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Densification of a polymer glass under high-pressure shear flow
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The properties of glasses can change significantly as they evolve toward equilibrium. Mechanical deformation
appears to influence this physical aging process in conflicting ways, with experiments and simulations showing
both effects associated with rejuvenation away from and overaging toward the equilibrium state. Here we report a
significant densification effect in a polymer undergoing shear flow under high pressure. We used the high-aspect
ratio geometry of the layer compression test to measure the uniform and homogeneous accumulation of plastic
strain during isothermal confined compression of a deeply quenched film of polystyrene glass. Combined scan-
ning transmission x-ray microscopy (STXM) and atomic force microscopy confirmed defect-free deformation
leaving up to 1.2% residual densification under conditions of confined uniaxial strain. At higher peak strain,
plastic shear flow extruded glass from below the compressing punch under conditions of a high background
pressure. A further density increase of 2% was observed by STXM for a highly thinned residual thickness of
polymer that nevertheless showed no signs of crystallization or internal strain localization. While the confined
uniaxial densification can be accounted for by a simple elastic–plastic constitutive model, the high-pressure
extrusion densification cannot.

DOI: 10.1103/PhysRevB.106.L060103

The microscopic processes underpinning plasticity in crys-
talline systems such as metals are well established [1];
however, much less is known about the physics of plasti-
cally deforming nonequilibrium systems such as long-chained
glassy polymers [2,3]. Many of the properties of these materi-
als such as mass density, mechanical strength, and segmental
mobility are observed to evolve in time in a structural recovery
process wherein the nonergodic system tends toward a more
thermodynamically favorable configuration, generally shed-
ding free volume in the process. Originally considered simply
to accelerate [4] or reverse [5] intrinsic structural relaxation of
disordered materials, mechanical deformation has eventually
revealed itself to have more subtle effects on the evolution
of nonequilibrium matter [6,7]. Indeed, a diverse range of
mechanical effects on parameters connected to aging have
been observed: Both small deformation [8,9] and fully yielded
conditions [10] report effects such as orders of magnitude
decrease in relaxation times during active flow [11,12] and
mechanical erasure of physical aging [6]. As opposed to an
effect simply confined along an axis of unstressed, thermal
aging [6], it has been suggested that a polyamorphic transition
may more appropriately capture the nature of inelastic defor-
mation. Nevertheless the influence of plastic deformation on
glassy polymer dynamics and structure remains unclear [3],
with particular uncertainty in the role of compressive stress
and strain [13].
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While free volume has been somewhat deprecated as a
structure–property predictor for—e.g., yield strength [14]—
hydrostatic stress has been shown to have a profound effect
on, for example, deep-notch conditioning of metallic glass
[15,16] in keeping with Spaepen’s picture of local shear re-
arrangements competing against space available for diffusion
[17]. A particularly striking recent finding was the improve-
ment to bulk metallic glass (BMG) ductility observed under
combined shear and high positive hydrostatic pressure of
compressive deep-notch loading, which showed shear band
suppression, lower hardness, and higher enthalpy of a nom-
inally rejuvenated state [18]. Conversely, of a small number
of studies reported, compression may densify polymer glass:
Stable compactification was found during cold-rolling with
large plastic strain [19–21], and in plastic [22] and even
preyield [23] unconfined uniaxial compression.

In this work we examine the residual density of a deeply
quenched polymer glass thin film under combined shear
and compressive hydrostatic high-stress conditions expe-
riencing yield and then shear flow. In apparent contrast
to the deep-notch BMG compression experiments, we see
no effect on polymer density not explainable by residual
elastic stress left by our test until shear flow ensues. At
this point, a 2% densification is observed inconsistent with
simple elastic–plastic mechanics and indicating a striking
overaging effect. We report that yield alone during ho-
mogeneous confined compression of microscopic polymer
films alters the density only as expected from elastic ef-
fects; however, severe plastic strain realized after releasing
the confinement leads to compactification—i.e., densification
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not explainable by volume-preserving plasticity and/or elastic
effects.

