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ABSTRACT

The structural relaxation times of metallic glasses (MGs) are generally believed

to decrease with increasing flow rate, also known as shear thinning. In this

work, an extraordinary loading rate-independent creep relaxation time, in

contrast to the decreasing Maxwell relaxation time with increasing loading rate,

is observed for a La-based MG with pronounced Johari–Goldstein relaxation

under nanoindentation. The Johari–Goldstein relaxation in the flow of MGs is

suggested to be a form of local Newtonian flow and may be not crucial in shear

thinning, whereas the main a relaxation is proposed to predominate in the shear

thinning of MGs, based on the disparity between the creep relaxation time and

the Maxwell relaxation time. These results improve the current understandings

on the structural relaxation and its role in the shear thinning and plastic

deformation of MGs.

Introduction

In plastic deformation, the structural relaxation times

of metallic glasses (MGs) generally decrease with

increasing flow rate [1], i.e., shear thinning. Although

this shear thinning phenomenon is crucial to

improving the limited plasticity of MGs [2] which

determines the prospective application of these new

species of metallic materials, the relevant plastic

deformation mechanisms remain less well under-

stood [3–5]. Recently, to explore the plastic defor-

mation mechanisms of MGs, nanoindentation creep

has been widely used to extract important

information on the structural relaxation times during

the plastic flow of MGs [6–11]. In nanoindentation

tests, the deformation state of MGs beneath the

indenter is highly dependent on the loading rates

adopted [12], i.e., loading rate sensitive. In nanoin-

dentation creep, the load-hold stage of the indenta-

tion program actually functions as a ‘‘deformation

frozen’’ technique and captures the creep behavior of

the in situ deformation state of MGs beneath the

indenter. Therefore, the relaxation times in nanoin-

dentation creep may serve as an indicator of the

viscosity of MGs beneath the indenter deformed at

different loading rates. Hence, unlike usual creep

Address correspondence to E-mail: m.zhangiwrm@jnu.edu.cn; lhdai@lnm.imech.ac.cn

DOI 10.1007/s10853-017-1725-y

J Mater Sci (2018) 53:2956–2964

Metals

http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1725-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1725-y&amp;domain=pdf


tests, the creep under nanoindentation enables the

investigation on the creep of the in situ plastic

deformation state of MGs, which provides an

important approach to examining the structural

relaxation times, shear thinning mechanisms, as well

as the plastic deformation mechanisms in MGs.

On the other hand, in the plastic deformation

mechanisms of MGs, Johari–Goldstein (JG) relaxation

[13] which is recognized as the precursor of the main

a relaxation has been related to the structural defects

[14] and the extraordinary plasticity of MGs [15]. To

clarify the correlation between plasticity and struc-

tural relaxation of MGs, the nature of JG relaxation in

MGs has been pursued with great efforts [16–18].

However, the complicated roles played by the JG

relaxation and the main a relaxation, respectively, in

the plasticity of MGs are still under debate and arise

as two hot issues in the research of MGs [14, 19].

More specifically, to our best knowledge, although

very important, the correlation between structural

relaxation and shear thinning which controls the

shear banding instability and toughness [20] of MGs

has rarely been investigated.

Previously, by using nanoindentation creep [21] as

a tool to investigate the plastic deformation of MGs,

direct correlation between JG relaxation and the

loading rate-dependent serrated flow of MGs has

been tentatively proposed. In this work, aiming at

revealing the relationship between shear thinning

and the structural relaxations of MGs and disclosing

the role of structural relaxations in the plastic defor-

mation of MGs, a group of three MGs with distinct JG

relaxation characteristics [21] (Online Resource I) [i.e.,

La MG (La62Al14Ag2.34Ni10.83Co10.83) with pro-

nounced JG relaxation, Pd MG (Pd40Cu30Ni10P20)

