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PHYSICS

Predicting nonlinear physical aging of glasses
from equilibrium relaxation via the material time

Birte Riecherst, Lisa A. Roed, Saeed Mehri, Trond S. Ingebrigtsen, Tina Hecksher,

Jeppe C. Dyre*, Kristine Niss*

The noncrystalline glassy state of matter plays a role in virtually all fields of materials science and offers com-
plementary properties to those of the crystalline counterpart. The caveat of the glassy state is that it is out of
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equilibrium and therefore exhibits physical aging, i.e., material properties change over time. For half a century,
the physical aging of glasses has been known to be described well by the material-time concept, although the
existence of a material time has never been directly validated. We do this here by successfully predicting the
aging of the molecular glass 4-vinyl-1,3-dioxolan-2-one from its linear relaxation behavior. This establishes
the defining property of the material time. Via the fluctuation-dissipation theorem, our results imply that physical
aging can be predicted from thermal-equilibrium fluctuation data, which is confirmed by computer simulations of

a binary liquid mixture.

INTRODUCTION

Physical aging deals with small property changes resulting from
molecular rearrangements (1-5). While the aging of a material is, in
practice, often due to chemical degradation, physical aging does not
involve any chemical change. Understanding this type of aging is
crucial for applications of noncrystalline materials such as oxide
glasses (4, 6-8), polymers (2, 5, 9-13), metallic glasses (14-18),
amorphous pharmaceuticals (19), colloidal suspensions (20), etc.
For instance, the performance of a smartphone display glass sub-
strate is controlled by details of the physical aging during produc-
tion (21), and some plastics eventually become brittle as a result of
physical aging (22). Noncrystalline or partly noncrystalline states
play a role in modern materials science, e.g., in connection with
metal-organic frameworks (23) and high-entropy alloys (24), and
physical aging is also important in connection with active matter
(25-27). Last, it should be mentioned that aging under nano-
confined conditions differs from that of bulk materials (28). The
lack of a fundamental understanding of the glassy state and its aging
with time influences all branches of materials science, which explains
the continued interest in the field from a theoretical point of view
(17, 27, 29-32).

Describing and predicting physical aging has been a focus of
glass science for many years, yet the subject still presents important
challenges (13, 31). In this work, we address the concept of a
material (“reduced”) time controlling aging, which was proposed
by Narayanaswamy in 1971 in a paper dealing with the physical
aging of oxide glasses (6). A closely related formalism describing
polymer aging was developed a few years later by Kovacs and
co-workers (3) and, in the 1990s, in the entirely different context of
spin glasses by Cugliandolo and Kurchan (29). The material-time
concept rationalizes several notable aging phenomena (4, 6, 33-35).
It is used routinely in both basic research and applications. The
material-time formalism is generally recognized to describe well the
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physical aging of systems subjected to relatively small temperature
variations, but the existence of a material time has never been
validated in direct experiments. We do this here in long-time ex-
periments on a glass-forming molecular liquid by demonstrating
the fundamental prediction that linear response aging data determine
the nonlinear aging behavior in the intermediate regime involving
temperature variations of a few percent.

Physical aging is a complex phenomenon as it is both nonexpo-
nential and nonlinear. The simplest and best controlled aging
experiment is based on the temperature jump protocol: The sample
is initially in a state of thermal equilibrium, then its temperature is
changed instantaneously, i.e., rapidly compared to the response time
of the material, and the full approach to equilibrium at the new
temperature is monitored as a function of time (36). This procedure
requires a setup that allows for fast temperature changes and has a
precise temperature control with a minimal long-time drift. More-
over, accurate measurements are needed because the long time tail
of physical aging, as well as the entire aging response to a small tem-
perature step, involves only minute changes of material properties.

Our experimental setup is based on a Peltier element in direct
contact with a plane-plate capacitor. The setup keeps temperature
constant over months with less than 1 mK variation, and the sam-
ples are so thin (50 um) that the temperature may be changed with-
in a few seconds to a new, constant value. Dielectric properties are
monitored using an ultraprecision Andeen-Hagerling capacitance
bridge. More details on the setup are provided in Materials and
Methods and in (36-40).

RESULTS

We performed several temperature jump experiments around a
reference temperature on the glass-forming liquid 4-vinyl-1,3-
dioxolan-2-one (VEC) and monitored, after each jump, both the
real and the imaginary part of the capacitance at 10 kHz as the
system gradually equilibrates (41, 42). The real part of the VEC data
is presented in Fig. 1; the imaginary part of the data can be found in
the Supplementary Materials in which we also give analogous data
for N-methyl-e-caprolactam (NMEC). Capacitance can be measured
very precisely and is an excellent probe in aging experiments
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Fig. 1. Overview of the temperature protocol and the raw data of the full
experiment on VEC. (A) The experimental protocol realized by temperature
modulations around the reference temperature 164.6 K (top) and the real part of
the measured capacitance C'(10 kHz) (bottom), both plotted as functions of time
on a linear scale. Jumps larger than 100 mK are colored, while jumps of 100 mK or
less are depicted on a gray scale; a selection of the latter is shown in the inset. The
sinusoidal temperature modulations that are also studied (see below) are not
resolved in this figure, where they appear as turquoise thick vertical lines. (B) The
capacitance C(10 kHz) data plotted as functions of the logarithm of the time
t that has passed after each jump. (C) Magnification of the jumps of magnitude
100 mK or less.

(36, 43, 44). For samples of molecules with a low dipole moment,
the real part of the capacitance provides a direct measure of the
density (38). The VEC and NMEC molecules have large dipole
moments, which implies that rotational polarizations contribute
substantially to the capacitance even at high frequencies (38, 45).
Although this means that the simple connection to density is lost,
the capacitance still provides a precise probe of the state of the
sample during aging.

