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1.  Introduction

The effort to understand the mysterious glass formation 
phenomenon [1] is frustratingly hindered by the procedure 
known as aging [2, 3], in which glasses spontaneously evolve 
extremely slowly towards the equilibrium state due to their 
out-of-equilibrium nature. To circumvent this situation, stress-
driven glassy systems which exhibit strong shear thinning (i.e. 
a reduced viscosity under increasing shear rate) have been 
intensively examined [4–10]. The stress-driven flow charac-
terized by a shear rate will create a non-equilibrium while 
steady state, in which the aging of glassy systems is inter-
rupted and the time translation invariance is recovered [5, 11]. 
This steady state can thus be examined to provide broader 
insights into glassy physics, by easily adopting the shear rate 

rather than the natural aging time of glasses as the control 
parameter. As evidenced by the effective temperature [5, 12] 
and the most probable atomic displacement [13], a scaling 
relationship between stress and temperature as they affect 
the glassy systems has been confirmed as both of them could 
reduce the viscosity and ‘melt’ a glass into a liquid [14–16]. 
Hence, it is argued that an arbitrarily small shear rate exerted 
on a glass is able to melt the glass into a liquid and thus erase 
any memory of its thermal history in glassy state [5, 6, 11].

However, in this work, by virtue of the thermodynamic 
enthalpy-entropy compensation law (or known as the Meyer–
Neldel (MN) rule) [17] which reads ∆H = TMN∆S and pre-
vails in diverse processes [18–21] in condensed matter physics, 
where ∆H is the activation enthalpy; ∆S is the activation 
entropy; and TMN is the iso-kinetic compensation temperature, 
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we found a glass transition memorized in strongly shear-
thinned supercooled liquids. The memorized glass transition 
coincides with the thermal glass transition in both the glass 
transition temperature and the activation Gibbs free energy 
∆G, suggesting a kinetic nature of the glass forming process 
and an intrinsic correlation between thermal glass forming 
and stress-driven shear thinning. The origin of the enthalpy-
entropy compensation in supercooled liquids is attributed to 
the multiple-excitation effect [22], i.e. the facilitation effect 
and the correlation effect in the activation of shear transforma-
tion zones (STZs) [23–25].

2.  Methods and experimental

Due to the structural similarity to the dense random 
packing of spheres [26], supercooled metallic liquids 
(SMLs) represent an ideal research subject for the cur
rent study. The enthalpy-entropy compensation law in the 
shear thinning of Zr58.5Cu15.6Al10.3Ni12.8Nb2.8 (Vit106a) and 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit1) SMLs are verified by the 
linear relationship between the activation entropy ∆S and the 
activation enthalpy ∆H in the flow of SMLs.

To determine the activation entropy ∆S and the activation 
enthalpy ∆H, the transition state theory (TST) based flow 
model of SMLs [27, 28] is adopted, where STZ is envisioned as 
the elementary excitation event of the thermally assisted acti-
vation process in the flow of SMLs. In the STZ model, the flow 
equation of SMLs reads [27]: ε̇ = ε̇0exp (−∆G (T ,σ)/kBT ), 
where ∆G (T ,σ) = ∆H − T∆S = ∆Q − σV − T∆S  is the 
activation Gibbs free energy for the flow of SML. ε̇ is the 
strain rate. ε̇0 is a pre-factor that defines the upper limit of 
the flow rate of SMLs. σ is the steady state flow stress. T  is 
temperature. kB is Boltzmann’s constant. ∆Q is the activation 
energy for the flow of SML. V  is the activation volume for the 
flow of SML. Since the temperature dependence of ∆S and 
∆H is weak [19], ∆S and ∆H are considered as constants 
at given flow stress. Therefore, based on the linear relation-
ship: ∆G = ∆H − T∆S, the crucial step to derive ∆S and 
∆H is to determine the dependence of ∆G on temperature T . 
Whereby, ∆S can be determined from the slope of the linear 
relationship (∆G versus T ), and ∆H can be determined from 
the intercept of the linear relationship (∆G versus T ) with the 
coordinate axis. It is noted that ∆G (T ,σ) is a function of both 
temperature T  and flow stress σ. Under different flow stresses 
σ, different linear relationships (∆G versus T ) can be derived. 
Therefore, the relationship between the activation entropy ∆S 
and the activation enthalpy ∆H at different flow stresses in the 
flow of SMLs can be examined.

