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In order to determine the structural relaxation time of a polymer glass during deformation, a strain rate
switching experiment is performed in the steady-state plastic flow regime. A lightly cross-linked poly
(methylmethacrylate) glass was utilized and, simultaneously, the segmental motion in the glass was
quantified using an optical probe reorientation method. After the strain rate switch, a nonmonotonic stress
response is observed, consistent with previous work. The correlation time for segmental motion, in
contrast, monotonically evolves toward a new steady state, providing an unambiguous measurement of the
structural relaxation time during deformation, which is found to be approximately equal to the segmental
correlation time. The Chen-Schweizer model qualitatively predicts the changes in the segmental correlation
time and the observed nonmonotonic stress response. In addition, our experiments are reasonably
consistent with the material time assumption used in polymer deformation modeling; in this approach, the
response of a polymer glass to a large deformation is described by combining a linear-response model with
a time-dependent segmental correlation time.
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Introduction.—Polymer glasses play an important role in
our modern life as flexible, transparent, light, and easily
processable industrial materials. As glasses, their non-
equilibrium nature is fundamental and the glass slowly
evolves toward an equilibrium structure [1]. This slow
structural evolution of the glass is limited by the rate of
molecular rearrangements and occurs at a rate that depends
on the temperature, pressure, chemical composition, and
thermobaric history [2]. “Physical aging” describes the
changes in physical properties that occur as result of this
evolution, for example, the viscoelastic shear modulus
typically increases during aging [3]. Notably, physical
aging does not involve any chemical change, and it can
be completely reversed by heating the sample above the
glass transition temperature, in a process known as thermal
rejuvenation. Even with no temperature change, other
external stimuli such as shear or tensile deformation can
also reverse (some of) the effects of physical aging [4,5]. At
a qualitative level, one can envision the physical aging of
glass as the system moving lower on the potential energy
landscape (PEL) where the barriers to rearrangement are
higher, while thermal or mechanical rejuvenation can be
envisioned as moving up the PEL to where the barriers are
lower [6–9].
One of the most important quantities for understanding a

glass-forming system is the structural relaxation time [10–
15]. To obtain this quantity, often a small temperature jump
(either positive or negative) is applied to drive the system
from the equilibrium liquid at T1 to the equilibrium liquid
at T2 [16,17]. It has been established that the density,
modulus, and molecular mobility of a glass all change

monotonically in response to such a temperature jump, and
all these quantities reach their new equilibrium values at
about the same time [18,19]. To a reasonable approxima-
tion, the equilibration time for any of these quantities can
be used to determine the structural relaxation time, which
can be envisioned as the characteristic time to move
between two levels on the PEL [20]. Recent work has
made extensive comparisons between the structural relax-
ation time (measured through a small temperature jump)
and underlying molecular motion in the equilibrium liquid
[17,21–25], with the conclusion that, in absence of other
external stimuli such as shear or tensile deformation, the
primary (α) process of the equilibrium liquid controls
the observed structural relaxation, at least so long as the
temperature jump is small. In qualitative terms, for quies-
cent polymeric systems, this establishes that segmental
rearrangements control the physical aging process.
Here, we measure the structural relaxation time of a

polymer glass during tensile deformation. When a polymer
glass is subjected to mechanical forces, as happens in
many critical applications, the structure of the glass and the
position on the PEL can evolve in response. Many
theoretical efforts attempt to describe this complex process,
often in the form of constitutive equations. As all current
approaches appear to have deficiencies [26,27], we attempt
here to advance our understanding through an analogy with
the temperature jump experiments described above.
Generalizing, we define the structural relaxation time of
a polymer glass during deformation as the time required for
the isothermal transition from one mechanical steady state
to another. Nanzai performed such an experiment on a

