Activation entropy as a key factor controlling the memory effect in glasses
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Abstract

As opposed to the common monotonic relaxation process of glasses, the Kovacs
memory effect describes an isothermal annealing experiment, in which the
enthalpy/volume of a pre-annealed glass first increases before finally decreasing
towards equilibrium. This interesting behavior has been observed for many materials
and is generally explained in terms of heterogeneous dynamics. In this paper, the
memory effect in a model Au-based metallic glass is studied using a high-precision
high-rate calorimeter. The activation entropy (S*) during isothermal annealing is
determined according to the absolute reaction rate theory. We observe that the
memory effect appears only when the second-annealing process has a large S*. These
results indicate that a large value of S* is a key requirement for observation of the
memory effect and this may provide a useful perspective for understanding the

memory effect in both thermal and athermal systems.
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Glasses are non-equilibrium systems with various types of relaxation processes
[1-5], all of which contribute towards equilibration of the glass. Glasses retain
memory of their thermal history and this can lead to surprisingly complex
equilibration paths. When a glass is annealed sequentially at two temperatures, i.e.
first at low temperature and then at a higher temperature, the glass can “rejuvenate”
during the second step annealing, which was observed by Kovacs in the 1960s [6]. In
this process, known as the memory effect, the enthalpy and volume first increase
during the second annealing (moving in the direction of a younger glass) before
finally decreasing as equilibrium is approached [7-30]. It is intriguing that such a
two-step annealing protocol can achieve superior magnetic properties in metallic
glasses [31] in comparison to a single-step annealing process.

Phenomenological models such as the Tool-Narayanaswamy—Moynihan (TNM)
model have been used to describe the Kovacs memory effect in glasses [7-13]. The
TNM model suggests that the memory effect derives from the heterogeneous nature of
glass which has been related to the nonexponential nature of the alpha relaxation
process [32,33]. In the TNM model, the memory effect cannot be obtained for
homogeneous dynamics (exponential relaxation) and experimental data supports the
view that dynamic heterogeneity is correlated with the strength of the memory effect
[11,14,15,34]. The TNM model involves activation enthalpies and can qualitatively fit
thermally activated memory effects in polymer glasses [11,14] and oxide glasses
[9,21], it provides no insight into the memory effects in athermal disordered systems
[22-26,34], e.g. crumpled papers [22,23], frictional interface [24], and granular
materials [25,26]. As the memory effect seems to be quite general in complex
disordered systems, it is worthwhile to look for underlying physical mechanisms that
encompass both thermal and athermal systems.

In this letter, the memory effect of a model metallic glass (MG)
(Au49Cu26.9Ags.sPd23S1163) with good glass forming ability, and low glass transition
temperature and liquidus temperature [4,35-39] is studied using a high-precision
high-rate differential scanning calorimeter. The influence of the annealing temperature

and the annealing time has been studied systematically. Absolute reaction rate theory
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is applied to calculate the activation entropy S* and the activation enthalpy H* during
relaxation process. It is found that the S* plays a key role in triggering the Kovacs
memory effect in this metallic glass and it may also provide a general way of
describing memory effects that encompasses athermal systems.

The enthalpy relaxation of the Au-based MG was measured using a Flash DSC
(Flash DSC 1, Mettler Toledo [40]). A high cooling rate of Re= 10000 K/s was applied
to obtain a fully glassy sample (critical cooling rate for glass formation~1000 K/s
[38]). The glass transition temperature (7g) upon cooling is about 430 K. To
characterize the enthalpy relaxation process, the sample was annealed isothermally
and then the heat flow for the annealed sample was measured upon heating (see Fig.
S1 [41]). The heat flow difference between the annealed sample and the as-cooled
sample is integrated to obtain the relaxation enthalpy. To examine the Kovacs memory
effect, the sample was held at the first annealing temperature (71=348 K, 363 K, or
373 K), and then the temperature was quickly increased to the second annealing
temperature 72=383 K.