The reference temperature for the VEC experiment is 164.6 K at
which the main (alpha) relaxation time is roughly 12 hours (see the
Supplementary Materials). This is large enough for the setup to
thermalize after a temperature jump before any notable relax-
ation has taken place in the sample. Figure 1A shows our tempera-
ture protocol with the 10 kHz real part of the capacitance measured
as a function of time. The first 36 weeks of the experiment were
devoted to single temperature jumps with size varying from 10 mK
to 3 K, carefully equilibrating the sample after each jump before the
next one was initiated. The last 15 weeks were spent on temperature
variations involving double jumps and sinusoidal modulations. The
latter are not resolved in this figure, where they appear as thick
turquoise vertical lines; we return to these protocols later (Figs. 2
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Fig. 2. The real part of the capacitance from small-amplitude temperature
modulation experiments on VEC along with predictions demonstrating that
the response is linear. (A) Normalized relaxation function (Eq. 3) of single tempera-
ture jumps of amplitude 10 to 100 mK around the reference temperature Ty =
164.6 K. All data collapse as predicted for linear relaxation. (B) Data from a
small-amplitude temperature double jump starting at Tp = 164.6 K and jumping
first by —100 mK and then by +50 mK (colored curves) along with the prediction
according to Eq. 4 (black dashed lines). The top panel shows the full experiment on
a linear time scale; the bottom panel shows the data on a logarithmic time scale
that sets the time of the beginning of each temperature jump to zero. The inset
illustrates the temperature protocol. (C) Sinusoidal small-amplitude temperature
protocol (red points) and data (turquoise points behind the black points). The
prediction based on the linear response formalism (Eq. 5) is shown as black points.
The deviations between prediction and data that can barely be discerned in the
main figure can be seen in the magnified panels.

and 3). Figure 1B shows the data for the single jumps plotted as a
function of the logarithm of the time that has passed after each
jump was initiated. Note that these curves have very different
shapes, demonstrating that even fairly small temperature jumps
lead to a notable nonlinear response. This is a hallmark of physi-
cal aging, reflecting the “asymmetry of approach” that jumping to
the same final temperature from a higher temperature results in a
faster and more stretched response than the same size jump com-
ing from below (4, 6, 13, 46). Figure 1C focuses on the smaller jumps
that are not resolved in Fig. 1B.

The response to a temperature variation is usually highly non-
linear. Nevertheless, any response is expected to have a small-
amplitude limit at which the measured quantity, X(t), depends
linearly on the external perturbation. Even in this limit, the mea-
sured signal, in general, depends on the temperature history. This
means that X(¢) in the linear limit is given by a convolution of the
change in temperature with the normalized linear time-domain
response function Rjy(#) in the following manner
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Fig. 3. The real part of the capacitance from large-amplitude temperature
modulation experiments on VEC along with predictions based on the measured
linear response Rjix(t). The prediction is calculated using Eq. 6 in combination
with Eqs. 7 and 8. Colored curves are the data, and black dashed lines are predic-
tions. (A) Normalized relaxation functions (Eq. 3) of single temperature jumps
with amplitudes ranging from 1 to 3 K. (B) Data from a double jump starting at To =
167.6K and jumping by —2K and +1 K (colored curves). The top panel shows the
full experiment on a linear time scale; the bottom panel shows the data on a
logarithmic time scale, setting the time of the beginning of each temperature
jump to zero. The inset illustrates the temperature protocol. (C) Sinusoidal tem-
perature protocol (red points) and data (turquoise points) shown together. The
horizontal dashed line marks the equilibrium capacitance at the starting tempera-
ture 164.6 K. The prediction of the material-time formalism is shown as black
points. The response is highly nonlinear, resulting in a nonsinusoidal curve that is
far from symmetric around the horizontal dashed line. The deviations between
prediction and data that can barely be discerned in the main panel are visible
in the magnified panels.

X()~Xeo(T)= ~axJ . Rt - )4 1)

Here, the temperature T is, in general, a function of the time f,
Xeq(T) is the equilibrium value of the measured property at tem-
perature T, and ax = dX./dT quantifies its temperature depen-
dence. This linear description is also known as the Boltzmann
superposition principle. In the case of a temperature jump at time
zero from the initial temperature T; to the “bath” temperature Ty,
one has dT/dt' = —AT8(t') in which (following the convention in
the field) AT = T; — Ty, and 8(¢') is the Dirac delta function. Equation
1 implies that the time-dependent response is 0xATRjin(f). Defining
AX = Xeq(Ti) = Xeq(Tp) and noting that AX = axAT, the response
is given by

X(t) =Xeq(Tp) = AX Riin(t) 2)

Riechers et al., Sci. Adv. 8, eabl9809 (2022) 16 March 2022

We have previously worked with this linear limit for tempera-
ture jumps down to 100 mK (38-40, 47); the data of the present
paper take this a step further by involving temperature jumps as
small as 10 mK, as well as by optimizing the protocol to make it
possible to properly resolve both the long- and the short-time
plateaus of the linear aging curve.

Linearity is investigated, in general, by considering the normal-
ized relaxation function of the quantity X, denoted by R(¢), which
for a jump to temperature Ty, at t = 0 is defined by

X(t) _Xeq( Tb)

R(t)= AX

3)
We note that R(0) = 1 and that R(f) goes to zero as the system equil-
ibrates at Ty, at long times. Whenever the data are in the linear regime,
the relaxation function is the response function of Eq. 1, R(¢) =
Riin(1), i.e., relaxations following all temperature jumps have the same
time-dependent normalized relaxation function in the linear limit.

Figure 2 shows R(t) for temperature jumps of magnitude 10 to
100 mK to and from the reference temperature, where X = C'(10 kHz)
is the real part of the capacitance at 10 kHz of VEC. Similar data are
shown for the imaginary part and for NMEC in the Supplementary
Materials. The short-time plateau of R(#) is below the theoretical
value R(0) = 1. This is because there is a fast response that cannot be
resolved by our setup, a common finding in studies of physical
aging that was discussed in detail in previous works (39, 47). We
believe that the fast response mainly happens on the phonon time
scale due to vibrational and librational equilibration. In addition,
one or more beta relaxations may take place at times shorter than
the experimental cutoff of about 4 s (the time it takes to change
temperature and equilibrate the setup at the new temperature).
However, in the dielectric spectra (Fig. S1), the beta relaxation is
only seen as a small shoulder, which indicates that it probably only
accounts for a few percent of the initial decay in R(f).