with less pronounced JG relaxation, and Zr MG

(Zr41.2Ti13.8Cu12.5Ni10Be22.5) with no pronounced JG

relaxation] are selected for nanoindentation creep. It

has been found that the effect of residual stress which

stems from the rapid cooling process during the

fabrication of MGs may remarkably alternate the

deformation behaviors of MGs and affect the

nanoindentation creep tests [7]. Thus, following the

method in Ref. [7], the selected three MGs were

annealed for 48 h at the specific temperature 0.7Tg (Tg

is the glass transition temperature) prior to nanoin-

dentation creep to eliminate the effects of residual

stress. As a result, an extraordinary loading rate-in-

dependent creep relaxation time for the La-based MG

with pronounced Johari–Goldstein relaxation is

observed. Based on this extraordinary creep relax-

ation time, the role of JG relaxation in the plastic

deformation of MG is rationalized and a probable

explanation for the relationship between shear thin-

ning and the structural relaxations of MGs is

proposed.

Materials and methods

Alloy sheets of a size of 2 mm 9 30 mm 9 40 mm

are prepared by copper mold casting under a Ti-

gettered Ar atmosphere from master alloys of the

typical nominal composition: La (La62Al14Ag2.34-
Ni10.83Co10.83), Pd (Pd40Cu30Ni10P20), and Zr (Zr41.2-
Ti13.8Cu12.5Ni10Be22.5). The glassy structure of the

prepared alloy is verified by X-ray diffraction (XRD,

Smartlab-9) and differential scanning calorimeter

(DSC, Netzsch DSC STZ 449 F3). To rule out the effect

of residual stresses, the prepared alloys were

annealed at 0.7Tg for 48 h. Before nanoindentation,

the samples were carefully polished to a mirror fin-

ish. Nanoindentation tests are conducted on an Agi-

lent Nano Indenter G200 with a Berkovich diamond

tip. Load control mode and a group of loading rates
_P: 0.33, 1.32, 13.2, and 70 mN s-1 are selected. In

order to characterize the creep of the in situ flow state

of MGs during plastic deformation at different load-

ing rates, a reasonable transient creep time of 10 s is

selected [22]. As noted in the literature [23], the

thermal drift arising from the fluctuation of room

temperature would impair the reliability of the

observed results. Here, the choice of a creep time of

10 s is also in favor of reducing the effects of thermal

drift during the load-hold stage. As shown in Fig. 1,

Figure 1 Schematic illustration for the experimental setup in

nanoindentation creep.
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the indentation program is composed by the follow-

ing stages: (1) load to a maximum force Pmax of

200 mN at a constant _P; (2) hold the load for 10 s at

the maximum force Pmax for creep; (3) unload to 10%

of the maximum force at a rate of 10 mN s-1; (4) hold

the load for 10 s to perform thermal drift calibration;

and (5) unload completely. To guarantee the relia-

bility of the load (P)–displacement (h) curve, each test

is repeated seven times. The details of load (P)–dis-

placement (h) curves can be found in Online Resource

II. Via continuous stiffness method tests, the

mechanical rejuvenation effect induced by mechani-

cal polishing is proved to exist in a layer of about

50 nm in thickness on the polished surface of the

three MGs (Online Resource III). Therefore, the creep

tests in the present work reflect the mechanical

properties of the annealed sample, rather than that of

the mechanically rejuvenated thin layer induced by

mechanical polishing.

Results

To compare the creep behaviors of the in situ plastic

deformation state of the three MGs with each other,

Fig. 2a–c shows the creep curves of the annealed La,

Pd, and Zr MGs during the load-hold stage in

nanoindentation achieved at different loading rates.

The solid points are experimental results, and the

solid lines are the numerical fits. It is noted that the

creep displacement for all the tests approximately

saturates after a load-hold period of 10 s, indicating a

proper choice of the creep time [22]. With increasing

loading rate _P, the creep displacements during the

load-hold stage increase for all the three MGs. This

phenomenon may be attributed to the decreasing

viscosity of each MG in flow with increasing _P, i.e.,

shear thinning. The different total creep displace-

ments for the three MGs might also be attributed to

their different in situ viscosities. To examine the

creep dynamics during the plastic flow of the three

MGs at different loading rates, the curves are fitted

with the Kohlrausch–Williams–Watts (KWW) equa-

tion [24]: hc ¼ h0ð1� expð�ðt=scÞbÞÞ, for the explicit

meaning of the fitting parameters, where hc is the

time-dependent creep displacement; h0 is the total

creep displacement; sc is the creep relaxation time;

and b is the stretching exponent representing the

deviation of the creep behavior from the exponential

process [25]. It can be seen that all the experimental

results exhibit good agreements with the KWW fits,

suggesting the applicability of KWW equation to the

creep of MGs.

