPI (Figures 1b
and 2b). The « = 0 glass has a single large void oriented along
the direction of extension, while the k = 2¢ glass has many
(220) voids with a wide range of sizes and orientations. Small
voids in this glass are—roughly speaking—homogeneously
distributed throughout its volume, and many are quite far from
the largest voids. The suppression of void growth in the more
strain-localized lower half of this tightly entangled system,
which necessarily leads to a more negative pressure, has clearly
led to nucleation of many new voids in the “bulk” upper half.
This is probably related to the recent observation that voids
nucleate ahead of craze fronts in glasses approaching their
fracture strains,**** but verification would require larger
system sizes that are beyond the capabilities of our current
computational resources.

At the most qualitative level, all the x-dependencies shown
in Figures 2 and 3 are consistent with the traditional
understanding of the crazing-versus-shearing competition.”* >’
Growth of voids along the axial direction requires the
surrounding polymer to extend more rapidly than the
surrounding bulk glass. Strong strain hardening suppresses
this process because local axial tensile stresses are not large
enough to produce such extension, especially in regions that
have just cavitated. On the other hand, the fact that stronger
strain hardening leads to larger IPl and thus cannot suppress
void nucleation has rarely been discussed, and to the best of our
knowledge, the magnitude of these effects has not been
previously reported.

4. DISCUSSION AND CONCLUSIONS

Recent advances in experimental techniques**™*” have made it
possible to study cavitation, void growth, and coalescence at a
level of detail far beyond that achievable via traditional
methods."” For example, Charvet et al. and Djukic et al.
used"™ a combination of video-controlled tensile testing,
surface tension measurements, scanning tunneling electron
microscopy, and ultrasmall-angle X-ray scattering to compare
deformation damage in cellulose acetate, PC, PMMA, and
three polyphthalamide (PPA) glasses. They found that a
significant number of crazes nucleate in ductile polymer glasses
prior to yielding and then enter a stable-growth phase, wherein
their growth rate is linear in the applied stress o,,,. At large
strains, in moderately ductile glasses like PC and PMMA (but
not extremely ductile ones like PPA), a subset of these crazes
that grows faster (i.e. supralinearly) with 6,,, appears; growth
of this family leads to crack propagation and fracture. Here, we
found that over the range 0.125 < v < 045, our tightly
entangled glasses more effectively suppress void growth.
Specifically, they have not only significantly lower f, (as
expected”) but also significantly lower d[In(f,,,)]/de while
strain-hardening, for engineering strains up to 100%.

Another recently discovered, critical distinction between
moderately and extremely ductile glasses is that in the former
(but not the latter), new voids homogeneously nucleate just
ahead of craze fronts, where IP| is the highest.44’ ® These results
were obtained from uniaxial-stress extension experiments, in
which one cannot vary the strain and volumetric expansion
ratio independently. We observed very little void nucleation in
our uniaxial-stress extension runs, but our constant-v results
suggest that tighter entanglement promotes such homoge-
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neous nucleation because it leads to larger IP| for a wide range
of deformation histories. Experiments that combine techniques
like those used in refs 44—47 with methods that offer precise
control over the triaxial-stress state, e.g., tension-torsion
experiments like those of Argon and Hanoosh,* might be
especially fruitful.

Our main result—that tightly entangled glasses form far
smaller (but far more) cavities than their loosely entangled
counterparts at the same volumetric expansion ratio, for a wide
range of v—has not been previously reported. Previous
simulations of the mechanics of glassy polymers deformed to
large tensile strains missed this key feature because they (to the
best of our knowledge) all employed either uniaxial-
deformation (e.g. refs 7—16) or uniaxial-stress extension (e.g.
refs 23—26). Needless to say, the complex mechanical histories
experienced by glassy-polymeric samples in both experiments
and real-world applications often follow neither of these
protocols.

Promoting cavitation that does not lead to massive void
growth and coalescence is clearly one of the keys to developing
novel tough polymeric materials for high-performance
applications. Our results suggest that one potential strategy is
to engineer tightly entangled glass-forming polymers that
retain a high level of elastic heterogeneity even when well-aged.
Many of the chain stiffness-dependent differences reported
herein may be understood in terms of the corresponding
differences in segmental packing."” Our flexible-chain systems
pack more efficiently; their initial density is p, = 1.092 in
contrast to that of semiflexible chains’ p, = 1.073. They also
pack more homogeneously; the initial dispersion of their
Voronoi volumes (calculated using voro++°°) is AV,q.o/(Vioro)
= 0.0374, in constrast to semiflexible chains’ initial AV, ./
(Vioroy = 0.0423. Cavitation is known to occur preferentially in
regions with lower bulk moduli,'* and the greater hetero-
geneity of our semiflexible glasses suggests that they have more
such regions. It would be interesting to follow up our study by
examining how the evolution of the elastic heterogeneity of
these systems with increasing strain depends on k and v, using
methods like those employed in refs 12 and 21.

We emphasize that here we have studied the athermal, T —
0 limit where cavitation is stress-activated rather than being
thermally activated and occurs only when the local energy
barriers to void formation vanish. Increasing T will both lower
these barriers (e.g.,, systems at higher T have lower p, and
lower cohesive energy density) and allow thermal activation
over them. Extending our studies by increasing T should allow
systematic exploration of the resulting effects, which should
improve our understanding of the T = T, oy, = 3T,/4 regime
where most real-world polymeric materials are applied.

Another remaining open question is: exactly what role do
entanglements play in suppressing void growth? Simulations
have shown that stable craze drawing (with concomitant void
growth) in uncrosslinked glasses can occur with minimal
entanglement loss and chain scission because entangled chain
segments are free to move laterally over distances comparable
to their rheological tube diameter.” This suggests that
entanglements do not, by themselves, significantly suppress
void growth until the dramatic hardening regime””’ immedi-
ately preceding craze breakdown and brittle failure is reached.
Recent experimental results combined with mechanistic
arguments” "> also suggest that the proximate cause of void
growth suppression during ductile deformation is strain
hardening rather than entanglement. On the other hand,
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unentangled glasses are very brittle, and Gy  p, (where p, is
entanglement density),”' which makes isolating the role of
entanglements challenging. One potential strategy for doing so
is comparing f,(¢, V) in glasses with the same Gy and flow
stress Oy, but different p,, over a wide range of v.
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