All the normalized relaxation functions observed for these small
temperature jumps around the reference temperature collapse within
the experimental uncertainty, as predicted for a linear response.
True linearity is a theoretical limit, which means that higher preci-
sion and better resolution would reveal tiny differences between the
relaxation curves. For the data of Fig. 2, the uncertainty is of the
same order of magnitude as the symbol size and no differences are
resolved, meaning that the measured curves for all practical purposes
represent the linear response function Rj,(f). In the following, we
demonstrate how the linear response function can be used to
predict the response for different temperature protocols resulting
in linear (Fig. 2) and nonlinear (Fig. 3) aging responses.

A simple generalization of the temperature jump experiment is
to introduce a second jump before the system has equilibrated fully
in response to the first one, a so-called double-jump experiment.
If the temperature changes are both small enough to be within the
linear range, then the measured value of X(f) after the second jump
is a sum of the responses to the individual jumps. For two tempera-
ture jumps corresponding to changes in the measured property X
by AX; and AX; performed at times #; and t, (#; < t,), respectively,
one has

X(t) =AX; Rlin(t -1 ) +AX2R]in(t - t2)+Xeq(T2) for t > %) (4)
where T is final temperature after the second jump.
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We test Eq. 4 for the Ritland-Kovacs crossover protocol
(4, 46, 48, 49) consisting of two consecutive temperature jumps with
an opposite sign determined such that the observable X has its equi-
librium value right after the second jump. Figure 2B illustrates this
protocol and shows the observations after a —100 mK jump followed
by a +50 mK jump for VEC. The data reproduce the crossover effect
that X(#) exhibits a peak after the second jump (4, 46). This bump is
a manifestation of the memory present for any nonexponential
linear response (4). Along with the data, the predictions based on
Eq. 4 and the measured Rjiy(t) from the 50 mK jump in Fig. 2A are
also shown. The prediction collapses almost exactly with the
double-jump data. These small-amplitude double jump results
provide an extra confirmation that we have reached the linear limit
of physical aging. Similar data are presented for NMEC in the
Supplementary Materials, which also provides data for more VEC
small (linear) jumps.

Moving on from the double temperature jump, we note that
Eq. 1 predicts the response to any temperature perturbation small
enough to be linear. Because we do not have an analytic expression
for Ryin(#), the integral is calculated by generalizing the sum in Eq. 4

N
X(t)= ZAXiRhn(l' —t) +Xeq(TN) fort > ty

i=1

©)

where Ty is the final temperature after N jumps. In Fig. 2C, we show
how Eq. 5 predicts the output of a small sinusoidal temperature per-
turbation. The frequency of the perturbation is 2.3 x 10~ Hz, which
is the inverse of the estimated equilibrium relaxation time of the
sample at the reference temperature 164.6 K. The amplitude is
100 mK, i.e., within the linear regime of single jumps. The prediction
follows the data with a high accuracy, including both the transient
behavior (seen, e.g., in a first peak that is higher than the second)
and the phase shift. Tiny deviations between prediction and data
can be seen in the inset, which also shows how the temperature
protocol is composed of 2-mK temperature steps.

After establishing the linear aging limit and showing how linear
temperature jump data can be used to predict the response of other
linear temperature protocols, we now turn to the main result of this
paper, a proof of the existence of a material time for VEC. The
radically new idea in the 1970s (3, 6) was that aging becomes linear
when it is described in terms of the material time &(¢) instead of the
laboratory time t. One assumes the so-called time aging-time
superposition, meaning that the spectral shape of Ry, is independent
of the state of the sample. As a consequence of these assumptions,
Egs. 1, 4, and 5 describe also nonlinear experiments by replacing the
laboratory time with the material time, i.e.,

N
X(E)= Z;AXiRlin(i = &) + Xeo(Ty) for & > En (6)
i=

The material time is “measured” by a clock with a rate that
reflects the state of the sample, and the nonlinearity of physical aging
is a consequence of this fact (3, 6, 29, 50). The material time may be
thought of as analogous to the proper time in the theory of relativity,
which is the time recorded on a clock following the observer.
Although a microscopic definition of the material time remains elu-
sive, this concept is generally recognized to form the basis of a good
description of physical aging involving relatively small temperature
variations (4). The very fundamental assumption of the formalism,

Riechers et al., Sci. Adv. 8, eabl9809 (2022) 16 March 2022

however, that nonlinear aging phenomena can be predicted from
the linear aging limit has never been validated. In the following, we
do so by showing how the measured linear response determines the
response to nonlinear temperature protocols for VEC and, in the
Supplementary Materials, for NMEC.

Using Eq. 6 requires a connection between the laboratory time
t and the material time &. This is obtained by introducing the time-
dependent aging rate y(f) defined (3, 6, 8, 11, 51) by

v(£) = dg(t)/dt 7)
In equilibrium, the aging rate equals the relaxation rate yq defined
as the inverse of the equilibrium relaxation time. Thus, a linear ex-
periment is the limiting case for which the aging rate is constant
and the material time is proportional to the laboratory time,
ilin(t) = ’qut'

Different strategies have been used to estimate y(¢) during aging,
often via the so-called fictive temperature (4, 33, 35, 48). We here
adopt the single-parameter aging ansatz (4, 6, 52, 53, 69) according
to which the aging rate is controlled by the measured quantity X(¢)
itself. In the simplest realization, single-parameter aging is charac-
terized by (53)

10g (Y(t) ) - log (qu(T) ) = A(X(t) _Xeq(T)) (8)
Here, Yeq(T) and Xeq(T) are the equilibrium values of y and X at
the temperature T, and A is a constant that depends only on the
substance and the monitored property X. It should be noted that
Eq. 8 is arrived at by first-order Taylor expansions and, for this
reason, can only be expected to apply for relatively small tempera-
ture variations.