Figure 2 Displacement (h)–time (t) curves of the annealed La

(a), Pd (b), and Zr (c) metallic glasses of the creep flow during the

load-hold stage of nanoindentation. Solid lines are the Kohl-

rausch–Williams–Watts (KWW) equation fits.
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Figure 3 shows the fitted stretching exponent b and

creep relaxation time sc of the annealed La, Pd, and

Zr MGs. The lines are drawn as eye guides. Firstly,

Fig. 3a shows that the stretching exponent b for the

three MGs decreases consistently from * 1.2

to * 0.4 with increasing loading rate _P. It is noted

that the fact that b exceeds 1, i.e., the compressed

exponential dynamics, is proposed to be due to the

effect of internal atomic level stress which accelerates

the relaxation process [26]. The fact that b\1 indi-

cates a stretched exponential creep behavior and

suggests that the activation energies of the structural

defects of the three MGs in flow becomes non-uni-

form and follows a broader distribution [25] at

increasing _P. The consistence of the decreasing of b
indicates that the three MGs exhibit similar

rheological dynamics under nanoindentation creep,

where the distribution of the activation energies of

structural defects evolves similarly with increasing _P.

Although the variation of the stretching exponent b
for the three MGs at different loading rates is also an

important issue, to concentrate on the subject of the

current work, i.e., shear thinning, here we focus on

the creep relaxation times. The discussion on the

stretching exponent b is left for future study where

extensive investigation on the temperature-depen-

dent nanoindentation creep behavior is crucial [27],

since the activation energies of the structural defects

of MGs are involved. It can be found in Fig. 3b that

the creep relaxation time sc for Pd or Zr MG

decreases consistently from * 10 to * 0.1 s, i.e., a

change of two orders of magnitude, while

remains * 10 s for La MG. This result does not

comply with previous works that the relaxation time

generally decreases with increasing flow rate

[3, 28–30] and conflicts with the common belief on the

shear thinning of amorphous materials [31–33].

Compared to Zr and Pd MGs, this loading rate-in-

dependent sc of La MG is not likely due to its rela-

tively low Tg, because a relatively higher test

temperature of the La MG would lead to faster creep, rather

than a longer creep relaxation time. On the other hand,

the MGs during plastic flow are actually in a super-

cooled liquid state [34] which also makes the effect of

Tg less relevant. To further prove this point, a Ce-

based MG with much lower Tg is subjected to the

same experimental procedure to show a shear thin-

ning behavior similar to that of Zr and Pd MGs. The

results will be published elsewhere. In addition, sc of
the as-cast MGs are also shown in Fig. 3b to display

similar results. Similar values of sc have been found

in the same La MG [22] and also in other MG systems

[7]. The values of sc again support the appropriate

choice of a creep time of 10 s. It is noted that, for La

MG, although the values of sc is slightly larger than

the creep time, the good repetition of sc supports the
reliability of the fit of the creep curve with KWW

function shown in Fig. 2. The possible reason for the

longer creep relaxation time at 70 mN s-1 for La MG

is worth further studies in the future.

To further understand the observed creep relax-

ation time sc, the Maxwell relaxation time sg ¼
gnom=Er is also estimated for the three MGs [35],

where gnom ¼ r=3 _e ¼ H=9 _e, _e ¼ _P=2Pmax; r is flow

stress; H is hardness; _e is strain rate; and Er is the

Figure 3 Stretching exponent b (a) and creep relaxation time sc
(b) of La, Pd, and Zr metallic glasses fitted from the displacement