Figure 1 shows the behavior of the enthalpy for single-step and two-step
annealing protocols for the Au-based MG. For single temperature annealing at 383 K,
the enthalpy decreases monotonically towards equilibrium enthalpy with increasing
time, as shown in Fig. la. For a two-step annealing process starting with #1=50 s at
=383 K, and followed by annealing at 7>=373 K, the enthalpy also decreases
monotonically with increasing £, as shown in Fig. 1b. However, for a two-step
annealing process starting with £1=50 s at 71=373 K, and then subsequent annealing at
7>=383 K, the enthalpy does not decrease monotonically but first increases to a higher
energy state and then decreases towards the equilibrium state, as shown in Fig. 1c. To
better illustrate the relaxation peak, two-dimensional contour images of heat flow are
shown in Fig. 1d-f. When the glass is isothermally annealed at 383 K, the heat flow
increases monotonically and the peak shifts to higher temperature along with the
increase of annealing time, as shown in Fig. 1d. When the glass was pre-annealed at
T7h=383 K for #1=50 s before the isothermal annealing at 7>=373 K, the heat flow also

increases monotonically and the peak shifts to higher temperature along with the
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increase of annealing time #2, as shown in Fig. le (images for pre-annealing time
t1=0.1-100 s are shown in Fig. S2 [41]). However, if the glass is pre-annealed at a
lower temperature, e.g. 71=373 K for #1=50 s before the second-step annealing at
7>=383 K, the heat flow first decreases and then increases along with £, as shown in
Fig. 1f (images for pre-annealing time #1=0.1-100 s are shown in Fig. S3 [41]).

To describe the relaxation characteristics of two-step annealing processes of the
sample, the phenomenological TNM model was used to fit the evolution of enthalpy
recovery with time (see details in Supplemental Materials [41]). For single-step

annealing condition, it was given by [9]:
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Here Tt is the fictive temperature and 70=430 K represents the starting point of the
equilibrium supercooled liquid. The parameters t and f characterize the timescale and
the nonexponential nature of the response function (0<f<l). For two-step annealing

conditions, the enthalpy change is given by [9]:
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Here the decay of nonexponential response function is represented as a series of small

time increments. The structure relaxation time z; has the form:

7; = exp[In (A) + (xH")/(RT, ) + (1 = )H)/RTpi-p]  (3)
where 4 is constant, x is the nonlinear parameter (0<x<l1), and A" is the activation
enthalpy of the relaxation process. The two-step annealing data were fitted with
H'=164 kJ/mol, A=6x10"2> s, x=0.6 and =0.43, with fits shown in Figs. 1 and 2. The
TNM model can qualitatively capture the two-step annealing conditions with these
fixed parameters, as shown in Figure 1c.

To examine the influence of the pre-annealing temperature in the two-step
annealing protocol on the memory effect, Fig. 2a-c compares enthalpy relaxation at
7>=383 K after pre-annealing at three different temperatures (71=348, 363 and 373 K).
At all 71, the enthalpy change Ak decays monotonically with # for short pre-annealing.
When the pre-annealing time #1 is large enough, the enthalpy exhibits the memory

effect during subsequent annealing. For the same pre-annealing time (e.g. 100 s), the
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enthalpy rejuvenates to maximum value at a shorter time when it is pre-annealed at
lower temperatures. Figure 2d shows the relationship between A4 and the strength of
memory effect (Ahpeak, obtained by subtracting the peak enthalpy by the initial
enthalpy). It is valuable to note that the TNM model fitting result shows qualitatively
the wrong curvature in comparison to the experimental results (see details in
Supplemental Materials [41]). The memory strength in TNM model changes slowly
at small Ak but fast at large Ah. However, the experimental results indicate that the
memory effect vanishes quickly when A% is smaller than 0.4 kJ/mol (corresponding to
the pink hexagons, green triangles and yellow triangles data in Fig. 2a-c,
respectively).
According to the absolute reaction rate theory [42] (see details in Supplemental
Materials [41]), a relaxation process can be described by:
Rp