The material-time description in Eq. 6, combined with Egs. 7
and 8, gives a unique prediction for X(f) for any temperature proto-
col. Equation 6 predicts the value of X(&), while Egs. 7 and 8 connect
the material and laboratory times by stretching or compressing the
time scale axis. The input needed for the prediction is Ryiy(f) as
determined in Fig. 2A, the equilibrium values of the rate Yeq(T) and
of the measured property Xeq(T), and the parameter A. We have
equilibrium measurements of Xcq(T) down to 163.6 K and have
extrapolated values to lower temperatures (see the Supplementary
Materials). The values used for yeq(T) are extrapolations from a fit
of relaxation times derived from dielectric spectra, which, down to
163.6 K, are proportional to the aging rates (see the Supplementary
Materials).

The parameter A is determined by the method described in (53)
from the two temperature jump experiments of magnitude +1 K to the
reference temperature 164.6 K (see the Supplementary Materials).
This A value was used for predicting all other nonlinear responses.
Figure 3A shows R(f) data from the nonlinear single-temperature
jumps. It is seen that the short-time plateaus of R(¢) for the different
jumps do not coincide. This is due to a difference in the short-time
relaxation deriving from the response on the phonon time scale
and, possibly, also from one or more beta relaxations. To predict the
aging, we have adjusted for this difference in a manner where the
short-time decay of R(t) depends on both the initial and final
temperatures (see the Supplementary Materials).

Figure 3 reports the main results of the paper: data from nonlinear
temperature protocols along with predictions based on the linear tem-
perature jump data. The nonlinear protocols mirror the linear protocols
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of Fig. 2. Figure 3A shows single temperature jumps, Fig. 3B shows
a -2 Kand +1 K double jump, and Fig. 3C shows a sinusoidal tem-
perature modulation with amplitude 3 K and the same frequency as
the linear sinusoidal protocol of Fig. 2.

The single jumps in Fig. 3A exhibit the asymmetry of approach
characteristic of nonlinear aging (13, 46): “self-acceleration” of up
jumps where the relaxation rate speeds up as equilibrium is ap-
proached and “self-retardation” of down jumps (11). The material-
time formalism captures well this asymmetry (black dashed lines),
and the measured data are predicted with a high accuracy for all
down jumps and for up jumps up to 2 K. However, there is a clearly
visible deviation for the largest (3 K) up jump, and in the Supplemen-
tary Materials it is documented that deviations in fact emerge
already for a 2.5 K up jump. Thus, the formalism breaks down for
large-amplitude up jumps. This may be related to only going to first
order in the Taylor expansion in Eq. 8, but it could also be caused by
the sample reaching equilibrium by other mechanisms than the
one involved in smaller jumps. This may be similar to what is seen
in the case of very large up jumps (30 to 70 K) performed on ultrast-
able vapor-deposited glasses where it has been shown that equilibri-
um is reached by heterogeneous growth of mobile domains (54).
Alternatively, the deviations between data and predictions could be
caused by beta processes playing a role in aging, as has been
seen for polymers deep in the glass state (55, 56).

The predictions agree well with the data of the nonlinear double
jumps shown in Fig. 3B. This demonstrates that the material-time
formalism works well also in this situation; we note that (41) presents
an alternative approach for predicting the nonlinear aging response
from linear data. The data shown in Fig. 3B are all from measurements
in the temperature range where we have access to measured values
of Xeq and to the fast contribution of R(t), while yeq used for the
prediction is derived from an extrapolation of higher-temperature
dielectric relaxation times. The parameter A is the same as for the
single jumps, and the test of the nonlinear double-jump prediction
is therefore performed with no free parameters. In contrast, in the
classical Ritland-Kovacs crossover experiment (46, 48, 49), the first
down jump goes deep into the glass state where the properties of the
equilibrium liquid are not known. In the Supplementary Materials,
we show data for a large down jump (7 K); the predictions using
extrapolated parameters demonstrate qualitatively good results,
although the formalism is not able to predict the time scale of aging
in the temperature regime where equilibrium cannot be reached.

Last, Fig. 3C shows the response of the nonlinear sinusoidal tem-
perature modulation along with the predictions. The lowest tem-
peratures in the modulation are in a range where the parameters are
extrapolated. Again, there are no free parameters in the predic-
tion. The nonlinearity is seen as a sizable asymmetry in the peak
shape: When the temperature is high, there is a substantial response,
whereas the liquid responds much less to a decreased temperature.
The gray horizontal dashed line corresponds to the equilibrium
capacitance at the starting temperature 164.6 K. The asymmetry of
the response is very well captured by the prediction. Because a
large part of a sinusoidal is close to linear in time, and thus similar
to a temperature ramp over several Kelvin, the aging in connec-
tion with a standard differential scanning calorimetry cooling
or heating protocol is likewise expected to be predicted accurately.
Deviations between prediction and data can be seen in the
magnified panel of Fig. 3C and are most likely related to the first-
order nature of Eq. 8.

Riechers et al., Sci. Adv. 8, eabl9809 (2022) 16 March 2022

The results in Fig. 3 demonstrate that nonlinear physical aging
phenomena in the intermediate regime may be predicted from a
knowledge of the linear limit of aging. Previous works have come
close to this limit (39, 57). While the linear limit is challenging to
probe experimentally, it is conceptually important. First, it validates
the central assumption of the material-time formalism. Second, linear
response theory is well established via the fluctuation-dissipation
(FD) theorem that predicts the response from thermal equilibrium
fluctuations quantified via a time correlation function (58). Our
results therefore imply that intermediate nonlinear physical aging can
now, at least in principle and for relatively small jumps, be pre-
dicted from measurements of the equilibrium fluctuations, i.e., with-
out perturbing the system at all. We end the paper by illustrating this
possibility by presenting results from a computer simulation where
thermal fluctuations are much easier to monitor than in experiments.

