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A B S T R A C T   

The mechanical properties of amorphous materials are closely related to their energy states (enthalpy). Usually, a 
higher energy state corresponds to larger plasticity and lower hardness. Here, we explore the correlation between 
the enthalpy and hardness of rejuvenated Au-based metallic glasses (MGs). We found that the rejuvenated MG 
with a high-energy state presents a hardness variation trend different from before, i.e. the hardness increases 
instead of keeping on decreasing with increasing enthalpy when the enthalpy is higher than an intermedia value. 
It is revealed that both the reactivations of β- and α-relaxation are beneficial to increasing the enthalpy but show 
opposite effect on the hardness. This study shows that this decoupling may be originated from the beginning of 
the reactivation of α-relaxation. Our work provides new insights into designing MGs with excellent mechanical 
properties by rejuvenating relaxed MGs via the furthest reactivation of β-relaxation and avoiding reactivation of 
α-relaxation.   

Generally, the enthalpy of metallic glasses (MGs) is coupled with 
their mechanical properties, i.e., higher enthalpy corresponds to larger 
plasticity and lower hardness, and vice versa [1–11]. Therefore, the 
mechanical performance of MGs can be tailored by varying their 
enthalpy. In the relaxed state, usually obtained by sub-Tg (Tg, glass 
transition temperature) annealing, the MGs are in a low energy state and 
show high hardness and low plasticity [7,8]. On the other hand, in the 
rejuvenated state, for example after rejuvenation by cryogenic thermal 
cycling treatment, the energy states of MGs are lifted, and the rejuve-
nated MGs exhibit low hardness and improved plasticity/ductility [1,6, 
12–15]. 

Conventionally, structural relaxation of MGs is usually carried out by 
annealing at a temperature far below Tg where β-relaxation occurs [16]. 
The β-relaxation is thought to correspond to localized atomic rear-
rangements and results in a decrease in enthalpy and an increase in 
hardness [17]. On the other hand, it has been reported that reactivation 
of β-relaxation, recovery of the relaxed intrinsic flow units [18], can 
increase the enthalpy, improve the plasticity and simultaneously reduce 
the hardness of MGs. Hence, the observed coupling between enthalpy 

and mechanical properties is attributed to the β-relaxation and reac-
tivation of β-relaxation which correspond to the local atomic rear-
rangement in soft regions [19,20] or flow units [16,21,22]. However, it 
is still unclear whether the reactivation of α-relaxation, which is corre-
sponding to large-scale atomic rearrangement, can be achieved during 
rejuvenation at a temperature below Tg and its influence on the enthalpy 
and mechanical properties. As a consequence, another question that 
whether this coupling is still maintained when the reactivation of 
α-relaxation occurs is raised. 

Here, we explore the effect of thermal rejuvenation on the enthalpy 
and hardness of the relaxed Au50Cu25.5Ag7.5Si17 MGs at a rejuvenation 
temperature (Trej.) around but below Tg. An intriguing trend that the 
enthalpy increases monotonically with increasing rejuvenation tem-
perature, while the hardness shows the minimum at the rejuvenation 
temperature of ~0.95 Tg was observed, implying a decoupling between 
enthalpy and hardness for samples rejuvenated at high rejuvenation 
temperatures. It is revealed that both the reactivations of β- and 
α-relaxation are beneficial to the increase in enthalpy, and that the 
reactivation of β-relaxation reduces the hardness as expected while the 
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reactivation of α-relaxation results in an increase in the hardness, 
showing that decoupling between enthalpy and mechanical properties is 
originated from the reactivation of α-relaxation. Our findings provide 
new insights into designing MGs with optimum mechanical properties 
by rejuvenating a relaxed MG via the furthest reactivation of β-relaxa-
tion and avoiding reactivation of α-relaxation. 