Macroscopic sample scale experiments of glass deforma-
tion may suffer from unobservable internal strain localization
defects of shear banding, crazing, and/or necking phenom-
ena characterized by extreme strain inhomogeneity due to
strain softening [24] and/or self-heating [25] that can mask
more fundamental underlying plastic mechanisms. Our ap-
proach avoids this by testing microscopic, confined volumes
of polymer where such limitations may be overcome while
still avoiding mechanical size effects reported for the extreme
sub-100-nm regime [26–28]: Isothermal conditions are easily
maintained to prevent strain localization from self-heating,
even at high strain rates [25], while confinement preserves the
geometry of deformation of systems too small to monitor via
optical microscopy. Unlike macroscopic-scale experimental
studies, our experiments provide unambiguous evidence of
homogeneous deformation of the amorphous state without
strain localization or crystallization through combined scan-
ning x-ray microscopy and atomic force microscopy (AFM)
imaging.

Our experiment, which we call the layer compression test,
goes as follows: A cylindrical, diamond flat punch tip of
diameter 2a = 2140 nm is indented into a precisely aligned
(< 0.15◦) atactic polystyrene (1.13-MDa molecular weight)
film of initial thickness h0 = 203 nm, which is supported on
a silicon 〈100〉 substrate with a 190-nm-thick Si3N4 CVD-
grown coating (see Supplemental Material [29] for further
sample preparation details). With a film thickness of ∼ 30 Rg

of our polymer, we do not expect mechanical size effects in
our film [27,30]. The resultant, highly uniform deformation
allows measured load L versus displacement h to be directly
converted to a representative engineering stress σzz = L/πa2

versus strain εzz = h/h0 experienced throughout the com-
pressed film region. Indentation is performed at a constant
stress rate of 0.2 GPa/s with an MTS Dynamic Contact Mod-
ule nanoindenter. We have recently shown that this confined
compression testing geometry, shown as an insert in Fig. 1(a),
results in uniform longitudinal uniaxial strain well past the
point of first plastic yield [31,32]. Figure 1(a) plots indentation
stress versus strain curves for four individual indents to differ-
ent peak stresses into the atactic polystyrene (aPS) film. In
the initial elastic regime, stress and strain are related as σzz =
Mεzz, where M is the confined elastic modulus, which is larger
than Young’s modulus for positive values of Poisson’s ratio
ν. The orange curve loaded to a peak stress σzz = 0.14 GPa
within this regime shows minimal residual strain upon unload-
ing. While subtle, the presence of the kink at Yc separating
elastic from inelastic deformation has been carefully stud-
ied, with the absence of plastic strain confirmed by careful
analysis by AFM, confirming no residual surface disturbance
to < 1 nm [24]. The apparent small hysteresis in the orange
curve is due to residual thermal drift within the nanoindenter
displacement sensor, while the upward curvature at very small
strain is due to slight misalignment of the flat punch face to the
polymer surface. Plastic yield occurs at an elevated confined
yield stress Yc ≈ 0.32 GPa, which—in a linear elastic–plastic
formulation—is related to the von Mises tensile yield stress
Y0 as Yc = ( 1−ν

1−2ν
)Y0. Beyond yield, stress versus strain retains

a well-defined relationship: For a perfectly plastic material,

FIG. 1. Stress versus strain for a 203-nm aPS film indented via
the layer compression test. Linear segments with slopes correspond-
ing to elastic confined modulus M and bulk modulus K meet at the
confined plastic yield point Yc. (b) AFM images of residual deforma-
tion left in film by σzz = 0.44−GPa (green) and σzz = 0.67−GPa
(blue) indents. (c) Accompanying height profiles extracted left to
right from (b).

σzz = Kεzz, where K is the bulk modulus. This results in a
subtle slope change and the development of a significant resid-
ual strain of approximately 0.06, or 12 nm, upon unloading
for the green curve in Fig. 1(a), loaded to a peak stress of
0.44 GPa. In Fig. 1(a), we can see that the layer compression
test follows confined uniaxial compressive strain behavior in
polystyrene up to about twice the confined yield strain [31]
at Yflow = 0.65 GPa, beyond which it diverges, as material
beneath the punch starts to extrude and flow laterally from
beneath the punch, resulting in a second change in slope.