As a function of temperature T  and flow stress σ, 
∆G (T ,σ) can be written as ∆G (T ,σ) = kBTln (ε̇0/ε̇ ) based 
on the above flow equation. In Argon’s seminal work [29], ε̇0 
reads ε̇0 = αυ0εunit , where α is a geometric factor depending 
on the shape of STZ; υ0 is the attempt frequency; and εunit 
is the unit strain carried by an STZ. Specifically, α is in the 
range 0.1–0.2. υ0 is of a order of magnitude of 1012 Hz. εunit 
is also of a order of 0.1. Therefore, to determine the temper
ature and flow stress together dependent ∆G (T ,σ), the 

steady state flow stress σ of the 2 SMLs are measured in a 
wide range of strain rate ε̇ from 10−3 s−1 to 100 s−1 and at dif-
ferent temperatures T  (see supplemental materials SI (stacks.
iop.org/JPhysCM/30/245401/mmedia) for more details on 
the experimental tests, figures S1 and S2), as shown in fig-
ures 1(a) and (b). Based on the combination (T ,σ (ε̇)) of the 
experimental temperature T  and the measured steady state 
flow stress at different strain rates σ (ε̇), the dependence of 
∆G on temperature and flow stress of the 2 SMLs can be 
obtained by substituting the corresponding strain rate into the 
equation: ∆G (T ,σ) = kBTln (ε̇0/ε̇ ). Consequently, the acti-
vation entropy ∆S and activation enthalpy ∆H in the flow of 
SMLs under different flow stresses can be readily derived by 
fitting the dependence of ∆G on temperature with the linear 
relationship: ∆G = ∆H − T∆S, as will be shown in the fol-
lowing sections.

3.  Results and discussion

3.1.  Activation enthalpy and activation entropy

Figures 1(c) and (d) show the strain rate sensitivity index 
m∗ = ∂lnσ/∂lnε̇ derived from the steady state flow stress σ 
at different strain rates ε̇ of the 2 SMLs (see supplemental 
materials SI, figure  S2). A clear decrease of m∗ from ~0.7 
to nearly 0 is displayed, indicating a strong shear thinning 
phenomenon in the steady state flow of the 2 SMLs at dif-
ferent temperatures. Figures 2(a) and (b) plot the ∆G derived 
from ∆G (T ,σ) = kBTln (ε̇/ε̇0 ) against the steady state flow 
stress σ of Vit106a and Vit1 SMLs at different temperatures 
T , respectively. It can be seen that ∆G decreases monoto-
nously with both increasing σ and increasing T . This phenom
enon reflects the stress-temperature scaling in the activation 
dynamics of STZs in the steady state flow of SMLs [14, 30]. 
This is because that the effect of σ similar to T  could also 
reduce the activation energy barrier on the local potential 
energy landscape, thereby ‘melting’ a glass into a liquid. With 
the group of ∆G versus σ relations at different temperature T  
presented in figures 2(a) and (b), the ∆G versus T  relations 
under different flow stresses can be conveniently interpolated.

Figures 3(a) and (b) show the ∆G versus T  relations inter-
polated from figure 2 to the first approximation for Vit106a 
and Vit1 SMLs, respectively. It can be seen that, consistent 
with figure 2, ∆G decreases monotonously with increasing T  
at constant flow stress and decreases with increasing σ at con-
stant temperature. Linear fits of the relationship between ∆G 
and T  can be obtained for the 2 SMLs, except for small devia-
tions of ∆G at 633 K for Vit1 SML, which will be discussed 
later. The linear relationship between ∆G and T  confirms that 
∆S and ∆H are approximately independent of temperature 
and could be treated as constants at given flow stress. Based 
on the equation: ∆G = ∆H − T∆S, ∆S is determined from 
the slope of the fit of ∆G versus T  relations; ∆H is deter-
mined from the intercept of the fit with the longitude axis; and 
T∆G0 where ∆G equals 0 KJ mol−1 is determined from the 
intercept of the fit with the transversal axis.