The relaxation and rejuvenation of Au-based MGs were carried out 
by using a flash differential scanning calorimetry (Flash DSC 1, Mettler 
Toledo). A fully glassy sample was obtained by cooling a liquid at a 
cooling rate of Rc = 1000 K s− 1. The glass transition temperature Tg and 
crystallization temperature Tx are measured to be 420 K and 476 K, 
respectively, at a heating rate of 100 K s− 1. The relaxed MG was obtained 
by heating the MG to 438 K (within the supercooled liquid region) and 
then immediately cooling to 303 K at 3 K s− 1. Rejuvenation, increasing 
the enthalpy, was achieved in a second heating of the relaxed sample. 
The relaxed MG was heated to a different temperature ranging from 363 
K to 420 K at 100 K s− 1 and then immediately cooled at 1000 K s− 1 to 
303 K to obtain the rejuvenated MG. The measurement of heat flow was 
carried out at a heating rate of 100 K s− 1. The detail of the thermal 
protocol is shown in Fig. S1. The Vickers hardness testing (Q10 A+
microhardness tester) was conducted with a load of 15 g at room tem-
perature. According to the ASTM MNL46 standard [23], the hardness 
value was calculated based on the length of the diagonals of the 
indentation that was analyzed by LEXT OLS4000 laser confocal micro-
scopy. At least 4 samples were tested for each condition, and in order to 
minimize the influence of aging, the total time of sample fixing and 
polishing was limited to 3 min. 

Fig. 1 shows the DSC traces of the relaxed sample and several 
representative rejuvenated samples. The inset shows the close-up of the 
DSC curves at the temperature range of 310 K-480 K. For the relaxed 
sample, its DSC curve exhibits an obvious endothermic peak, also known 
as overshoot peak that often observed in an annealed or slow cooled MG 
[24–26], at a temperature above Tg, demonstrating its low energy state. 
After rejuvenation, the value of specific heat Cp decreases at the 

temperature range from ~320 K to 440 K compared with that of the 
relaxed sample, indicating a rejuvenation effect. With the increase in the 
rejuvenation temperature from 363 K to 420 K, the value of specific heat 
keeps on decreasing, implying a stronger rejuvenation effect at higher 
rejuvenation temperatures. However, it is noted that the specific heat 
curves show two obvious characteristic peaks for samples rejuvenated at 
different rejuvenation temperatures. For samples rejuvenated at a 
rejuvenation temperature lower than 397 K, only the value of specific 

Fig. 1. Differential scanning calorimetry (DSC) traces of the relaxed sample and several representative rejuvenated samples at a heating rate of 100 K s− 1. The inset 
shows a close-up of around the glass transition. 

Fig. 2. Differences in the specific heat ΔCp between the rejuvenated and 
relaxed samples. The purple and red arrows illustrate the variation of the two 
peaks respectively. The inset shows the ΔCp curve of the sample rejuvenated at 
408 K and its corresponding fitting curves with two distinct peaks (Tp1 and 
Tp2).  (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 
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heat at low-temperature range (below Tg) decreases with increasing 
rejuvenation temperature, however, at higher temperature range (above 
Tg), the specific heat curves remain overlapped with that of the relaxed 
sample. For samples rejuvenated at a rejuvenation temperature higher 
than 397 K, the intensity of overshoot peak begins to decrease with 
increasing rejuvenation temperature. 

To better illustrate the difference in the rejuvenated samples, all the 
Cp curves of rejuvenated samples were subtracted by that of the relaxed 
sample, and the corresponding differences in the specific heat, ΔCp (=
Cp, rejuvenated - Cp, relaxed), are shown in Fig. 2. It is shown that the ΔCp 
curves exhibit obvious difference for samples rejuvenated at different 
rejuvenation temperatures. For the samples rejuvenated at low rejuve-
nation temperatures (lower than 397 K), only one single peak exists on 
the ΔCp curves, and the intensity of this peak increases with increasing 
rejuvenation temperature. However, when the rejuvenation tempera-
ture reaches 398 K, a second peak appears, and the intensity of the 
second peak also increases with increasing rejuvenation temperature. To 
clearly show the splitting, the ΔCp curve of the sample rejuvenated at 
408 K was fitted with two distinct peaks of Tp1 and Tp2 (inset in Fig. 2). 
The increasing intensity in the peaks demonstrates the increasing reju-
venation effect with the increasing rejuvenation temperature, however, 
the transition from one single peak to two separated peaks may imply 
different rejuvenation mechanisms at different rejuvenation 
temperatures. 