The system studied is the binary Lennard-Jones (L]) mixture of
Kob and Andersen (59), which, for more than 20 years, has been the
standard model for computer simulations of glass-forming liquids.
We simulated a system of 8000 particles. The quantity monitored is
the potential energy U. Temperature jump data were averaged over
1000 simulations to reduce the noise. Figure 4A shows results for
jumps from four different temperatures to T = 0.60 (in simulation
units), plotted as a function of the logarithm of the time passed after
each jump was initiated. The curves are quite different, showing
that the jumps are large enough to be notably nonlinear.

The FD theorem implies that the linear response to any small
temperature variation is uniquely determined by the thermal equi-
librium potential energy time autocorrelation function (U(0)U(t))
(60). We evaluated this quantity at T = 0.60. Using the single-
parameter material-time formalism as above, we then predict non-
linear temperature jump results (Fig. 4B). The only free parameter
is the A of Eq. 8, which is determined from the two smallest jumps (53).
The colored dashed curves in Fig. 4B are the predictions for the nor-
malized relaxation functions based on the black line in the middle that
gives the thermal equilibrium normalized time autocorrelation function
of the potential energy; the full circles are the normalized data from
Fig. 4A. Overall, the predictions work well, demonstrating that
intermediate nonlinear aging can be predicted from equilibrium
fluctuations. The minor deviations for the two largest jumps are not
unexpected, given that these involve temperature changes of more

0.3 T T

U autocorrelation

-6.68

S-6.72

-6.76

0 1 2 3
Log,, (1) Log,, (1)

Fig. 4. Results from computer simulations of a binary model liquid monitoring
the potential energy. (A) Data for four temperature jumps to the same tempera-
ture (T=0.60 in units based on the pair potential parameters). (B) The normalized
relaxation function, Ry(t), of the thermal equilibrium potential energy time auto-
correlation function at this temperature (black line) and the predictions based on
this for the temperature jumps (colored dashed curves). The data for the normal-
ized relaxation functions based on (A) are shown as colored dots. The nonlinearity
parameter was determined from the two smallest jumps in the same way as for the
experimental data (see the Supplementary Materials).
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than 15% for which the single-parameter ansatz in Eq. 8 is likely not
to be accurate.

DISCUSSION

We have shown how physical aging involving temperature changes
of a few percent can be predicted from the linear aging response,
i.e., from the response to a very small temperature variation. This
validates the central assumption of the material-time formalism. At
the same time, it is clear that this formalism has limitations. Thus,
the largest up jump (3 K) is not well predicted (Fig. 3A, bottom).
This suggests that there are two regimes of nonlinear aging: an
intermediate regime where the relaxation time varies for, at most, a
few decades and the material-time concept describes the situation
well, and a strongly nonlinear regime where the formalism breaks
down and a new theoretical approach is needed. We speculate that
even very large temperature down jumps may fall into the interme-
diate regime because the system here thermalizes gradually. This is
in contrast to large up jumps, which are known to result in hetero-
geneous states very far from equilibrium (54). Aging far below the
glass transition is also likely to deviate from the predictions because
processes faster than the alpha relaxation may play a role here,
particularly for polymers (55, 56). Along this line of thinking, it is
important to note that the standard glass transition resulting from a
continuous cooling is likely to be described well by the material-time
formalism, i.e., is intermediately nonlinear because vitrification for a
constant cooling rate takes place over a narrow range of temperatures.

In regard to the intermediate aging regime, the implications of
our findings are important both for the understanding of aging in
application and for the theoretical interpretation of the aging
dynamics. By reference to the FD theorem, the consequence is that
the properties governing the intermediate nonlinear physical aging
of a system far from equilibrium are embedded in the thermal equi-
librium fluctuations and can be predicted from these. This means
that there is no fundamental difference between the intermediate
nonlinear and the linear aging responses. Understanding physical
aging is therefore intimately linked to characterizing and under-
standing the spectral shapes of linear responses and autocorrelation
functions, a classical field where there has been important recent
progress both experimentally (61, 62) and theoretically (63). The
approach presented in this paper could prove useful for under-
standing the nonlinear response to electric fields. This is an active
field (64-66) in which concepts from physical aging have been used
successfully (65).

For future work, it would also be interesting to see how far the
description of physical aging in terms of linear response can be
extended by including higher-order terms in the Taylor expansion
of Eq. 8. This can hopefully lead to a complete picture of which
samples and protocols exhibit aging governed by the same processes
as those responsible of the linear alpha relaxation and which
situations involve other processes and mechanisms (54-56).

MATERIALS AND METHODS

The study involves the glass-forming liquids VEC (99% purity)
from Sigma-Aldrich for which data are shown in the main paper
and NMEC (96% purity) from VWR for which data are shown in the
Supplementary Materials. Both liquids were stored in a refrigerator
at temperatures between 2° and 8°C and used as received.

Riechers et al., Sci. Adv. 8, eabl9809 (2022) 16 March 2022

For each liquid, a single sample was prepared for all the presented
experiments. The sample cell was a plane-plate capacitor with a
plate distance of 50 um and a geometric capacitance of Cge, = 16 pF.
The cell was filled under ambient conditions and immediately
mounted into a precooled cryostat. VEC was quenched to Tcryo =
163 K, and NMEC was quenched to Teryo = 167 K, at which the
samples were kept to equilibrate for a couple of days. The tempera-
ture of the main cryostat was constant at Tcry, = 164 K for VEC and
Teryo = 167 K for NMEC during the experiments that lasted almost
1 year for each sample.

The temperature control of the experiments was obtained by a
microregulator integrated with the capacitor sample cell. The regu-
lation was achieved by controlling a Peltier element in contact with
a capacitor plate. Temperature was monitored with a negative
temperature coefficient resistor placed inside one of the capacitor
plates. A figure showing the sample cell with a microregulator can
be found in the Supplementary Materials. Further details on the mi-
croregulator and the main cryostat are given in (37). The microreg-
ulator can change temperature by steps of a few millikelvin up to
several kelvin within seconds and keep the temperature constant
with variations of less than 1 mK over weeks. All the temperature
protocols shown, including the sinusoidal protocol, were achieved
by making jumps in temperature with the microregulator.

