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Abstract: Secondary B relaxation is a fundamental issue to understand the diffusion,
plasticity and glass transition behavior of metallic glasses. Binary metallic glasses
provide a simple glassy system to probe the dynamic mechanical processes. In the
current research, dynamic mechanical behavior of the typical binary metallic glasses
was investigated by dynamic mechanical analysis (DMA). The dynamic mechanical
relaxation behavior of Cuso-xTiso+x (x= 0, 7 and 9) and CuxZrioo-x (x= 30, 50, 56, 61.8
and 64) binary metallic glass system was studied. It is found that the B relaxation
becomes pronounced with the increase of copper, which is analyzed in the framework
of the principle of mixing enthalpy. However, the B relaxation of CuZr or CuTi binary

metallic glasses is much more modest than that of Y5C03s, DyssCoss and Y¢7Cuss.

Keywords: Binary metallic glass; Mechanical relaxation; Secondary relaxation;

Structural heterogeneity

1. Introduction and background
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Metallic glasses (MGs) have drawn exhaustive interests in the past decades due to
their unique physical and mechanical properties, such as high strength [1], excellent
corrosion resistance [2], super thermo-plastic ability [3, 4] and superior catalytic
capabilities [5]. These physical or mechanical properties are closely related to their
heterogeneous microstructure. Different than conventional crystalline solids, there are
no recognizable defects (i.e., dislocations and grain boundaries) in metallic glasses. It
is very important to establish the correlation between the microstructure and
mechanical/physical properties of MGs [6, 7]. The link between mechanical relaxation
processes, in particular, the secondary 3 relaxation and mechanical properties (i.e.
plasticity) has been established [8-10]. Therefore, MGs are considered to be the model

system for probing the B relaxation of glassy materials.

It is believed that glassy materials experience two relaxation processes. The main
a relaxation emerges at high temperature and becomes "frozen" when the temperature
lies below the glass transition temperature 7. On the other hand, the secondary
relaxation remains active below the 7, decoupled from the main a relaxation. The
primary o relaxation relies on the cooperative movement of atoms, while the secondary
B relaxation is associated to the local motion of atoms. In essence, the main o relaxation
of non-crystalline solids is linked to the dynamic glass transition process. According to
the recent investigations [11-15], this is well in accordance with the cooperative shear
model based on the concept of a potential energy landscape. While the slow 3 process
corresponds to individual shear transformation zone (STZ) transitions, the o relaxation
can be related to their percolation, leading to macroscopic plastic flow. Nevertheless,
of more significant importance is the identification of the universal fast B’ secondary
relaxation in addition to the slow B and a relaxation for MGs [15, 16]. Mechanical
spectroscopy data shows that the two secondary relaxations in MGs have quite different
dynamic characteristics [13, 17]. The peak of the loss modulus of fast B’ relaxation has
much lower magnitude but larger broadness than that of the slow 3 relaxation. In the
past two decades, a large corpus of experimental data has disclosed that B relaxation is

key to describe the properties of glass-forming materials [18]. While there is only one
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relaxation process at high temperature for liquid, the secondary relaxation process in
the glass is commonly associated with the breakdown of the Stokes-Einstein relation.
A correlation between atomic mobility and the local structure has been proved in
supercooled liquids [19].

Binary metallic glasses are excellent model alloys to study the mechanical
relaxations. Theoretical research [20] and simulations [21] have proven that the P
relaxation is closely linked to the diffusion of atoms in MGs. It has been proved that
the activation energy of the  relaxation Eg is related to the diffusion activation energy
in the Fe/Co/Ni MG system [22]. In addition, it was further confirmed that the self-
diffusion of Fe/Co/Ni plays an important role in the P relaxation process. Previous
investigations have proved that the glass transition (o relaxation) behavior is mainly
dominated by the slowing down of diffusion of large particles, while the diffusion of
small particles remains in a deep glassy state [23-25]. These results rise one unsolved
question: What is the link between the diffusion and the relaxation modes in glassy

materials?