PHYSICAL REVIEW LETTERS 132, 208101 (2024)
Editors' Suggestion

0031-9007=24=132(20)=208101(6) 208101-1 © 2024 American Physical Society

https://orcid.org/0000-0003-0124-4747
https://orcid.org/0000-0003-1013-0792
https://orcid.org/0000-0002-9397-2794
https://orcid.org/0000-0003-4715-8473
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.208101&domain=pdf&date_stamp=2024-05-15
https://doi.org/10.1103/PhysRevLett.132.208101
https://doi.org/10.1103/PhysRevLett.132.208101
https://doi.org/10.1103/PhysRevLett.132.208101
https://doi.org/10.1103/PhysRevLett.132.208101


PMMA glass [28], making use of the plastic flow regime
that occurs after yield during mechanical deformation at a
constant strain rate. Once a steady-state (constant stress)
flow had been established, the strain rate was quickly
switched. Interestingly, a stress undershoot appeared when
the strain rate was decreased by 2 orders of magnitude.
Unfortunately, this nonmonotonic response of the stress
creates significant ambiguity for a determination of the
structural relaxation time. Furthermore, there is no con-
sensus on the interpretation of this striking stress under-
shoot. Recently, Medvedev and Caruthers investigated a
series of theoretical models and found that several models
failed to produce the stress undershoot after strain rate
switching, while other models could qualitatively repro-
duce the experimental observations [29].
Here we revisit Nanzai’s strain rate switching experiment

with a new tool: the measurement of the segmental
correlation time τseg during deformation. Recent experi-
ments and simulations have shown that the segmental
dynamics of the polymer glass are intimately connected
with the deformation response [30–33]. As the polymer
glass yields and flows, the segmental correlation time is
reduced by an order of magnitude or more. Qualitatively,
deformation turns a solid into a liquid, by increasing the
rate of segmental relaxation until it is comparable to the
deformation rate. This fundamental connection between
the polymer segmental correlation time and deformation is
embedded in almost all theoretical models through the use
of the concept of material time [34,35]. With this approach,
the response of a polymer glass to a large deformation can
be captured by the model describing the linear-response
regime, except that the segmental correlation time becomes
a time-dependent variable that is altered by the deformation
[35]. Though widely used, the validity of the material time
approximation is unclear.
Results.—In this Letter, we mechanically induce a

isothermal, steady-state to steady-state transition of the
PMMA polymer glass at 380 K, i.e., Tg − 19 K.We apply a
constant strain rate to deform the PMMA glass and wait
until it reaches steady state in the flow regime. Then, we
impose an order of magnitude switch to the applied strain
rate and wait again for the material response to reach the
new steady state. We follow the local strain rate (γ̇locl) and
the segmental dynamics in situ, in order to measure the
structural relaxation time of the polymer glass as it
responds to the strain rate switch. Additional experimental
details may be found in Supplemental Material [36]. The
anisotropy decay after photobleaching due to the reorien-
tation of the N,N′-dipentyl-3,4,9,10-perylenedicarboximide
probe has previously been shown to be an excellent
reporter of the segmental dynamics of PMMA [37–39].
The timescale τseg extracted by the Kohlrausch-Williams-
Watts (KWW) function fitting to the anisotropy decay is a
measure of the timescale of the PMMA segmental
dynamics.

We first describe the high-to-low strain rate switching
experiment. We set t ¼ 0 s at the start of sample deforma-
tion, i.e., after the 36 min aging. We initially applied the
global strain rate ϵ̇ ¼ 6 × 10−5 s−1 until t ¼ 3075 s, and
then we had switched to ϵ̇ ¼ 6 × 10−6 s−1. The measured
global stress σ (¼ ½measured force=ð2.3 mm × 50 μmÞ�) is
plotted against the duration of the experiment in Fig. 1(a).
We can observe an initial linear region due to elasticity,
then yielding with maximum σ ≈ 22.6 MPa, followed by
strain softening, and then a steady state (≈17 MPa) until
3075 s. After switching the strain rate, σ shows a minimum
around 4000 s, and then goes to the second steady state
≈14.5 MPa. The extracted timescale for σ to reach the
steady state after the minimum is τσ ¼ 3760� 160 s. The
observed behavior of σ following the strain rate drop is in
qualitative agreement with Nanzai’s compressive experi-
ment with PMMA [28]. The measured local strain rate γ̇locl
does not immediately switch to the lower value. Instead, it
takes ∼1000 s [Fig. 1(b)] to make a monotonic transition
from the first steady-state strain rate (≈3 × 10−4 s−1) to the
second steady-state strain rate (≈2 × 10−5 s−1). We stopped
this experiment at 14000 s. We then reversed the linear
actuator back to the initial position and thermally reju-
venated the sample to erase history, enabling further
measurements with the same sample.
We repeated this high-to-low strain rate switching