The real and the imaginary part of the capacitance at 10 kHz was
monitored during the entire experiment with a sampling rate of
approximately one measurement per second. The measurements
were performed using an AH2700A Andeen Hagerling ultraprecision
capacitance bridge. It is the combination of the fast and precise tem-
perature control with the high precision of the bridge that makes it
possible to measure aging in the linear limit.

The simulations used the Kob-Andersen 80/20 binary L] mixture
(59), which was simulated by means of standard NVT Nosé-Hoover
dynamics (67) using the GPU-optimized software RUMD (68). A
system of 8000 particles was simulated. In L] units, the time step
was 0.0025. All pair potentials were cut and shifted at 2.5 times the
length parameter o;; of the relevant L] pair potential (i, j = A, B). At
the reference temperature T = 0.60, the potential energy time auto-
correlation function was calculated as follows: First, 10” time steps
of simulations were carried out for equilibration. After that, the time
autocorrelation function was calculated using the fast Fourier
transform. The temperature jump simulations were carried out by
the following procedure applied for all starting temperatures. First,
5 x 10° time steps were spent on equilibration at the given start-
ing temperature. After that, a total of 5 x 10° time steps were spent
on the production runs from which 1000 independent configura-
tions were selected to serve as starting configurations for a tempera-
ture jump to T = 0.60. The Fig. 4 data represent averages over these
1000 jumps.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl9809

REFERENCES AND NOTES
1. O.Mazurin, Relaxation phenomena in glass. J. Non Cryst. Solids 25, 129-169 (1977).
2. L.C.E.Struik, Physical Aging in Amorphous Polymers and Other Materials (Elsevier, 1978).
3. A.J.Kovacs, J.J. Aklonis, J. M. Hutchinson, A. R. Ramos, Isobaric volume and enthalpy
recovery of glasses. Il. A transparent multiparameter theory. J. Polym. Sci. B Polym. Phys.
17,1097-1162 (1979).
4. G.W.Scherer, Relaxation in Glass and Composites (Wiley, 1986).

60f8

2202 ‘90 |1dy uo 610'90us 195" MAM//:Sd1Y W) pepeo [uUMoq


https://science.org/doi/10.1126/sciadv.abl9809
https://science.org/doi/10.1126/sciadv.abl9809

SCIENCE ADVANCES | RESEARCH ARTICLE

12.
13.

20.

21.

22.

23.

24,

25.
26.
27.

28.
29.

30.
31.

32

33.
34,
35.
36.

37.

Riechers et al., Sci. Adv. 8, eabl9809 (2022)

1. M. Hodge, Physical aging in polymer glasses. Science 267, 1945-1947 (1995).

. 0.S. Narayanaswamy, A model of structural relaxation in glass. J. Am. Ceram. Soc. 54,

491-498 (1971).

. J.C. Mauro, A. Tandia, K. D. Vargheese, Y. Z. Mauro, M. M. Smedskjaer, Accelerating

the design of functional glasses through modeling. Chem. Mater. 28, 4267-4277
(2016).

. M. Micoulaut, Relaxation and physical aging in network glasses: A review. Rep. Prog. Phys.

79, 066504 (2016).

. K. Chen, K. S. Schweizer, Molecular theory of physical aging in polymer glasses. Phys.

Rev. Lett. 98, 167802 (2007).

. L.Grassia, S. L. Simon, Modeling volume relaxation of amorphous polymers: Modification

of the equation for the relaxation time in the KAHR model. Polymer 53, 3613-3620 (2012).

. D. Cangialosi, V. M. Boucher, A. Alegria, J. Colmenero, Physical aging in polymers

and polymer nanocomposites: Recent results and open questions. Soft Matter 9,
8619-8630 (2013).

C. B. Roth, Ed., Polymer Glasses (CRC Press, 2017).

G. B. McKenna, S. L. Simon, 50th anniversary perspective: Challenges in the dynamics
and kinetics of glass-forming polymers. Macromolecules 50, 6333-6361 (2017).

. S.V.Ketov, Y. H. Sun, S. Nachum, Z. Lu, A. Checchi, A. R. Beraldin, H. Y. Bai, W. H. Wang,

D. V. Louzguine-Luzgin, M. A. Carpenter, A. L. Greer, Rejuvenation of metallic glasses by
non-affine thermal strain. Nature 524, 200-203 (2015).

. B.Ruta, E. Pineda, Z. Evenson, Relaxation processes and physical aging in metallic glasses.

J. Phys. Condens. Mat. 29, 503002 (2017).

. S.Kuchemann, C. Liu, E. M. Dufresne, J. Shin, R. MaaR, Shear banding leads to accelerated

aging dynamics in a metallic glass. Phys. Rev. B 97, 014204 (2018).

. M. Lttich, V. M. Giordano, S. Le Floch, E. Pineda, F. Zontone, Y. Luo, K. Samwer, B. Ruta,

Anti-aging in ultrastable metallic glasses. Phys. Rev. Lett. 120, 135504 (2018).

. J. Ketkaew, R. Yamada, H. Wang, D. Kuldinow, B. S. Schroers, W. Dmowski, T. Egami,

J. Schroers, The effect of thermal cycling on the fracture toughness of metallic glasses.
Acta Mater. 184, 100-108 (2020).

. S.Vyazovkin, I. Dranca, Effect of physical aging on nucleation of amorphous

indomethacin. J. Phys. Chem. B 111, 7283-7287 (2007).

F.Bonacci, X. Chateau, E. M. Furst, J. Fusier, J. Goyon, A. Lemaitre, Contact

and macroscopic ageing in colloidal suspensions. Nat. Mater. 19, 775-780 (2020).

J. C. Mauro, Materials Kinetics: Transport and Rate Phenomena (Elsevier, 2021).

E. Andersen, R. Mikkelsen, S. Kristiansen, M. Hinge, Accelerated physical ageing

of poly(1,4-cyclohexylenedimethylene-co-2,2,4,4-tetramethyl-1,3-cyclobutanediol
terephthalate). RSC Adv. 9, 14209-14219 (2019).