To verify this, taking the sample rejuvenated at 408 K as an example, 
the activation energy, ΔE1 and ΔE2, of the two peaks was investigated at 
different heating rates varying from 40 K s− 1 to 200 K s− 1 as shown in 
Fig. S2. The ΔE1 and ΔE2 are determined to be (82.8 ± 1.5) kJ mol− 1 and 
(168.6 ± 12) kJ mol− 1, respectively. Noted that the ΔE1 is about (24 ±
0.5) RTg, which is almost equal to the β-relaxation activation energy ΔEβ 

≈ (26 ± 4) RTg [27]. It has been demonstrated that the rejuvenation of 
relaxed MG at temperatures below Tg can be attributed to the reac-
tivation of β-relaxation [18]. Hence, it is believed that the first peak in 
the ΔCp curves is corresponding to the reactivation of β-relaxation 
during rejuvenating the relaxed sample at low rejuvenation tempera-
tures. On the other hand, the ΔE2 is about (48.3 ± 3.4) RTg, which is 
close to the α-relaxation activation energy as reported by Song et al. 
[28]. Considering that the peak temperature Tp2 of 428 K is higher than 
the Tg of 420 K, therefore, it is reasonable to speculate that the second 
peak in the ΔCp curves in the samples rejuvenated at higher rejuvenation 
temperatures (inset in Fig. 2) is corresponding to the reactivation of 
α-relaxation during the rejuvenation process. 

The difference in energy state between the rejuvenated samples and 
relaxed sample can be quantitative characterization by the enthalpy 
changes, ΔH, the integration of the corresponding ΔCp curves. The total 
enthalpy changes, ΔHt, as a function of rejuvenation temperature is 
shown in Fig. 3a. Considering that the ΔHt consist of two parts: the 
reactivation of β-relaxation (ΔH1, corresponding to the first peak in 
Fig. 2) and the reactivation of α-relaxation (ΔH2, corresponding to the 
second peak in Fig. 2), ΔH1 and ΔH2 are calculated separately and the 
results are also plotted in Fig. 3a. It is shown that, when the rejuvenation 
temperature is lower than 397 K, only the reactivation of β-relaxation 
contributes to the increase in the energy state, hence, the ΔHt and ΔH1 
are overlapped. With the further increase in the rejuvenation tempera-
ture, the reactivation of α-relaxation occurs, both the reactivation of 
β-relaxation and α-relaxation contribute to the rejuvenation and in-
crease in energy state, resulting in the sharply increase in the ΔHt. 

The variation of energy state during rejuvenation may imply a 
variation of structure state which can be well characterized by the fictive 
temperature, Tf [29]. Here, the Tf is obtained from the intersection be-
tween the extrapolated glass and liquid lines (Fig. S3), and the corre-
sponding results are also shown in Fig. 3a. Similar to the variation of 
energy state, the Tf increases monotonically with increasing rejuvena-
tion temperature, showing a one-to-one correspondence in energy state 
and Tf as observed before [9,10,30–33], i.e. higher Tf corresponding to 
higher energy state, and vice versa. 

It has been demonstrated that rejuvenation/high Tf is beneficial to 
mechanical properties, such as improving plasticity, fracture toughness 
and reducing hardness [1,9,10,30,34]. Here, the hardness of the relaxed 
and rejuvenated samples was also measured and the results are shown in 
Fig. 3b. The corresponding indentation morphologies are shown in 
Fig. S4. The relaxed sample shows the maximum hardness of 347 ± 5 
Hv. After rejuvenation, the enthalpy and Tf increase (Fig. 3a), and as 
expected, softening occurs in all of the rejuvenated samples compared 
with that of the relaxed sample. However, contrary to the monotonic 
increase in enthalpy and Tf, the hardness does not evolve in a monotonic 
trend. It decreases firstly to a minimum value of 309 ± 4 Hv for the 
sample rejuvenated at 397 K, then increases gradually and reaches a 
maximum of 340 ± 5 Hv for the sample rejuvenated at 420 K. Although 
the plasticity was not investigated in present work due to the limited size 
of sample, the maximum height of pile-up (hp, max), which can reflect the 
deformation mode and plasticity [2,35–38], was carefully measured. 
The minimum in hp, max of the sample rejuvenated at 397 K (Fig. 3b) may 
imply that it deforms more homogeneously and possesses the largest 
plasticity among all the relaxed and rejuvenated samples [37]. The 
monotonic increase in enthalpy and non-monotonic variation tendency 
of mechanical properties show a decoupling between enthalpy and 
mechanical properties. This decoupling can also be revealed by the 
non-monotonic correlation between hardness and fictive temperature as 
shown in Fig. S5. 