It is important to note an increasing slope of the fit of 
the ∆G versus T  relations, i.e. an increasing ∆S , under 
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increasing flow stress for the 2 SMLs. For clarity, figure 3(c) 
shows the evolution of ∆S  under increasing flow stress for 
Vit106a and Vit1 SMLs. It can be seen that ∆S  increases 
with increasing flow stress, though different increasing 
tendencies are exhibited. According to the TST, ∆S  is the 
difference of entropy between the initial state and the acti-
vated state. Thus, figure 3(c) demonstrates that higher flow 
stresses lead to more disordered structures, i.e. structural 
disordering, because larger entropy means more disorder. 
The structural disordering arises from the phenomenon that 
the activation of STZs in the flow of SMLs would lead to an 
increment in the concentration of free volume [29]. A higher 
free volume concentration indicates a more disordered struc-
ture. The observation in figure  3(c) agrees well with the 
structural disordering observed in the flow of SMLs in pre-
vious experimental tests where the increment of free volume 
concentration is detected [31, 32]. It is also noted that the 
approximate saturation of ∆S  for Vit1 SML at high stress 
levels is probably due to the extreme of structural ordering 
is reached, as have been reported in the literatures [31, 32]. 
Different increasing tendency of ΔS would indicate different 
rheology dynamics of different SMLs. More details on the 
picture of the development of structural disordering in the 

STZ-mediated flow of SMLs [33, 34] can be found in the 
seminal work of Argon’s [29].

Due to the increasing ∆S under increasing flow stress, 
the ∆G versus T  relations diverge from each other towards 
higher T , as shown in figures 3(a) and (b). In turn, as illus-
trated in figure 3(d), a group of T∆G0 (from 948 K to 1161 K 
for Vit106a, from 940 to 1078 K for Vit1), rather than a con-
stant value [35], can be observed. It is noted that the liq-
uidus temperature of Vit106a metallic glass is 1110 K [36] 
and the liquidus temperature of Vit1 metallic glass is 993 K 
[37], coinciding with the range of T∆G0. As T∆G0 represents 
the temperature where ∆G for flow equals 0 KJ mol−1, it is 
rational that the 2 groups of T∆G0 of the 2 SMLs coincide 
with their liquidus temperature. The group of T∆G0 can be 
rationalized with the observation of an underlying polyam-
orphic transition in the yield of glassy polymers [38] where 
different flow stresses would incubate different amorphous 
states which reasonably would lead to different T∆G0. It is 
also noted that the compensation effect between ∆S and 
∆H in the plastic deformation of metallic glasses has been 
reported recently [27]. However, an increasing ∆S was not 
observed, probably due to the different regimes of deforma-
tion examined as will be discussed later.

Figure 1.  The steady state flow stress of SMLs: (a) Vit106a, (b) Vit1; and the strain rate sensitivity index m∗ in the steady flow of SMLs:  
(c) Vit106a, (d) Vit1. The dotted lines are eye guides.
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3.2.  Glass transition memorized by the enthalpy-entropy 
compensation

Figures 4(a) and (b) show the linear relationship between ∆H 
and ∆S of Vit106a and Vit1 SMLs, respectively. It can be seen 
that the compensation law between ∆H and ∆S is satisfied as 
d∆H/d∆S = TMN. This linear relationship between ∆H and 
∆S is virtually determined by the linear relationship between 
∆G and T . The slope of the linear fit of ∆G versus T  relation 
is ∆S. The intercept of the linear fit with the longitude axis is 
∆H. Plotted against ∆S, the group of ∆H would exactly col-
lapse onto a line as shown in figures 4(a) and (b), on condition 
that all the fits of the ∆G versus T  relations intersect with 
each other on the same critical point (see supplemental mat
erials SII). As illustrated in figure 3(d), due to the increasing 
∆S under increasing flow stress in shear thinning, the ∆G 
versus T  relations converge towards lower temperature and 
memorizes a critical temperature TMN ∼ 0.96 Tg (657 K and 
597 K for Vit106a and Vit1, for which Tg are 683 K and 625 K, 
respectively), which can be derived from the slope of ∆H 
versus ∆S relation.