(h)–time (t) curves. The lines are drawn as eye guides. sc of the as-
cast MGs are also shown in (b).
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nanoindentation modulus. Figure 4 shows sg and sc
for the annealed La, Pd, and Zr MGs. On the physical

basis, sc is intimately related to sg, since sg also

indicates the in situ viscosity of MGs during plastic

flow. This proposition is supported by the fact that sg
of all the three MGs decrease monotonously with

increasing loading rate _P, exhibiting a shear thinning

behavior. The decreasing sg for the three MGs is in

accordance with the increasing creep displacements

hc at increasing _P shown in Fig. 2, indicating a

decreasing viscosity of the MGs with increasing

loading rate. It is important to see that, for Pd and Zr

MGs, sc evolves almost consistently with sg. This

consistence again proves the proposition that sg is

intimately related to sc. However, for La MG, with a

decreasing sg similar to that of Zr and Pd MGs, a

loading rate-independent sc suggests an extraordi-

nary anelastic deformation behavior and an extraor-

dinary shear thinning mechanism in plastic

deformation.

Discussion

Due to the lack of effective characterization methods

to distinguish the amorphous structures of MGs with

different structural relaxation characteristics, and

especially due to the difficulty encountered in

resolving the in situ structural evolution of MGs

during plastic flow, to understand the phenomena

above, a possible way is to recognize the physical

process underpinning the creep relaxation time sc.
The creep of the in situ plastic deformation state of

MGs can be illustrated based on the plastic defor-

mation mechanisms of MGs, as shown in Fig. 5a, b.

Figure 5a shows the structural relaxation behaviors

of MGs, which is now believed to be fundamental to

the plastic deformation of MGs [36, 37]. Reversible JG

relaxations (i.e., anelastic, as indicated by the small

arrow) assembles into the irreversible a relaxation

(i.e., plastic, as indicated by the big arrow). A con-

sensus has been reached that the homogeneous flow

of MG is naturally a stress-driven a relaxation process

[36], as illustrated in Fig. 5b, noting that JG relax-

ations are not indicated for clarity. Accordingly, the

plastic deformation of MGs (i.e., a stress-driven a
relaxation) could be decomposed on the potential

energy landscape into two anelastic stages. It is also

noted that due to the non-affine nature of the defor-

mation of amorphous structures, the elastic stage of

the deformation is incorporated into the anelastic

stage and not explicitly indicated. Namely, the con-

figuration state of the system leaves the initial

potential energy minimum and climbs onto the acti-

vation energy barrier corresponding to the first

anelastic stage: the pre-plastic deformation stage, i.e.,

anelastic rearrangements of the amorphous structure

prior to plastic deformation, and then explores the

neighborhood potential energy minimum corre-

sponding to the second anelastic stage: the post-

plastic deformation stage, i.e., post-plastic anelastic

rearrangements of the amorphous structure. The dot

indicates the yield point of MGs in plastic deforma-

tion [36]. From this viewpoint, the creep of the in situ

plastic deformation state of MG (i.e., post-plastic

deformation creep) actually stems from the second

anelastic deformation stage (i.e., the post-plastic

deformation stage) where the system explores the

neighborhood potential energy minimum via rever-

sible JG relaxations. Since the two anelastic stages

composing the plastic deformation of MGs are topo-

logically identical to each other, sc can be understood

as a characteristic time scale which describes the

release rate of anelastic deformation into the plasti-

cally deformed state or into the initially undeformed

state of MGs. Noting that both anelastic stages are an

assembly of a number of JG relaxation processes,

thus, sc is intimately related to JG relaxation and

might be understood as an characteristic time scale of

JG relaxation in the flow of MGs [38].
Figure 4 The Maxwell relaxation time sg of the annealed La, Pd,

and Zr metallic glasses. The lines are drawn as eye guides. sc of
the MGs are also shown.
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As stated in ‘‘Results’’, the effect of glass transition

temperature Tg is less relevant in the loading rate-

independent creep relaxation time sc of La MG. It is

also important to recall the shear thinning phe-

nomenon that the creep displacements of La MG

increases with increasing loading rate in Fig. 2a,

where a decreasing viscous relaxation time (for

instance, sg in Fig. 4) is expected. Therefore, the

extraordinary loading rate-independent sc of La MG

is probably due to its pronounced JG relaxation (i.e.,

an independent JG relaxation peak) compared to

those of the Zr and Pd MGs, as shown in Fig. 6.