In the current work, the mechanical relaxation behavior of the binary MGs, i.e.,
CuxZrioox (x= 30, 50, 56, 61.8 and 64), CusoxTiso+x (x=0, 7 and 9) and rare earth based
(i.e. Ye5Co03s, DyssCoss and Ys7Cus3) was probed by dynamic mechanical analysis
(DMA). The results suggested that the slow [ relaxation . The current research provides

a new way to understand the origin of the slow [ relaxation.

2. Experimental procedure

The ingots of the model alloys were prepared by arc melting in a Ti-gettered Argon
atmosphere. The ingots were re-melted at least 5 times to keep the chemical
homogeneity. Ribbons were obtained by single-roll melt-spinning in an Argon
atmosphere with a tangential velocity of about 40 m/s. The thickness of the ribbons is
around 30-40 pm. Dynamical mechanical behavior of the MGs was carried out on a

commercial DMA (TA Q800) in film tensile mode in a nitrogen-flushed atmosphere.

3. Results and discussions
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Fig.1 (a) shows the temperature dependence of the normalized storage modulus
(E'/Eu) and the loss modulus (E"/Eu) of a CusoZrso binary MG (driving frequency is 1
Hz, the heating rate is 3 K/min). Ey corresponds to the value of unrelaxed modulus at
ambient temperature. It can be seen that in the low temperature range the model alloy
is staying in amorphous state. The storage modulus E' remains approximately constant
with a high value, while the loss modulus E” is very low. Consequently, elastic
deformation dominates the mechanical behavior in this temperature domain. By
increasing the temperature, the storage modulus decreases drastically while the loss
modulus reaches its maximum value around 695 K, which is associated with the
primary a relaxation. It is well recognized that the main o relaxation corresponds to the
evolution from the out-of-equilibrium state to the supercooled liquid in glassy materials
[17]. When the temperature is above 700 K, both E’ and E" increase exceedingly as
temperature increases, as a consequence of crystallization. It should be stressed that

pronounced secondary [} relaxation has not been observed in the CusoZrso binary MG.

It is well known that the secondary P relaxation is linked to the localized
movement of atoms while a relaxation is related to cooperative motion of atoms [26-
28], and appears in form of shoulder or excess wing in the dynamic mechanical-loss
spectra [29]. Fig.1 (b) presents the evolution of the normalized loss modulus with
temperature in typical CuxZrioo-x (x=30, 50, 56, 61.8 and 64) binary MGs. The data are
normalized to the values of temperature and loss modulus at the peak of o relaxation,
namely Ty and E"max. As already found in the literature, the secondary 3 relaxation in
CuZr allows displays as an excess wing rather than a discernible shoulder or peak.
Interestingly, the secondary relaxation process is sensitive to the chemical composition.
By increasing the content of zirconium, the excess wing due to f relaxation of the binary

MGs was almost removed.
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Fig.1 (a) Evolution of normalized storage modulus and loss modulus with the
temperature of CusoZrso metallic glass (heating rate is 3 K/min; driving frequency is 1
Hz). (b) The normalized loss modulus E"/E"max as a function of temperature in
CuxZrioox (x= 30, 50, 56, 61.8 and 64) MGs. Measurement frequency is 1 Hz and

heating rate is 3 K/min. E"max is the peak temperature of the main o relaxation.

In order to further understand the effect of the chemical composition in binary
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MGs, mechanical relaxation of CusoxTiso+x (x=0, 7 and 9) binary MGs was investigated.
Fig.2 shows the temperature dependence of the normalized loss modulus with
temperature of CusoxTisox (x= 0, 7 and 9) binary MGs. According to the mechanical-

loss spectra, the slow 3 relaxation was suppressed by increasing the content of titanium.

 1-Cuy Tisg

[ 2-Cuy3Tigy
- 3-Cug(Tig

0.01 : : : ' . '
0.7 0.8 0.9 1.0

T/Ta

Fig.2 Normalized loss modulus E"/E"max as a function of temperature in CusoxTis0+x

(x=0, 7 and 9) MGs. Testing frequency is 1 Hz and heating rate is 3 K/min.