On the ∆G versus T  diagram, this critical point indi-
cates that, as T  decreases towards TMN, ∆G under different 
flow stresses increase gradually and become identical as 
~178 KJ mol−1 for Vit1 and as ~183 KJ mol−1 for Vit106a 
(approximately the activation energy of glass transition 
∆Gg ≈ 220 − 250 KJ mol−1 for the 2 SMLs, see supple-
mental materials SII. Figure  S5). Namely, as predicted by 
the TST, in the steady state flow of SMLs approaching the 
critical temperature TMN, the strain rates under different flow 
stresses gradually slow down and approximate a finite small 
constant value ε̇MN = ε̇0exp (−∆GMN/kBTMN ) ≈ 10−6 s−1. 
More importantly, as illustrated in figure 3(d), it is noted that, 
as the temperature decreases towards TMN, ∆G under a higher 
flow stress (∆Gσ1 in figure  3(d)) increases faster than ∆G 
under a lower flow stresses (∆Gσ6 in figure 3(d)), because of 
the larger activation entropy ∆S under higher flow stresses 
as shown in figure 3(c). Based on the TST, it means that the 
flow of SML under higher flow stresses slows down faster, i.e. 
faster dynamics undergoes faster ‘frozen’, as the temperature 
decreases towards TMN. More precisely, at the critical point 
TMN, the flow rate of SML cannot be further increased above 
10−6 s−1 by increasing the flow stress, indicating a diverging 
resistance to accelerated flow. Namely, as the temperature 
decreases towards TMN, the enthalpy-entropy compensation 
requires that the SMLs under different flow stresses should 
be kinetically ‘frozen’ into an identical solid-like steady 
flow state [2]. The limit case is that the constant strain rate 
ε̇MN equals 0 s−1 at TMN and the SML becomes a solid, i.e. 
a glass. It is also noted that a strain rate of 10−6 s−1 under 
a steady flow stress of 102 MPa corresponds to a viscosity 
of 1014 Pa · s, which is the typical viscosity value at which 
the SML is assumed to transit into a glass [2]. Hence this 
critical point (TMN,∆GMN) on the ∆G versus T  diagram is a 
clear reminiscent of the thermal glass transition. Considering 
the ambiguity in the measurement of Tg [39] and the almost 
consistent activation Gibbs free energy ∆GMN ≈ ∆Gg, the 
isokinetic temperature TMN ∼ 0.96 Tg memorized by the 

∆H −∆S compensation is concluded to be another version 
of the glass transition temperature Tg. This memorized glass 
transition suggests a kinetic nature of the glass forming pro-
cess. It is of great importance to note that this transition of 
SMLs into glasses as the temperature approaching TMN (i.e. 
the SML deviates from its meta-equilibrium state) is virtu-
ally memorized by the intrinsic shear disordering of SMLs 
(i.e. an increasing activation entropy). The memorized glass 
transition thus suggests an intrinsic correlation between glass 
forming and shear thinning. The values of TMN at 633 K for 
Vit1 SML(close to the measured Tg = 625 K) in figure 3(b) 
deviating from the linear fit could also be rationalized by the 
deviation of the Vit1 SML from its meta-equilibrium state as 
the temperature decrease towards TMN, because closer to the 
glass transition, the homogeneous steady flow state is get-
ting more difficult to reach in real experimental tests [40]. 
Moreover, this deviation of ∆G close to Tg also interprets the 
fact that the current flow data of the 2 SMLs fails to examine 
the compensation effect in the deformation of metallic glasses 
in glassy state [27].

More intriguingly, as illustrated in figure  3(d), in the 
regime where T < TMN, a higher flow stress would result 

Figure 2.  The activation Gibbs free energy versus flow stress 
(∆G versus σ) relations in the steady flow of SMLs at different 
temperatures: (a) Vit106a, (b) Vit1. The dotted lines are eye guides.
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into a higher activation Gibbs free energy ∆G, for instance 
∆Gσ1 > ∆Gσ6. In the TST, a higher activation Gibbs free 
energy ∆G means a lower flow rate and in turn indicates a 
higher viscosity. This phenomenon is the well known ‘shear 
thickening’, where higher flow rate causes higher viscosity. 
Thus, the enthalpy-entropy compensation law predicts a shear 
thickening regime in the flow of SMLs on the ∆G versus T  
diagram where T < TMN. This shear thickening regime at 
T < TMN also supports the above conclusion that the critical 
point (TMN,∆GMN) on the ∆G versus T  diagram is a virtually 
a kinetic glass transition. To our best knowledge, the shear 
thickening regime has not been observed in metallic glasses 
[40]. The reason for the not observed shear thickening regime 
in metallic glasses is probably due to the fact the homoge-
nous steady state flow of SMLs in the T < TMN regime (i.e. 
in glassy state) cannot be reached in real experimental tests, 
where the highly inhomogeneous shear bands-mediated 
plastic deformation of metallic glasses [40] dominates the 
flow. However, the shear thickening phenomenon has already 
been observed in quite a few glass-like systems [41, 42]. In 
future, the potential existence of a shear thickening regime in 
the flow of SMLs is of fundamental significance and worthy 
of more intensive investigations.