J. Fonseca, T. Gong, L. Jiao, H.-L. Jiang, Metal-organic frameworks (MOFs) beyond
crystallinity: Amorphous MOFs, MOF liquids and MOF glasses. J. Mater. Chem. A 9,
10562-10611 (2021).

S.Zhao, Z.Li, C. Zhu, W. Yang, Z. Zhang, D. E. J. Armstrong, P. S. Grant, R. O. Ritchie,

M. A. Meyers, Amorphization in extreme deformation of the CrMnFeCoNi high-entropy
alloy. Sci. Adv. 7, eabb3108 (2021).

S. M. Fielding, P. Sollich, M. E. Cates, Aging and rheology in soft materials. J. Rheol. 44,
323-369 (2000).

R. Mandal, P. Sollich, Multiple types of aging in active glasses. Phys. Rev. Lett. 125, 218001
(2020).

G. Janzen, L. Janssen, Aging in thermal active glasses. arXiv:2105.05705 [cond-mat.
stat-mech] (12 May 2021).

R. D. Priestley, Physical aging of confined glasses. Soft Matter 5, 919-926 (2009).

L. F. Cugliandolo, J. Kurchan, On the out-of-equilibrium relaxation of the Sherrington-
Kirkpatrick model. J. Phys. A: Math. Gen. 27, 5749-5772 (1994).

A. P.Holt, D. Fragiadakis, C. M. Roland, Pressure densified 1,3,5-tri(1-naphthyl)benzene
glass. I. Volume recovery and physical aging. J. Chem. Phys. 151, 184502 (2019).

F. Arceri, F. P. Landes, L. Berthier, G. Biroli, Glasses and aging: A statistical mechanics
perspective. arXiv:2006.09725 [cond-mat.stat-mech] (17 June 2020).

M. Lulli, C-S. Lee, H.-Y. Deng, C.-T. Yip, C.-H. Lam, Spatial heterogeneities in structural
temperature cause Kovacs' expansion gap paradox in aging of glasses. Phys. Rev. Lett.
124, 095501 (2020).

A. Q. Tool, Relation between inelastic deformability and thermal expansion of glass in its
annealing range. J. Am. Ceram. Soc. 29, 240-253 (1946).

J. C. Dyre, Narayanaswamy's 1971 aging theory and material time. J. Chem. Phys. 143,
114507 (2015).

G. B. McKenna, Looking at the glass transition: Challenges of extreme time scales

and other interesting problems. Rubber Chem. Technol. 93, 79-120 (2020).

T. Hecksher, N. B. Olsen, K. Niss, J. C. Dyre, Physical aging of molecular glasses studied by
adevice allowing for rapid thermal equilibration. J. Chem. Phys. 133, 174514 (2010).

B. Igarashi, T. Christensen, E. H. Larsen, N. B. Olsen, I. H. Pedersen, T. Rasmussen, J. C. Dyre,
A cryostat and temperature control system optimized for measuring relaxations

of glass-forming liquids. Rev. Sci. Instrum. 79, 045105 (2008a).

16 March 2022

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

K. Niss, D. Gundermann, T. Christensen, J. C. Dyre, Dynamic thermal expansivity of liquids
near the glass transition. Phys. Rev. E 85,041501 (2012).

K. Niss, Mapping isobaric aging onto the equilibrium phase diagram. Phys. Rev. Lett. 119,
115703 (2017).

K. Niss, J. C. Dyre, T. Hecksher, Long-time structural relaxation of glass-forming liquids:
Simple or stretched exponential? J. Chem. Phys. 152, 041103 (2020).

P. Lunkenheimer, R. Wehn, U. Schneider, A. Loidl, Glassy aging dynamics. Phys. Rev. Lett.
95, 055702 (2005).

R. Richert, Supercooled liquids and glasses by dielectric relaxation spectroscopy.

Adv. Chem. Phys. 156, 101-195 (2015).

P. Lunkenheimer, S. Kastner, M. Kohler, A. Loidl, Temperature development of glassy
o-relaxation dynamics determined by broadband dielectric spectroscopy. Phys. Rev. E 81,
051504 (2010).

M. Paluch, Z. Wojnarowska, S. Hensel-Bielowka, Heterogeneous dynamics of prototypical
ionic glass CKN monitored by physical aging. Phys. Rev. Lett. 110, 015702 (2013).

B. Jakobsen, K. Niss, N. B. Olsen, Dielectric and shear mechanical alpha and beta
relaxations in seven glass-forming liquids. J. Chem. Phys. 123, 234511 (2005).

A. J. Kovacs, Transition vitreuse dans les polyméres amorphes. Etude
phénoménologique, in Fortschritte Der Hochpolymeren-Forschung (Springer, 1964),
vol. 3/3, pp. 394-507.

T. Hecksher, N. B. Olsen, J. C. Dyre, Fast contribution to the activation energy of a
glass-forming liquid. Proc. Natl. Acad. Sci. U.S.A. 116, 16736-16741 (2019).

H. N. Ritland, Limitations of the fictive temperature concept. J. Am. Ceram. Soc. 39,
403-406 (1956).

L. Song, W. Xu, J. Huo, F. Li, L-M. Wang, M. D. Ediger, J.-Q. Wang, Activation entropy

as a key factor controlling the memory effect in glasses. Phys. Rev. Lett. 125, 135501
(2020).

C. Chamon, M. P. Kennett, H. E. Castillo, L. F. Cugliandolo, Separation of time scales

and reparametrization invariance for aging systems. Phys. Rev. Lett. 89, 217201 (2002).

R. Svoboda, J. Malek, Description of enthalpy relaxation dynamics in terms of TNM model.
J. Non Cryst. Solids 378, 186-195 (2013).

L. Grassia, D. D’Amore, Constitutive law describing the phenomenology of subyield
mechanically stimulated glasses. Phys. Rev. E 74, 021504 (2006).

T. Hecksher, N. B. Olsen, J. C. Dyre, Communication: Direct tests of single-parameter
aging.J. Chem. Phys. 142,241103 (2015).