In the confined plastic regime, volume-preserving lateral
flow is suppressed, which results in a one-dimensional densi-
fication process. This is demonstrated explicitly in Fig. 1(b)
and (c), which shows AFM topography maps and height pro-
files of the residual deformation left in the film for the σzz =
0.44−GPa indent (green) loaded into the confined plastic
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zone and the σzz = 0.67−GPa indent (blue) into the extrusion
regime. In the case of the confined plastic indent, no pileup
is present around the circular residual impression in Fig. 1(b),
while the height profile in Fig. 1(c) shows a distinct net loss
in volume. For the indent loaded to the extrusion regime,
lateral flow is recovered as confinement fails, resulting in
considerable pileup distributed roughly symmetrically around
the indent and a far deeper residual impression. In many
disordered material systems like bulk metallic glasses, poly-
mers, and network glasses, densification has been observed
to occur under severe plastic deformation. For example, silica
glasses have demonstrated density increases approaching 20%
following indentation with Berkovich tips [33]. However, two
problems present themselves when attempting to quantify
densification of amorphous systems experimentally at the mi-
croscale: First, the nonuniformity of subsurface deformation
fields typical to indentation studies performed with complex
tip geometries such as those mentioned earlier make it difficult
to separate fundamental plastic compactification arising from
shear catalyzed molecular or microstructural reordering from
the more mundane effects of residual elastic pinning stresses
that also prevent shape recovery [34]. Second, there is the
significant issue of accurately measuring mass density for
nanometer-scale volumes. A commonly employed approach
is to measure the volume of displaced material present in
the pileup via AFM and compare this to the “missing” mate-
rial volume in the residual indent impression, attributing any
discrepancy to densification (or rejuvenation, in the case of
greater pileup) [35]. As AFM is purely a surface metrology
technique, however, a weakness arises in this approach in
that it does not allow for subsurface localization effects such
as shear banding or, in the case of a film on a substrate,
delamination. Here, we overcome both of these difficulties
with the aid of an additional experimental technique, scanning
transmission x-ray microscopy (STXM), and gain a greater
understanding of the degree of densification that occurs in
polymer glasses through shear stress–induced reordering.

The flat punch indentation of a thin polymer film closely
approximates confined uniaxial strain compression, which en-
ables residual stresses and the resultant elastic densification
to be determined analytically [31,32]. For a linear elastic–
perfectly plastic material loaded to a peak stress σp > Yc, the
residual strain on unload is

εres =
(Yc − σp

M

)
+

(σp − Yc

K

)
, (1)

and in the absence of constitutive effects beyond a simple
elastic–plastic model, the relative density increase is (see Sup-
plemental Material [29]):

ρ/ρ0 = 1/(1 − εres). (2)

Finite element simulations of the confined compression
of an elastic–plastic material (see Supplemental Material
[29]) confirm the validity of this equation, therefore enabling
volume changes resulting from elastic pinning through resid-
ual stresses to be subtracted from the total densification.
Despite the somewhat idealized nature of this linear elastic–
plastic model when applied to glassy polymers, we have
shown it to be extremely effective in describing the com-
plex stresses and strains these materials are subjected to in

FIG. 2. (a) AFM topography map of indent array. (b) Sketch of
x-ray transparent indented film sample for STXM measurement. (c)
STXM optical density maps for layer compression indent to σzz =
0.81 GPa taken at four beam energies.

confined compression—in particular, the residual stress state
upon unloading [32]. For the density measurement problem,
we employ a unique approach based on a combination of
AFM film thickness measurements and STXM to measure
the relative mass density of the indented region through the
bulk of the film without reference to the pileup surrounding
the residual impression.