The behavior of B relaxation in MGs can be explained in the framework of mixing
enthalpy principle [30]. A negative enthalpy of mixing for a pair of atoms exhibits an
evident 3 relaxation, while a positive or a significantly different mixing enthalpy will

suppress P relaxation. The average mixing heat AHS"®™ is given by
AHmix = 4’2 AHABmixCACB (1)

where AHypmi, represents the enthalpy of mixing between elements A and B. ca, cg
indicate the molar fractions of elements A and B in the alloy, respectively [31]. The data

of mixing enthalpy of constituent atomic pairs are derived from Ref. [32]. Fig.3 plots
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the mean chemical affinity AH,,;, of the CusoxTiso+x (x= 0, 7 and 9) MGs. Cu-Ti
atomic pair has a relatively negative enthalpy of mixing of -9 kJ/mol. In the case of the
CusoxTiso+x (x=0, 7 and 9) MGs, CusoTiso has the largest negative enthalpy of mixing,
which corresponds to the most prominent 3 relaxation peak. The experiments in the

current research are in good agreement with the prediction of mixing enthalpy principle.
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Fig.3 Mixing enthalpy AH,,;, for the CusoxTiso+x (x=0, 7 and 9) MGs.

Recent investigation on a LaNiAl MG suggests that the slow P relaxation is
sensitive to the chemical compositions [33]. It has been found that binary La-Ni MGs
shows an discting slow B relaxation peak while La-Al and La-Cu binary MGs show
excess wing process. Since both La and Y are rare earth (RE) elements, whether the
unusual dynamics are general to similar MGs based on other RE elements. The question
which remains open is whether the pronounced B relaxation peak is general for RE-
Ni/Co binary MGs. The binary RE-Ni/Co MGs may serve as model materials to

investigate the P relaxation in MGs due to its simple composition. In general, only a
8
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few types of MGs exhibit significant B relaxation revealed by DMA measurements,
such as La- [34] and Nd-based [28] MGs. For other MGs, i.e. Zr-[35], Cu-[36], Ti-[37],
Mg-[38] and Ce-based [39] MGs show an excess wing in their loss modulus. Most
binary MGs exhibit weak evidence of B relaxation in their dynamic mechanical
spectroscopy. In contrast to other MGs, Co3sDyss and CossYes show a distinct f3

relaxation peak in the mechanical relaxation measurements.

As shown in Fig.4, the temperature dependence loss modulus E” of a Ys7Cus;3
binary MG exhibits two distinct peaks : an a relaxation peak of E” located at about
600+5 K and a pronounced P relaxation peak situated at about 420+5 K. The B
relaxation peak of the loss modulus is associated to the heterogeneity of microstructure
or the “defects” of MGs. The inset of Fig.4 compares the B relaxation behavior of
DyssCoss, Y65C035 and Ys7Cu33 binary MGs. Only the curves with the testing frequency
of 1Hz are exposed. The loss modulus E” curves have been scaled for comparison. The
temperature is reduced by the peak temperature of a relaxation T, and E” is normalized
by E".. From the normalized plot, it can be realized that the 3 relaxation of YesCoss is
stronger than that of Ys7Cuss. In addition, the intensity  relaxation of DyssCoss is the
largest, which further confirms that the magnetic element Co can facilitate pronounced

B relaxation.
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Fig.4 Temperature dependence of the loss modulus E” of Y¢7Cus3 at 1 Hz and a heating
rate is 3 K/min. The inset shows the temperature dependence of normalized loss
modulus in Y¢sCoss , DyssCoss and Ye7Cu33 binary MGs (heating rate is 3 K/min and

driving frequency is 1 Hz).