3.3.  Origin of the enthalpy-entropy compensation in SMLs

Inspired by the microscopic explanation of the enthalpy-
entropy compensation provided by Yelon and Movaghar [17], 
the origin of the enthalpy-entropy compensation law in the 
shear thinning of SMLs can be revealed as follows. As pro-
posed by Boisvert et al [18], the enthalpy-entropy compensa-
tion effect in the thermally assisted activation process exhibits 
a many-body nature, which means that the activation energy 
for the activation process is provided by multiple typical ele-
mentary excitations. To provide the activation energy for the 
activation process, the multiple excitations are assembled in 
a collective mode [17]. In the SMLs, the activation process is 
the flow of SMLs and the typical excitation is the STZ event. 
In the flow of SMLs, the STZs are assembled in a collective 
mode [43]. With an increased number of the collectively acti-
vated STZs, the number of ways of assembling these STZs 
(i.e. the routes to the activated state) increases exponentially. 
It is the growth in the activation routes that results into an 
increased activation entropy ∆S under increasing flow stresses 
which comprises the entropic compensation effect [18].

This proposition has been verified in a model glass where 
the entropy of combining multiple STZs to overcome the 

Figure 3.  The activation Gibbs free energy versus temperature (∆G versus T ) relations in the shear thinning of Vit106a and Vit1 SMLs: 
(a) Vit106a, (b) Vit1. The dotted lines are linear fits. The activation entropy ∆S of Vit106a and Vit1 SMLs at different flow stresses (c), 
indicating the increased disorder in the shear thinning of SMLs. The dotted lines are eye guides. (d) Illustration of the enthalpy-entropy 
compensation memorized glass transition.
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energy barrier for flow constituents the enthalpy-entropy 
compensation effect [22]. To further confirm this proposi-
tion in our work, it is noted that the increased number of col-
lectively activated STZs corresponds to the increment of the 
activation volume V  [17]. The STZs activated in a multiple-
STZs collective mode will feel a larger activation volume. 
Similar collective mode indicated by the increased activa-
tion volume is also observed in the nucleation of dislocations 
[44]. Therefore, the increased ∆S in the enthalpy-entropy 
compensation law under increasing flow stress suggests a 
concomitantly increased activation volume V . The activation 
volume V = −∂∆G (σ, T)/∂σ for the flow of the 2 SMLs 
can be derived via introducing ∆G (T ,σ) = kBTln (ε̇0/ε̇ ). As 
having been established [45], the activation volume V  reads: 

V ∝ kBT
σm∗ , where m∗ = ∂lnσ/∂lnε̇ is the strain rate sensitivity 

index.
For convenience, figure 5 shows the value of σ · m∗ instead 

of the kBT/σm∗ of Vit106a and Vit1 SMLs in steady state 
flow, respectively, where the main results remain unchanged. 
It can be seen that for both of the 2 SMLs, σ · m∗ increases, 
i.e. V  decreases, in an initial shear thinning regime (m∗ > 0.4, 
as indicated by the dashed line in figures 1(c) and (d)). While 
in a prominent shear thinning regime m∗ < 0.4, σ · m∗ 