It is believed that MG consists of soft regions (the weakly bonded 
regions) and hard regions (strongly bonded regions) [16,39]. The soft 
regions are also described as liquid-like regions, which have more free 
volume and are at a higher energy state, and thus it is well accepted that 
the higher energy state is, the more liquid-like regions exist and the 
lower hardness is in MG [2,9,40–42]. However, we observed an 

Fig. 3. (a) Enthalpy changes and fictive temperature as a function of rejuve-
nation temperature. (b) Hardness and maximum height of pile-up (hp, max) as a 
function of the rejuvenation temperature. The error bars show the standard 
deviation for the hardness and hp, max measurements. 
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abnormal phenomenon that a higher-energy state gives a harder glass. 
The decoupling between enthalpy and hardness during the rejuvenation 
of the relaxed samples can be understood from the distribution of 
liquid-like regions and special structural evolution as shown in Fig. 4. 

In the present work, the relaxed MG is obtained at a low cooling rate 
of 3 K s− 1. During the slow cooling process, the free volume annihilates 
and thus the relaxed MG becomes harder and is at a low energy state. In 
the following rejuvenation at low temperatures, the specimen expands 
and generates liquid-like regions, and these high-energy defects are 
partially frozen in the subsequent quenching process at a cooling rate of 
1000 K s− 1. This results in the reactivation of β-relaxation as suggested 
in Fig. 2 and Fig. 3a, and gives the increase in the fraction of liquid-like 
region annihilated during slow cooling, and therefore, results in the 
reduced hardness compared with that of the relaxed sample as observed 
in Fig. 3b. With the increasing of rejuvenation temperature to 397 K 
(~0.95 Tg), more sites of β-relaxation are reactivated and frozen in the 
MGs (inset (b) of Fig. 4), resulting in a continuous decrease in hardness. 

Once the rejuvenation temperature is higher than 397 K but still 
below Tg, the isolated liquid-like regions connect with each other. This 
percolation of these liquid-like regions leads to large-scale structural 
rearrangement, inducing the reactivation of α-relaxation. Due to the 
rejuvenation temperature is still below Tg, the MG does not enter into 
the supercooled liquid region and hence these connected liquid-like 
regions are still wrapped by the solid-like matrix as shown in the inset 
(c) of Fig. 4. However, this large-scale structural rearrangement may 
provide an opportunity for the formation of chemical short-range order 
(CSRO), which is believed to have no influence on the energy state but 
have a significant influence on deteriorating the mechanical properties 
of MG [43,44]. Hence, the energy state continuously increases, but the 
hardness does not continuously decrease. Besides, the inhomogeneous 
expansion between the liquid-like regions and solid-like regions may 
induce significant internal stress, which can trigger a denser atomic 
packing (hard spots) in the solid-like regions as suggested by Zhu et al. 
[45], and in turn counteracts the softening effect to some extent. Both 
the formation of CSRO or hard spots weaken the ability of softening 
induced by the increasing liquid-like regions, and give the observed 
decoupling between the enthalpy and hardness. However, the exact 
nature of the atomic structure evolution during rejuvenation at different 
temperatures and its influence on the mechanical properties need 
further investigation. 

In summary, we systematically investigated the rejuvenation 

behaviors of a slow-cooled Au-based MG including the changes in 
enthalpy and hardness. Contrary to the continuous increase in the en-
ergy state with the increasing rejuvenation temperature, the hardness of 
our rejuvenated samples exhibits a non-monotonic variation trend, 
showing decoupled behavior between the enthalpy and hardness at the 
rejuvenation temperature below Tg. The reactivation of β-relaxation 
softens the MGs, however, the reactivation of α-relaxation weakens the 
roles of β-relaxation. Our present results give a new insight into 
designing MGs with excellent mechanical properties by rejuvenating 
relaxed MGs via the furthest reactivation of β-relaxation and avoiding 
reactivations of α-relaxation. 
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