Fig.5 illustrates the temperature dependence of E” at different frequencies (0.5, 1,
2, 4 or 8 Hz) of DyssCo3s and Ye5Co3s binary MGs. The Tg shifts to higher temperatures
by increasing the frequency. The activation energy for B relaxation (Ep) is determined

by the In(f") vs 1000/Tg plot. It can be fitted to an Arrhenius equation [40]:
Ep
f = foexp (-~ r)

10
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where f, is the Arrhenius pre-factor, Ep is the activation energy of the B

relaxation and R is the gas constant.

The inset of Fig.5 (a) shows the Arrhenius fit of the measured data of DyssCo3s

MG. The fitted activation energy Ep is 110 kJ/mol, or Ez = 23RT, (R is the gas
constant). In the same way, the inset of Fig.5 (b) shows the Arrhenius fit of the

measured data of YesCo3sMGs. The fitted activation energy Ep is in this case 107
kJ/mol, or Eg = 23RT,. Bot are is in good agreement with the relationship reported

between the Ep and Tgin different MGs [9].

Compared to DyssCozs MG, it is worth noting that Y5Co3s MG presents an evident
slow B relaxation at low temperature. Nevertheless, Ys7Cusz MG don’t show an
apparent slow f relaxation. In fact, whether B relaxation is obvious will affect the
mechanical properties of metallic glass. At room temperature, due to MGs are staying
in the metastable state, namely, atoms are in “frozen” state. When the temperature
increases (but still below the glass transition temperature 7%), the “frozen” atoms soak
up amounts of energy. The origin of B relaxation is not clear, but it is generally accepted

that it is associated with string-like atomic rearrangements [41].

11
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Fig.5 (a) Temperature dependence of loss modulus of DyssCo3s metallic glass measured
at various frequencies. Inset is the Arrhenius plot of the frequency vs peak temperature
of the B relaxation. (b) Temperature dependence of loss modulus of Yss5Co3s metallic
glass measured at different frequencies. Inset is the Arrhenius plot of the frequency vs

peak temperature of the [ relaxation.

Fig.6 shows the correaltion between the activation energy of 3 relaxation and the
glass transition temperature 7y in typical MGs. It has been proven that activation energy
of the slow [ relaxation in glassy materials obeys the empirical relation Eg=(26 =4)RT,
(R is gas constant)[9],. As T is the characteristic temperature of o relaxation, the
relationship between Ep and 7, shows that B relaxation and a relaxation are tightly

connected. In other words, a relaxation may consist of many percolating 3 relaxation

12
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processes. In the case of LazoCeszoAlisCozs [42] metallic glass, the activation energy of
a relaxation and P relaxation is 3.61 eV and 0.86 eV, respectively.It should be noted
that the apparent activation energy of o relaxation is approximately four times that of 3
relaxation. The correlation between the activation energy of DyssCo35/Y 65C035 metallic

glasses and the glass transition temperature 7, obeys with the 24R 7, relationship.
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L8 @ LagsCoygAlys W CozsYes
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Fig.6 Correaltion between the activation energy of slow 3 relaxation Eg with the glass

transition temperature 7, in typical MGs. The data are obtained from Ref. [43].
4. Conclusion

In summary, mechanical relaxation processes of binary MGs were probed by
mechanical spectroscopy. B relaxation of the CuxZrigox (x= 30, 50, 56, 61.8 and 64)
binary MG systems was suspended by increasing the content of zirconium. In addition,
in the case of the CusoxTiso+x (x= 0, 7 and 9) binary MGs, the slow  relaxation is

13
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suppressed by increasing the content of titanium. Finally, rare earth-based binary MGs,
i.e, Dys5C035, Y65C035 ad Y67Cuszs, show an evident slow [3 relaxation process. The
activation energy of the B relaxation obeys the empirical relation: Eg~26R7,. The P
relaxation process is sensitive to the chemical composition of MGs. These binary MGs
provide an ideal model alloy to sheld light on the fundamental issues in MGs, i.e.

relaxation processes, diffusiton behavior and mechanical properties.