decreases, i.e. V  increases. The 2 shear thinning regimes 
have also been observed in the creep of metallic glasses [46], 
which correspond to 2 different deformation mechanisms, i.e. 
single atom diffusion (or sparse STZs, n = 1/m∗ < 2.5) and 
cluster cooperative shear transformation (or multiple STZs, 
n = 1/m∗ > 2.5), respectively. This phenomenon also coin-
cides with the fact that m∗ ≈ 0.4 − 0.6 has been reported as 
the boundary for the development of long range correlation 
in the steady flow state of sheared glasses and emulsions 
[12, 47]. Thus, the decrease of σ · m∗, i.e. increase of V , in 
the prominent shear thinning regime m∗ < 0.4 indicates the 
development of strong correlation effects between STZs [48], 
which would lead to the collective activation of STZs. The 
larger V  in the collective activation of STZs, the more routes 
to the activated state. Hence, the increment of V  is concluded 
to be the main cause for the increment of ∆S at higher flow 
stresses in the prominent shear thinning regime m∗ < 0.4 of 
SMLs, i.e. the origin of the enthalpy-entropy compensation. 
Additionally, it is intriguing to see the initial shear thinning 
regime m∗ > 0.4, where σ · m∗ increases, i.e. V  decreases. In 
this regime, as predicted in simulations and emulsions [12, 47], 
the correlation effect is not dominant. The enthalpy-entropy 

Figure 4.  The linear relationship between activation enthalpy ∆H 
and activation entropy ∆S in the shear thinning of Vit106a (a) and 
Vit1 (b) SMLs. The solid lines are linear fits. Figure 5.  The product of flow stress and strain rate sensitivity 

index:σ · m∗ at different temperatures of SMLs: (a) Vit106a and  
(b) Vit1. The dashed lines are eye guides.
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compensation effect, i.e. the increment of ∆S at increasing 
flow stresses, is probably due to the increased number of the 
sparsely distributed STZs arising from the facilitation effect 
in the activation STZs. The result in figure 5 is in alignment 
with the competition between the facilitation and correlation 
effects in the flow of SMLs [48]. These findings enrich cur
rent understanding on the many-body nature of the ubiquitous 
enthalpy-entropy compensation law.

Moreover, to further understand the origin of the enthalpy-
entropy compensation in SMLs, it is important to note that 
the compensation effect has also been found to apply to the 
grain boundary internal friction [49] and dislocation nuclea-
tion from the inside of grain boundaries [44]. The atomic 
structure inside grain boundaries bears a strong resemblance 
to the amorphous structure of metallic glasses. More impor-
tantly, the enthalpy-entropy compensation temperature of the 
grain boundary internal friction in high purity aluminum also 
locates at a critical phase transition point [49], below which 
the relaxation process in grain boundary internal friction with 
a lower activation enthalpy is faster, while above which the 
relaxation process with a higher activation enthalpy is faster. 
This crossover of the relaxation time of the relaxation pro-
cess in grain boundary internal friction at the compensation 
temperature is much similar to the memorized glass transition 
in the current work, below which the flow of SMLs with a 
lower activation enthalpy is faster, while above which the flow 
of SMLs with a higher activation enthalpy is faster. The syn-
chronization (i.e. a collective mode) of the relaxation units in 
the grain boundary internal friction is also considered crucial 
in the crossover of the relaxation time [49]. On the other hand, 
the nucleation mechanism of dislocations from the inside of 
grain boundaries also exhibits a transition from a shuffling-
assisted mode to a collective nucleation mode upon increasing 
flow rate [44]. This fact highly coincides with the transition 
from sparsely activated STZs to the collectively activated 
STZs in the flow mechanism of SMLs. Especially, similar 
variation tendency of the activation volume shown in figure 5 
is also found for the dislocation nucleation from the inside 
of grain boundaries. More works on these issues in future 
would largely advance our knowledge on the universality of 
the enthalpy-entropy compensation law.

4.  Conclusion

In summary, the enthalpy-entropy compensation law are exam-
ined in the shear thinning regime of 2 typical SMLs. A group 
of ∆G versus T  relations diverging from each other towards 
higher temperature, i.e. converging towards lower temper
ature, are observed in the shear thinning of SMLs. The ∆G 
versus T  relations indicate an increasing activation entropy 
∆S, i.e. increasing disorder, under increasing flow stress and 
suggest a polyamorphic transition in the yield of metallic 
glasses. The enthalpy-entropy compensation memorizes the 
glass transition in the strongly shear-thinned SMLs, dem-
onstrating a kinetic nature of glass transition. The enthalpy-
entropy compensation effect is attributed to the facilitation 
effect and the correlation effect in the activation of STZs, in 

the initial shear thinning regime and in the prominent shear 
thinning regime divided by a critical strain rate sensitivity 
index m∗ ≈ 0.4, respectively.
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