STXM measurements were performed at the PolLux end
station [36–38] at the Swiss Light Source synchrotron, Vil-
ligen, Switzerland. As a transmission-based technique, this
allows direct confirmation of deformation homogeneity, rul-
ing out shear banding and subsurface strain localization
effects [39] not associated with fundamental molecular-scale
plasticity in the polymer. Layer compression indentation was
performed into the 203-nm aPS film so as to produce an
array of indents spanning a peak stress array of 0.1 to 0.84
GPa, covering the confined elastic, confined plastic, and post-
confinement extrusion regime. An AFM topography map of
the indent array is shown in Fig 2(a). As was observed
in Fig. 1, the recorded indentation stress–strain curves are
highly repeatable and are used to extract the film mechani-
cal parameters. With the top side of the film protected, the
sample was back-etched in a 5-M NaOH solution at 55 ◦C
for approximately two days to remove the silicon beneath
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the array, leaving only the aPS film and an x-ray transparent
supporting Si3N4 window. A sketch of this sample geometry
is shown in Fig. 2(b). STXM measurements were carried
out on each indent, primarily at a beam energy of 284.8
eV, corresponding to the 1s → 1π ∗ C = C molecular orbital
transition in the polystyrene phenyl ring, where x-ray absorp-
tion is strongest and thus provides a maximum signal [40].
Using Beer-Lambert absorption laws, this x-ray transmission
map was converted to an optical density map, from which the
calculated Si3N4 background [41] was subtracted to isolate
the optical density map of only the polymer in the indented
region. An optical density map for an indent to a peak stress
of 0.81 GPa—well into the extrusion regime—is shown in
Fig. 2(c). No evidence of strain localization phenomena is
observed, with the deformed region appearing homogeneous.
By performing measurements at additional side group (300
eV, 1s → 1σ ∗ C = C) and backbone (293.1 eV, 1s → 1σ ∗
C = C) energies, whose optical density maps are also shown
in Fig. 2(c), it may be seen that no linear dichroism effects are
observable within the resolution of this technique [42], indi-
cating a lack of molecular alignment and ordering within the
observed film, and that the shear-driven densification remains
amorphous. A nonresonant scan at E = 320 eV is included
for comparison.

Relative mass density measurements are obtained via
STXM in the manner previously described by Watts et al.
[43]. Briefly, the initial thickness of the film was measured via
profilometry across a film edge, and a topography map of the
indented regions was obtained via AFM. This was converted
to a thickness map [Fig. 3(a(i))] by adding the mean film
thickness. The aPS optical density map measured via STXM
and shown in Fig. 3(a(ii)) was converted to an absorption
coefficient map by dividing by the AFM thickness map, then
was further normalized to the average absorption coefficient
in a 1−μm2 region far from any indentions as A/A0 = ρ/ρ0,
where A0 is the absorption coefficient in the nonindented re-
gion and ρ0 is the typical nonindented film mass density. Since
the absorption coefficient, A, of a material is proportional to
its mass density, ρ, the normalized map [Fig. 3(a(iii))] shows
variations in the mass density relative to the undeformed aPS
film.

Relative density measurements, which have been spatially
averaged across the entire compressed region, are plotted as
a function of peak indentation stress in Fig. 3(b). Density
contrast was measurable only for residual indentation craters
made with a peak stress above 0.4 GPa, somewhat above the
measured yield stress due to an insufficient signal-to-noise
ratio at lower stresses. Examination of the relevant load–
displacement curves and AFM measurements at the site of
indentation for tests performed to peak stresses below Yc indi-
cated no residual deformation, however, allowing us to infer
that no densification has occurred. The elastic–plastic relative
densification generated through trapped residual stresses pre-
dicted by Eqs. (1) and (2) is plotted in blue using fitted layer
compression test values of M = 4.6 GPa, K = 3.8 GPa,
and Yc = 0.32 GPa extracted from the stress-versus-strain
data recorded during indentation. A curious feature of linear
elastic–plastic mechanics in a confined uniaxial strain geom-
etry such as that studied here is that the amount of residual
shear stress the deformed volume is capable of storing has a

FIG. 3. (a) Method for determining relative permanent densi-
fication (iii) in polystyrene film-based AFM height maps (i) and
STXM (ii) measurements. (b) Residual density increase for a 203-
nm polystyrene film as a function of peak compressive stress σp in
the layer compression test. Permanent densification up to 3.4% is
observed under extrusive shear flow at high peak stress.

well-defined and finite limit, which occurs at an applied stress
of σzz = 2Yc [24]. Within this framework, the relative densi-
fication caused by these residual stresses in Eq. (2) should
become capped and plateau at a value of 1.5% using the values
of M, K , and Yc we measure. Up to 2Yc = 0.64 GPa, the
predicted linear increase in density with increasing σp shows
excellent agreement with the values measured experimentally
via STXM. Rather than plateauing at this point, however, the
data continue to rise before leveling off at a slightly higher
stress of 0.68 GPa. At a value of 0.81 GPa, the material
below the punch fully extrudes. The residual material left
in the deeper indentation crater has undergone further exten-
sive densification to 3.4% or more, almost 2% higher than a
simple elastic–plastic prediction for any confined state. With
reference to the stress–strain curve of Fig. 1(a), we note the
last two density measurements occur at stresses corresponding
to extremely large representative indentation strains, approxi-
mately 30% for the σzz = 0.81−GPa indent.