Acknowledgements

This work is supported by the NSFC (Grant Nos. 51971178), the research of JCQ
was supported by the Fundamental Research Funds for the Central Universities (Nos.
3102019ghxm007 and 3102017JC01003), Astronautics Supporting Technology
Foundation of China (2019-HT-XG) and the Natural Science Foundation of Shaanxi
Province (No. 2019JM-344). The investigation of MNL sponsored by the Seed
Foundation of Innovation and Creation for Graduate Students in Northwestern
Polytechnical University (No. CX2020120). D.C. acknowledges the funding from
MICINN (grant FIS2017-82625-P) and Generalitat de Catalunya (grant 2017SGR0042)

Reference

[1] C.E. Packard, C.A. Schuh, Initiation of shear bands near a stress concentration in metallic glass, Acta
Mater. 55(16) (2007) 5348-5358.

[2] Y.H. Li, S.W. Wang, X.W. Wang, M.L. Yin, W. Zhang, New FeNiCrMo(P, C, B) high-entropy bulk
metallic glasses with unusual thermal stability and corrosion resistance, J. Mater. Sci. Technol. 43 (2020)
32-39.

[3] N. Li, Y. Chen, M.Q. Jiang, D.J. Li, J.J. He, Y. Wu, L. Liu, A thermoplastic forming map of a Zr-
based bulk metallic glass, Acta Mater. 61(6) (2013) 1921-1931.

[4] M. Bletry, P. Guyot, Y. Brechet, J.J. Blandin, J.L. Soubeyroux, Transient regimes during high-
temperature deformation of a bulk metallic glass: A free volume approach, Acta Mater. 55(18) (2007)
6331-6337.

[S]L.C. Zhang, Z. Jia, F.C. Lyu, S.X. Liang, J. Lu, A review of catalytic performance of metallic glasses
in wastewater treatment: Recent progress and prospects, Prog. Mater. Sci. 105 (2019) 100576.

[6] J.C. Qiao, Q. Wang, J.M. Pelletier, H. Kato, R. Casalini, D. Crespo, E. Pineda, Y. Yao, Y. Yang,
Structural heterogeneities and mechanical behavior of amorphous alloys, Prog. Mater. Sci. 104 (2019)
250-329.

[7] Q. Hao, J.C. Qiao, E.V. Goncharova, G.V. Afonin, M.N. Liu, Y.T. Cheng, V.A. Khonik, Thermal

effects and evolution of the defect concentration based on shear modulus relaxation data in a Zr-based

14



© 0 N O O = W N

BB A AR R W W W W W W W W W W N DNDDNDDNDDN DN DNDNDDND DN = e e
= W0 NN = O O 00NN 0 OO O 00NN 00NN O O 00NN 0o 0w NN = o

metallic glass, Chinese Phys. B 29(8) (2020) 086402.

[8] Q. Wang, J. Lian, Q. Ma, S. Zhang, J. He, J. Zhong, J. Li, H. Huang, Preparation of carbon spheres
supported CdS photocatalyst for enhancement its photocatalytic H2 evolution, Catal. Today 281 (2016)
662-668.

[9] H.B. Yu, W.H. Wang, H.Y. Bai, Y. Wu, M.W. Chen, Relating activation of shear transformation zones
to B relaxations in metallic glasses, Phys. Rev. B 81(22) (2010) 220201.

[10] J.C. Qiao, Y. Yao, J.M. Pelletier, L.M. Keer, Understanding of micro-alloying on plasticity in
Cu46Zrd7-xAl7Dyx (0<X x < 8) bulk metallic glasses under compression: Based on mechanical
relaxations and theoretical analysis, Int. J. Plast. 82 (2016) 62-75.

[11] W.H. Wang, Dynamic relaxations and relaxation-property relationships in metallic glasses, Prog.
Mater. Sci. 106 (2019) 100561.