experiment two additional times, in order to perform
fluorescence anisotropy measurements at several time
points during the transition between steady states. The
global stresses for these three experiments are in excellent
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FIG. 1. High-to-low strain rate switching experiment (switching
from 6 × 10−5 to 6 × 10−6 s−1 at t ¼ 3075 s). (a) Time depend-
ence of measured stress σ; along with the functional fit Y ¼
Ys þ ðYi − YsÞ exp½−ðt − t0Þ=τY � starting after the minimum
at 4000 s, shown in red. The fitted transition time is
τσ ¼ 3760� 160 s. (b) Measured local strain rate; γ̇locl is plotted
with t. (c) A subset of the normalized anisotropy decay curves
rðt0Þ=rð0Þ, measured at various times t after the start of deforma-
tion, are shown as examples. Solid lines are KWW fits. (d) The
segmental correlation time τseg extracted from the KWW fits are
plotted vs time t. Error bars show fitting errors. Solid curves are
similar functional fits as in (a) with ττ-seg ¼ 165� 10 for the green
curve and ττ-seg ¼ 1330� 110 for the magenta curve.
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agreement, confirming the repeatability of the experiment
(Supplemental Material Fig. S2 [36]). A subset of the
anisotropy decay curves are shown in Fig. 1(c), along with
fits to the KWW function. The extracted segmental
correlation time (τseg) from each anisotropy curve is plotted
against deformation time (t) in Fig. 1(d), at the time
corresponding to the midpoint of the anisotropy decay
measurement. We observe an order of magnitude decrease
in τseg (from ≈3300 to ≈100 s) due to yielding. After strain
rate switching, there is a monotonic increase in τseg to reach
the second steady state (τseg ≈ 620 s). In Fig. 1(d), we show
fitted curves that reproduce the variations of τseg with two
different functions used before and after switching. For the
steady-state to steady-state transition, the extracted time-
scale for the change in τseg is ττ-seg ¼ 1330� 110 s which
is significantly < τσ, the timescale of σ.
With this same sample, we have also performed low-to-

high strain rate switching experiment, switching from ϵ̇ ¼
6 × 10−6 to ϵ̇ ¼ 6 × 10−5 s−1. In this case, σ shows an
overshoot at t ¼ 17 300 s [Fig. 2(a)] having very nearly the
same maximum value as in Fig. 1(a) before transitioning to
the second steady state at t ∼ 17 800 s. The local strain
rate (γ̇locl) goes to the second steady state at t ∼ 17900 s
[Fig. 2(b)]. Again a subset of the anisotropy decay curves
measured during this experiment are shown in Fig. 2(c).
The decay curve observed immediately after switching
cannot be well described by the KWW function; this
will be discussed below. When the strain rate suddenly
switched, the extracted τseg values decrease and then
become steady at t ∼ 17 800 s [Fig. 2(d)]. In this case,
all the three measured quantities σ, γ̇locl, and τseg reach the
steady state so quickly that we cannot meaningfully
distinguish their transition times. Fits capturing the varia-
tions in τseg are shown before (ττ-seg ¼ 2365� 85 s) and
after (ττ-seg ¼ 200� 45 s) the switching.