The x-ray measurements do not rely on assumptions about
mass conservation in the compacted region, which would be
required if surface topography change (e.g., via AFM sur-
face imaging alone) was the measure of density. As a result,
data can be obtained beyond confinement, where extrusion
has occurred without concern over potential introduction of
cavities by delamination beneath the extruded region [such
features have occasionally been observed at the edge of
indents in focused ion beam (FIB) cross sections]. From
Fig. 1, we note that 0.65 GPa corresponds approximately
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to the stress at which plastic failure of confinement takes
place, beyond which extrusion significantly increases the
amount of shear strain within the material. We observe that
a permanent density increase continues beyond this point as
well, in conflict with the simple confined compression (CC)
elastic–plastic model prediction of Fig. 3(a), which indicates
a strict limit to densification occurring at 2Yc (∼0.64 GPa).
This further density increase behavior might be explained
by a pressure-dependent yield surface, which would allow
for more densification via the residual stress mechanism ex-
plained earlier by enabling additional shear loading during
plasticity. However, our yield measurement shows that a
pressure-dependent shift in yield strain is, at most, a 20% ef-
fect and therefore is unable to explain our data. Alternatively,
segmental rearrangement to a denser glassy state may be tak-
ing place. The onset of extrusion results in greatly increased
material transport and therefore must be accommodated by
an increase in molecular mobility, which nevertheless occurs
in a highly squeezed geometry between substrate and punch
still subject to significant hydrostatic stress generated by σzz.
In this deformation condition, new modes of shear-assisted
segmental rearrangement may become available, where a net
densification is favored over free-volume generation due to
the applied compressive stress. Overall, we find large excess
homogeneous densification of a polymer glass for a large
shear strain under high pressure.

Our experiments demonstrate a previously unachieved
level of precision with which to study the deformation pro-
cesses occurring in small, confined polymer volumes, with
well-defined levels of strain and allowance for stored elastic
stresses. Further, the thinness of the sample implies a strict
absence of any dissipative temperature increase within the
polymer for the strain rates we have used. We find that in the
presence of large hydrostatic pressure, shear flow compactifies
polymer glass. The presence of some plastic strain under fully
confined compression produces a density increase expected
from conventional volume-preserving plastic mechanics with

elasticity. However, further plastic strain and extrusion pro-
duces a substantial further density increase that cannot be so
explained. While chain connectivity generally is thought to
play only a minor role in nonequilibrium processes such as the
glass transition and structural relaxation [3], one area where
it is of critical importance is in plastic deformation under
large strain, where the stability offered by the network enables
ductile yield to occur. By contrast, bulk metallic glasses and
low-molecular weight polymers are subject to strain soften-
ing and intense shear localization, leading to brittle fracture
in most deformation geometries [44]. Indeed the nature of
fundamental local rearrangements of atomic clusters carry-
ing plasticity in recent atomistic simulation of polystyrene
compression is found to be profoundly affected by chain con-
nectivity [45].

Recent experiments in deep-notched or poker chip geome-
tries similar to that consider here have shown that metallic
glasses may demonstrate ductile yielding in both tension and
compression due to a pressure-modulated molecular reorder-
ing mechanism that suppresses shear banding and results in
increased density in longitudinal tension and reduced density
in confined compression [15,16]. However, our results show
that for high-molecular weight polymer glasses, the opposite
is true; density increases in confined compression. Overall, we
conclude that even under gigapascal-level hydrostatic pres-
sures that inhibit large-scale molecular mobility, network and
chain topology remain crucial in how disordered systems re-
spond to plastic shear.
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