[12]1Q. Wang, J.J. Liu, Y.F. Ye, T.T. Liu, S. Wang, C.T. Liu, J. Lu, Y. Yang, Universal secondary relaxation
and unusual brittle-to-ductile transition in metallic glasses, Mater. Today 20(6) (2017) 293-300.

[13] Q. Wang, S.T. Zhang, Y. Yang, Y.D. Dong, C.T. Liu, J. Lu, Unusual fast secondary relaxation in
metallic glass, Nat. Commun. 6 (2015) 7876.

[14] J.C. Qiao, X. Di Liu, Q. Wang, C.T. Liu, J. Lu, Y. Yang, Fast secondary relaxation and plasticity
initiation in metallic glasses, Natl. Sci. Rev. 5(5) (2018) 616-618.

[15] J.C. Qiao, Q. Wang, D. Crespo, Y. Yang, J.M. Pelletier, Secondary relaxation and dynamic
heterogeneity in metallic glasses: A brief review, Chinese Phys. B 26(1) (2017) 32-41.

[16] B. Wang, L.J. Wang, B.S. Shang, X.Q. Gao, Y. Yang, H.Y. Bai, M.X. Pan, W.H. Wang, P.F. Guan,
Revealing the low-temperature fast relaxation peak in a model metallic glass, Acta Mater. 195 (2020)
611-620.

[17] L.Z. Zhao, R.J. Xue, Z.G. Zhu, K.L. Ngai, W.H. Wang, H.Y. Bai, A fast dynamic mode in rare earth
based glasses, J. Chem. Phys. 144(20) (2016) 429.

[18] L. Xu, Q.Q. Lu, Q. Zhang, Effects of refractory Nb on glass-forming ability and structure
inhomogeneity of Cu50Zr50 binary metallic glass, Mater. Res. Express 6(9) (2019) 095203.

[19] K.L. Ngai, S. Capaccioli, An explanation of the differences in diffusivity of the components of the
metallic glass Pd43Cu27Nil10P20, J. Chem. Phys. 138(9) (2013) 094504.

[20] H.B. Yu, K. Samwer, Y. Wu, W.H. Wang, Correlation between [ Relaxation and Self-Diffusion of
the Smallest Constituting Atoms in Metallic Glasses, Phys. Rev. Lett. 109(9) (2012) 095508.

[21] M.M. Khandpekar, A. Shrivastava, D.S. Gowtam, M. Mohape, V.P. Deshmukh, Prediction of glass
forming ability in Cu(x)Zr(1-x) alloys using molecular dynamics, Nanosystems: Phys. Chem. Math. 6(5)
(2015) 650-660.

[22] L.Z. Zhao, R.J. Xue, W.H. Wang, H.Y. Bai, The role of magnetic element Fe in pronounced slow -
relaxation in metallic glasses, Intermetallics 84 (2017) 148-152.

[23] R. Kurita, E.R. Weeks, Glass transition of two-dimensional binary soft-disk mixtures with large size
ratios, Phys. Rev. E 82(4) (2010) 041402.

[24] T. Voigtmann, Multiple glasses in asymmetric binary hard spheres, Epl 96(3) (2011) 36006.

[25] A.J. Moreno, J. Colmenero, Anomalous dynamic arrest in a mixture of large and small particles,
Phys. Rev. E 74(2) (2006) 021409.

[26] W.H. Wang, Correlation between relaxations and plastic deformation, and elastic model of flow in
metallic glasses and glass-forming liquids, J. Appl. Phys. 110(5) (2011) 1924.

[27]1 N.B. Olsen, T. Christensen, J.C. Dyre, Time-temperature superposition in viscous liquids, Phys. Rev.
Lett. 86(7) (2001) 1271-1274.

15



© 0 N O O = W N

LW W W W W W W W W N N DN DN DD DD DD DN DN DN = = e e e e
0O N O O » W N = O O© 0 3 O O v W N = O O© 0 N O O = W —= O

w
NeJ

[28] L. Guo, X. Wu, Z. Zhu, Mechanical relaxation studies of o and slow [P processes in
Nd65Fe15Co10A110 bulk metallic glass, J. Appl. Phys. 109(11) (2011) 113524.