During the strain rate switching experiments, there are
significant changes in the KWW nonexponentiality param-
eter β [42]. For a system at steady state, β can be interpreted
in terms of a distribution of segmental correlation times (the
characteristic length scale for dynamic heterogeneity is a
few nanometers). β has limits 0 < β < 1, where smaller
values of β indicate a broader distribution of correlation
times. Deformation has been previously reported to narrow
the distribution of the segmental correlation time within a
polymer glass [31,43]. Here, for both types of strain rate
switching experiments, β increases from 0.4 to a steady
value in the range of 0.6–0.7, depending upon the applied
strain rate (Supplemental Material Fig. S3 [36]). This is
consistent with previous studies [44]. After the strain rate
switching, β transitions from one steady-state value to
another, with anomalous KWW β parameters being
obtained immediately after the switch. These anisotropy
curves are not well described by the KWW function and are
further discussed below.
In order to further analyze our results, we test whether

our anisotropy decay curves are consistent with the material
time approximation (i.e., β ∼ constant) [24,34]. Models
that make this approximation typically couple the mechani-
cal response expected in the linear-response regime with a
variable clock rate that accounts for the effects of nonlinear
deformation. If this approximation is valid, the anisotropy
decay functions that show substantial variation in Figs. 1(c)
and 2(c) would all superpose when viewed as a function of
material time. We use the observed time variations of τseg,
i.e., the fitted curves in Figs. 1(d) and 2(d), to calculate the
variation of material time (ξ) with respect to the real time (t)
using ξ ¼ R

t
0ðτu=τsegÞdt0, where τu is the value of τseg

before starting the deformation [24]. In Figs. 3(a) and 3(c),
ξ is plotted with respect to t, respectively.
Remarkably, when we look at all the anisotropy decay

curves in terms of material time, all the decay curves
overlap well, including the decay curve just before defor-
mation [Figs. 3(b) and 3(d)]. This agreement also includes
the decay curves observed immediately after strain rate
switching which were poorly fit using the KWW function
(Supplemental Material Fig. S4 [36]). The nonlinear
variation of material time shifts the data points of decay
curves in such a way that all the decay curves fall close to
the undeformed one. As discussed above, material time is a
common assumption in models of polymer deformation
and these results indicate that it is a reasonable approxi-
mation for the deformations considered here.
We can now address the following questions regarding

our high-to-low strain rate switching data: (1) Can we
determine and understand the structural relaxation time for
the PMMA glass for the transition between the two steady-
state flow regimes? (2) Why does σ show an undershoot
after switching to a low strain rate, whereas the segmental
correlation times τseg increase monotonically?
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FIG. 2. Low-to-high strain rate switching experiment (switch-
ing from 6 × 10−6 to 6 × 10−5 s−1 at t ¼ 17114 s). Variations of
σ, γ̇locl, a few rðt0Þ=rð0Þ, and τseg are shown in (a)–(d) respectively.
Error bars are fitting errors. Solid curves in (d) are the functional
fits Y ¼ Ys þ ðYi − YsÞ exp½−ðt − t0Þ=τY � with timescales
ττ-seg ¼ 2365� 85 s for the green curve and ττ-seg ¼ 200� 45

for the magenta curve.
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To address these questions, we compare our data to the
nonlinear Langevin equation theory proposed by Chen and
Schweizer [40,45–47]. In this approach, a structural state
variable S0, related to the amplitude of density fluctuations
on the nanometer scale, controls the response of the glass to
deformation. Figures 4(a)–4(c) show the predictions of the
Chen-Schweizer model for the strain rate switching experi-
ment for S0, the stress σ, and the segmental correlation time
τseg (see Supplemental Material for details about the model
calculations [36]). All of the qualitative features of the
experiments are well described by the model calculations.
In particular, the predicted variations of both σ and τseg
resemble the experimental observations of strain rate
switching. We have extracted the characteristic relaxation
times τσ, ττ-seg, and τS associated with the variations of the
parameters σ, τseg, and S0, respectively (Supplemental
Material Fig. S5 [36]), in a manner analogous to our
treatment of the experimental data.
To address the first question, regarding experimental