H*
n—s=—-——+In
Ty RT, h

B tm=—+Z (4)
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where k is the Boltzmann constant, R is the gas constant, 4p is Planck constant, A~ is
the activation enthalpy and S” is the activation entropy. As shown in Fig. 3a, equation
4 fits the relaxation peak temperature very well for single-step annealing. Fig. 3b
shows the evolution of A" and S* as a function of the annealing time. At short
annealing times, A~ is about 90 kJ/mol, while A" increases to about 150 kJ/mol at
longer ageing time. As a consistency check, we verified that the activation energy (AE)
in a Kissinger plot, i.e. Rn/T? versus 1/T [43], is equal to H +RT} [47] (see Figure S4
[41]). Fig 3b shows that S evolves dramatically with increasing annealing time. At
short annealing times, S" is close to zero (about 15 J/mol’K) indicating that the
activated process is primarily enthalpic. However, as the annealing time increases, S
increases up to roughly 150 J/mol'K, indicating a strong entropic component to the
structural relaxation process; in this regime, a large number of paths allow escape
from the initial state [48].

These experiments reveal a striking correlation between the value of the
activation entropy and the memory effect. We illustrate this by considering the

evolution of S° versus the enthalpy change during isothermal annealing at
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representative temperatures 7=348 K, 363 K, 373 K and 383 K, as shown in Figure 3c.
A representative temperature jump that gives rise to the memory effect is shown by
the pink arrow, which corresponds to the data of the same color in Figure 2a (and the
pink arrow in Figure 4). The pink arrow is vertical on this graph as A4 doesn’t change
during a rapid temperature jump. In this example and in all other cases explored in
this work, the memory effect occurs only when the temperature jump moves the glass
into a state with a larger value of §*. No memory effect is observed if the jump occurs
into smaller S* state. This can be seen by comparing the transition seen in the
experimental data in Fig. 2d to the transition observed in the red curve of Fig. 3c; the
memory effect is only observed when A4 in the first annealing step exceeds 0.4
kJ/mol, and only in this regime a large increase in S* is possible when the temperature
jump occurs. This suggests that observation of the memory effect requires a large
increase of S*.

The requirements for the observation of the memory effect can be summarized in
Figure 4. Upon isothermal annealing at low temperature, the enthalpy decreases.
When the temperature jumps to high temperature, a memory effect will not be
observed if the jump occurs into a relaxation region with small S*. Conversely, the
memory effect will be observed if the jump occurs into a relaxation region with large
S*.

Recent fast scanning calorimetry experiments on the same MG [49] propose an
intriguing correlation between the two regimes in Fig. 3b with the beta (secondary)
relaxation and alpha (primary) relaxation, which allow a physical picture for these
results. In the regime of low S* observed at short annealing times, only the beta
relaxation contributes to enthalpy relaxation, while the behavior at longer annealing
times (high values of S*) is associated with the alpha relaxation. The arrow in Fig. 3¢
connects two glasses with the same enthalpy value, but with this enthalpy achieved in
two different ways; annealing at low temperature occurs solely via the beta process
(optimization of structure via small rearrangements) while annealing at high
temperature occurs via the large-scale motion of the alpha process. The memory effect

occurs because this glass prepared at low temperature must first abandon its optimized
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structure, thus initially increasing the enthalpy in order to approach equilibrium. On
the other hand, jumping into a low S§* state does not result in a memory effect, as the
structural optimization that occurred via the beta process during the low temperature
step is similar to the optimization that would have occurred during isothermal
annealing at high temperature.

It is useful to compare the above understanding of the memory effect to the
traditional view based upon heterogeneous dynamics. For metallic and molecular
glasses, the two views can be reconciled as a large value of S* (indicative of a large
number of possible escape paths) is indicative of a complex energy landscape for
which heterogeneous dynamics can be expected [47,48,50]. For athermal systems,
such as crumpled papers and granular materials, we speculate that S* (or an
equivalent quantity that quantifies the connectivity of states in the driven system) will

provide important insight into the memory effect. The activation entropy S* may be

. . e 0 . .
proportional to the evolution of states probability a—i(x, t), with x is a vector

representing the state of an athermal disordered system and ¢ is time, which is
consistent with theoretical analysis [34]. The possible role of entropy in memory
effects is raised in a review article recently [51]. Our finding suggests that the large
activation entropy S is essential for the appearance of memory effect.