A. Sepulveda, M. Tylinski, A. Guiseppi-Elie, R. Richert, M. D. Ediger, Role of fragility

in the formation of highly stable organic glasses. Phys. Rev. Lett. 113, 045901 (2014).

D. Cangialosi, V. M. Boucher, A. Alegria, J. Colmenero, Direct evidence of two
equilibration mechanisms in glassy polymers. Phys. Rev. Lett. 111, 095701 (2013).

X. Monnier, S. Marina, X. Lopez de Pariza, H. Sardon, J. Martin, D. Cangialosi, Physical
aging behavior of a glassy polyether. Polymers 13, 954 (2021).

S. M. Rekhson, O. V. Mazurin, Stress and structural relaxations in Na,0-CaO-SiO; glass.
J.Am. Ceram. Soc. 57, 327-328 (1974).

L. E. Reichl, A Modern Course in Statistical Physics (Wiley-VCH, ed. 4, 2016).

W. Kob, H. C. Andersen, Testing mode-coupling theory for a supercooled binary
Lennard-Jones mixture I: The van Hove correlation function. Phys. Rev. E 51, 4626-4641
(1995).

J. K. Nielsen, J. C. Dyre, Fluctuation-dissipation theorem for frequency-dependent specific
heat. Phys. Rev. B 54, 15754-15761 (1996).

T. Korber, R. Staglich, C. Gainaru, R. Bohmer, E. A. Rossler, Systematic differences

in the relaxation stretching of polar molecular liquids probed by dielectric vs magnetic
resonance and photon correlation spectroscopy. J. Chem. Phys. 153, 124510 (2020).
F.Pabst, J. P. Gabriel, T. B6hmer, P. Weigl, A. Helbling, P. Richter, T. Zourchang, T. Walther,
T. Blochowicz, Generic structural relaxation in supercooled liquids. J. Phys. Chem. Lett. 12,
3685-3690 (2021).

B. Guiselin, C. Scalliet, L. Berthier, Microscopic origin of excess wings in relaxation spectra
of deeply supercooled liquids. arXiv:2103.01569 [cond-mat.soft] (2 March 2021).

S. Albert, T. Bauer, M. Michl, G. Biroli, J.-P. Bouchaud, A. Loidl, P. Lunkenheimer,

R. Tourbot, C. Wiertel-Gasquet, F. Ladieu, Fifth-order susceptibility unveils growth

of thermodynamic amorphous order in glass-formers. Science 352, 1308-1311 (2016).
P.Kim, A. R. Young-Gonzales, R. Richert, Dynamics of glass-forming liquids. XX. Third
harmonic experiments of non-linear dielectric effects versus a phenomenological model.
J. Chem. Phys. 145, 064510 (2016).

J. P. Gabriel, E. Thoms, R. Richert, High electric fields elucidate the hydrogen-bonded
structures in 1-phenyl-1-propanol. J. Mol. Lig. 330, 115626 (2021).

S. Nosé, A unified formulation of the constant temperature molecular dynamics methods.
J. Chem. Phys. 81,511-519 (1984).

N. P. Bailey, T.S. Ingebrigtsen, J. S. Hansen, A. A. Veldhorst, L. Bohling, C. A. Lemarchand,
A.E. Olsen, A. K. Bacher, L. Costigliola, U. R. Pedersen, H. Larsen, J. C. Dyre, T. B. Schrgder,
RUMD: A general purpose molecular dynamics package optimized to utilize GPU
hardware down to a few thousand particles. SciPost Phys. 3,038 (2017).

70of 8

2202 ‘90 |1dy uo 610'90us 195" MAM//:Sd1Y W) pepeo [uUMoq


https://arxiv.org/abs/2103.01569

SCIENCE ADVANCES | RESEARCH ARTICLE

69. L.A.Roed, T.Hecksher, J. C. Dyre, K. Niss, Generalized single-parameter aging tests
and their application to glycerol. J. Chem. Phys. 150, 044501 (2019).

70. B.lgarashi, T. Christensen, E. H. Larsen, N. B. Olsen, . H. Pedersen, T. Rasmussen, J. C. Dyre,
An impedance-measurement setup optimized for measuring relaxations of glass-forming
liquids. Rev. Sci. Instrum. 79, 045106 (2008).

Acknowledgments

Funding: This work was supported by the VILLUM Foundation’s Matter grant (no. 16515).
Author contributions: T.H., J.C.D., and K.N. conceptualized the project. B.R, LA.R, T.H., and
K.N. initiated the experiments. B.R. and L.A.R. carried out the experiments. T.H. and K.N.
supervised experiments and data treatment. B.R. carried out the data analysis. T.S.I. and S.M.

Riechers et al., Sci. Adv. 8, eabl9809 (2022) 16 March 2022

performed the computer simulations. J.C.D. and K.N. wrote the manuscript. B.R. wrote the
Supplementary Materials with contributions from J.C.D. and T.S.l. Competing interests:
The authors declare that they have no competing interests. Data and materials availability:
All data needed to evaluate the conclusions in the paper are present in the paper

and/or the Supplementary Materials. Additional data related to this paper are available at
http://glass.ruc.dk/data/.

Submitted 18 August 2021
Accepted 24 January 2022
Published 16 March 2022
10.1126/sciadv.abl9809

80of8

2202 ‘90 |1dy uo 610'90us 195" MAM//:Sd1Y W) pepeo [uUMoq


http://glass.ruc.dk/data/

Science Advances

Predicting nonlinear physical aging of glasses from equilibrium relaxation via the
material time
Birte RiechersLisa A. RoedSaeed MehriTrond S. IngebrigtsenTina HecksherJeppe C. DyreKristine Niss

Sci. Adv., 8 (11), eabl9809. « DOI: 10.1126/sciadv.abl9809

View the article online

https://www.science.org/doi/10.1126/sciadv.abl9809
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

2202 ‘90 |1dy uo 610'90us 195" MAM//:Sd1Y W) pepeo [uUMoq


https://www.science.org/about/terms-service