access to the structural relaxation time for the transition
from one steady-state flow to another, we observe that
ττ-seg ≈ τS. This was also noted by Chen and Schweizer [40]

and within the context of the model, τS is the structural
relaxation time. So the experimental observation of ττ-seg
provides a reasonable estimate of the τS in case of steady-
state to steady-state transition of flow of polymer glass. To
verify the generality of this conclusion, we performed
calculations with a less complex model (“toy model 1”
from Ref. [48]). Similar to the Chen-Schweizer model, we
observed that the state variable and τseg approached steady
state on a similar timescale. Furthermore, both our results
and the Chen-Schweizer model indicate that the structural
relaxation time during deformation is very similar to the
segmental correlation time itself. Thus, our Letter extends
the connection between segmental mobility and structural
relaxation from the quiescent state (where it is well
established) to a mechanically driven steady state.
With regard to the second question, we can address why

σ shows an undershoot after switching to a low strain rate,
whereas the segmental correlation time τseg increases
monotonically. The model successfully reproduces the
experimental observation of slower variation of σ compared
to τseg, i.e., τσ > ττ-seg. To get a detailed understanding of
the undershoot in σ, we have done additional numerical
calculations with the model equations in which we keep the
τseg and S0 precisely fixed after the τseg has very nearly
reached its steady-state value. Under these conditions, σ
continues to vary for a considerable length of time, mainly
controlled by the second term of the generalized Maxwell
constitutive equation in the Chen and Schweizer model
[47], i.e., −ðσ=τsegÞ as σ ≪ σc [Supplemental Material
Eq. (1), Fig. S6 [36] ]. This lag in the stress response was
also pointed out by Nanzai [28]. Within the Chen and
Schweizer model, this interpretation is possible: the under-
shoot occurs when a system high in the landscape (as a
result of fast deformation) suddenly experiences slower
deformation; the stress naturally drops when the strain rate
goes down, but it takes some time (roughly τS) for the
system to “age” down to its new position in the landscape.
As the system ages, the barriers to relaxation grow, and thus
the stress must increase in order to maintain the strain rate.
We see two important directions for extending this

Letter. Similar experiments further below Tg would test
the generality of our results. Recent work [44] has shown
that the segmental correlation time of a deformed polymer
glass in the flow regime is a weak function of temperature,
for a given strain rate. We anticipate that, at lower temper-
atures, the structural relaxation time during deformation
continues to be controlled by the (deformation-accelerated)
segmental mobility. Together, these two observations sug-
gest that strain rate switching experiments further below Tg

will be qualitatively similar to the ones shown here.
Additionally, there is a need for better models to describe
the deformation of polymer glasses. Most models of
polymer glass deformation do not describe the distribution
of correlation times known to be important in glassy
systems [29]. The Chen-Schweizer approach has recently
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been extended to account for heterogeneous dynamics [49].
The increase of the KWW β parameter with increasing
strain rate (as seen here and previously [44]) is at least
qualitatively accounted for in the new work.
Summary.—To measure the structural relaxation time for

a polymer glass during deformation, we have performed
strain rate switching measurements on a PMMA glass at
Tg − 20 K. In addition to observing the resulting stress, we
have measured the time variation of the segmental corre-
lation time of the polymer. We have shown that the
correlation functions describing segmental mobility are
approximately invariant when plotted in material time. This
result supports the use of material time in models of
polymer glass deformation. The Chen-Schweizer model
qualitatively describes the evolution of the stress and
segmental correlation time for the strain rate switching
experiments. It allows an interpretation of the undershoot of
the stress in terms of the energy landscape. Our optical
experiments indicate that the structural relaxation time
during deformation is very similar to the segmental
correlation time itself. Thus, our Letter extends the con-
nection between segmental mobility and structural relax-
ation from the quiescent state to a mechanically driven
steady state.
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