[29] W.H. Wang, Dynamic relaxations and relaxation-property relationships in metallic glasses, Prog.
Mater. Sci. 106 (2019) 178.

[30] H.B. Yu, K. Samwer, W.H. Wang, H.Y. Bai, Chemical influence on -relaxations and the formation
of molecule-like metallic glasses, Nat. Commun. 4 (2013) 1-6.

[31] Q.A. He, Y.Q. Cheng, E. Ma, J.A. Xu, Locating bulk metallic glasses with high fracture toughness
Chemical effects and composition optimization, Acta Mater. 59(1) (2011) 202-215.

[32] A. Takeuchi, A. Inoue, Classification of bulk metallic glasses by atomic size difference, heat of
mixing and period of constituent elements and its application to characterization of the main alloying
element, Mater. Trans. 46(12) (2005) 2817-28209.

[33] Z.G. Zhu, Y.Z. Li, Z. Wang, X.Q. Gao, P. Wen, H.Y. Bai, K.L. Ngai, W.H. Wang, Compositional
origin of unusual B-relaxation properties in La-Ni-Al metallic glasses, J. Chem. Phys. 141(8) (2014)
084506.

[34] M.N. Liu, J.C. Qiao, Q. Hao, Y.H. Chen, Y. Yao, D. Crespo, J.M. Pelletier, Dynamic Mechanical
Relaxation in LaCe-Based Metallic Glasses: Influence of the Chemical Composition, Metals 9(9) (2019)
1013.

[35] R. Casalini, C.M. Roland, An equation for the description of volume and temperature dependences
of the dynamics of supercooled liquids and polymer melts, J. Non-Cryst. Solids 353(41-43) (2007) 3936-
3939.

[36] J.C. Qiao, J.M. Pelletier, Kinetics of structural relaxation in bulk metallic glasses by mechanical
spectroscopy: Determination of the stretching parameter BKWW, Intermetallics 28 (2012) 40-44.

[37]1 H. T., Jeong, J. M., Park, W. T., Kim, Quasicrystalline effects on the mechanical relaxation behavior
of a Ti45Zr16Ni9Cul0Be20 metallic glass, Mater. Sci. Eng. A 527 (2009) 1-6.

[38] E. Pineda, P. Bruna, B. Ruta, M. Gonzalez-Silveira, D. Crespo, Relaxation of rapidly quenched
metallic glasses: Effect of the relaxation state on the slow low temperature dynamics, Acta Mater. 61(8)
(2013) 3002-3011.

[39] X.F. Liu, B. Zhang, P. Wen, W.H. Wang, The slow B-relaxation observed in Ce-based bulk metallic
glass-forming supercooled liquid, J. Non-Cryst. Solids 352(38-39) (2006) 4013-4016.

[40] P. Luo, Z. Lu, Z.G. Zhu, Y.Z. Li, H.Y. Bai, W.H. Wang, Prominent -relaxations in yttrium based
metallic glasses, Appl. Phys. Lett. 106(3) (2015) 031907.

[41] Y. Sun, S.X. Peng, Q. Yang, F. Zhang, M.H. Yang, C.Z. Wang, K.M. Ho, H.B. Yu, Predicting
Complex Relaxation Processes in Metallic Glass, Phys. Rev. Lett. 123(10) (2019) 105701.

[42] J.C. Qiao, Y.H. Chen, R. Casalini, J.M. Pelletier, Y. Yao, Main o relaxation and slow 3 relaxation
processes in a La30Ce30A115C025 metallic glass, J. Mater. Sci. Technol. 35(6) (2019) 982-986.
[43]J.C. Qiao, Q. Wang, D. Crespo, Y. Yang, J.M. Pelletier, Amorphous physics and materials: Secondary
relaxation and dynamic heterogeneity in metallic glasses: A brief review, Chinese Phys. B 26(1) (2017)
016402.

16