In summary, the memory effect of an Au-based metallic glass is studied using a
high precision Flash DSC. We find that the memory effect appears only when a
temperature jump occurs into a relaxation region with a large S*. These results are the
first experimental evidence for the role of activation entropy in the memory effect of
glasses and they provide new understanding of the physical origin of the memory
effect. We expect that the activation entropy S° is a more general and suitable
parameter than heterogeneity to characterize the kinetic complexity in various

disordered materials regardless of the bonding/packing nature.
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Fig. 1. Enthalpy changes for a Au-based MG during annealing. (a) The enthalpy change A4 at
T1=383 K versus annealing time #;. Inset is the thermal protocol of single-step annealing treatment.
Solid curve is for guiding eyes. (b) The enthalpy change of sample pre-annealed at 71=383 K for
t1=50 s and then annealed at 7>=373 K for #=0.1-100000 s. Inset is the thermal protocol. Solid
curve is for guiding eyes. (c) The enthalpy change of sample pre-annealed at 77=373 K for #,=50 s
and then being annealed at 7,=383 K for #,=0.1-2000 s. Inset is the thermal protocol. Solid curve
is the TNM model fitting result. (d) Two-dimensional contours of the relaxation heat flows (Q) at
T1=383 K. (e) Two-dimensional contours of the relaxation heat flows at 7>=373 K for the sample
pre-annealed at 77=383 K for #,=50 s. (f) Two-dimensional contours of the relaxation heat flows at

T»=383 K for the sample pre-annealed at 71=373 K for #,=50 s.

12



0-1 T T T T T . T T
(@) t;=0.1s T,=348 K T,=363 K
0.2

T,=383 K] . p T,=383 K]

T
b/
/
Y
-

0.4

0.5

Ah (kJ/mol

0.6

0.7

0.7} t1:100 S -I
10" 10° 10" 102 10°
t, (s)

(c)0.1
0.2

(d)0.2

0.3

o
o~
T

0.1 » <.

Ah (kJ/mol)
o
o

AR (Kd/mol)

o
o))
T

©
~
T

t=100s ] oo , , =

10" 10° 10" 10 10° 0.0 0.2 0.4 0.6 0.8
t, (s) Ah (kJ/mol)

Fig. 2. Enthalpy changes for two-step annealing experiments, with fit results from TNM model
(solid lines). (a) The enthalpy change following annealing at 7,=383 K for the sample
pre-annealed at 71=348 K for #=0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100 s. (b) The enthalpy change
following annealing at 75=383 K for the sample pre-annealed at 77=363 K for #1=0.1, 0.2, 0.5, 1, 2,
5, 10, 20, 50, 100 s. (c) The enthalpy change when being annealed at 7>=383 K for the sample
pre-annealed at 77=373 K for #=0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100 s. (d) The strength of
memory effect (Ahpeak) versus enthalpy evolution (A4) during the first annealing step at 7=348,
363, 373 K. Ahpeak is obtained by subtracting the initial enthalpy from the peak enthalpy. The
memory effect appears only for Ak greater than about 0.4 kJ/mol. The solid symbols represent
experimental data in which the memory effect was observed. The dashed lines are for guides for

the eyes.
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Fig. 3. Absolute rate theory analysis of annealing kinetics. (a) The peak temperature and heating
rate are used to extract the activation enthalpy H* for various annealing times during annealing at
383 K. (b) The evolution of A" and the activation entropy S* with annealing time at 383 K. (c) S"
as a function of enthalpy change for single-step annealing at 7=348, 363, 373, 383 K. The arrow
shows that the memory effect appears only if the glass jumps from low temperature (with a small

S™) to high temperature (with a big S*).
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Fig. 4. Schematic map of enthalpy changes during glass annealing. As the enthalpy decreases
during isothermal annealing at low temperature, the as-cooled glass first experiences a small S*
stage and then transitions into a large S* stage. When the pre-annealed glass jumps to higher
temperature, the enthalpy continues to decrease if the jump reaches a relaxation stage with small
S*, but there is a memory effect if the jump reaches a relaxation stage with large S*. The color
map represents the value of S*. Open blue squares: the sample pre-annealed at 7=348 K for 1 s
does not exhibit the memory effect at 383 K. Filled pink circles: the sample pre-annealed at 7=348
K for 20 s exhibits memory effect at 383 K. Filled green pentagons: the sample pre-annealed at

T=348 K for 100 s exhibits memory effect at 383 K.
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