Because of the independent JG relaxation peak, the

pronounced JG relaxation of La MG is presumably

less affected by the main a relaxation (or by sg, which

is actually determined by the main a relaxation) and

might cancel the local atomic rearrangement-induced

shear dilation inside the structural defects of MGs,

based on the intimate relation between structural

defects and JG relaxations [15]. Hence, the JG relax-

ation is suggested to be a form of Newtonian flow

with a constant characteristic relaxation time within

the structural defects of MGs. This conclusion is

supported by the increasing size of serrations (Online

Resource II) of the La MG with increasing loading

rate in the high loading rate regime where a

decreasing size of serrations with increasing loading

rate is usually observed for MGs with a similar low

Tg, such as the Mg-based MG [12]. More details for

the demonstration of the origin of the increasing

serrations of the La MG can be found in our previous

work [21]. It is important to emphasize in here that

the loading rate-independent creep relaxation time sc
of La MG is not exactly the JG relaxation time itself,

but an indication of the characteristic time scale of JG

relaxation in the nanoindentation creep of La MG. On

the other hand, the decreasing sc of Pd and Zr MGs

Figure 6 Johari–Goldstein (JG) relaxation and a relaxation of the

La, Pd, and Zr metallic glasses.

Figure 5 Schematic illustrations on the plastic deformation

mechanisms of metallic glasses (MGs). a the relationship between

a relaxation and Johari–Goldstein (JG) relaxations, where

reversible JG relaxations (as indicated by the small arrow)

assemble into the a relaxation (as indicated by the big arrow);

b the flow mechanisms of MGs from the perspective of potential

energy landscape: the flow of MGs (i.e., a stress-driven a
relaxation) can be decomposed on the potential energy landscape

into two anelastic stages, i.e., the configuration state of the system

leaves the initial potential energy minimum and climbs onto the

activation energy barrier corresponding to the first anelastic stage:

the pre-plastic deformation stage, i.e., anelastic rearrangements of

the amorphous structure prior to plastic deformation, and then

explores the neighborhood potential energy minimum correspond-

ing to the second anelastic stage: the post-plastic deformation

stage, i.e., post-plastic anelastic rearrangements of the amorphous

structure. The dot indicates the yield point of MGs in plastic

deformation. Noting that the elastic stage of the deformation of

MGs is incorporated into the anelastic stage due to the non-affine

nature of the deformation of amorphous structures and that for

clarity JG relaxations are not indicated.
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with increasing loading rate is probably due to the

absence of a pronounced JG relaxation, i.e., the

absence of an independent JG relaxation peak. As

shown in Fig. 6, the JG relaxation is overwhelmingly

overlapped by the main a relaxation for Pd and Zr

MGs, which suggests that the JG relaxation of Pd and

Zr MGs might be significantly affected by the main a
relaxation. This suggestion explains the consistent

decreasing tendency of sc and sg of the Pd and Zr

MGs, where the sc might be strongly affected by the

sg which is determined by the main a relaxation.

Furthermore, the disparity between the loading

rate-independent creep relaxation time sc and the

decreasing Maxwell relaxation time sg of the La MG

provides an important clue on the shear thinning

mechanisms of MGs, which would also help to

understand the relationship between a relaxation and

JG relaxation [39]. The shear thinning mechanisms of

supercooled liquids have been addressed previously

[3], where the self-assembly of the structural defects

into anisotropic fluidized bands is proposed to be

crucial. The shear thinning mechanisms in wormlike

micelles are also ascribed to the alignment of the

micelles in flow [31], a self-assembly phenomenon

resembling the anisotropic fluidized bands. There-

fore, the self-assembly of typical microstructures [40]

may predominate in the shear thinning mechanisms

of amorphous materials. As illustrated in Fig. 5a, in

the flow of MGs, JG relaxation acts as elementary

flow structural defect. Hence, it is proposed that the

self-assembly of the JG relaxation processes, viz. the a
relaxation, may predominate in the shear thinning

mechanisms, whereas the JG relaxation itself may be

not crucial in shear thinning. This proposition is

nicely justified by the disparity between the loading

rate-independent creep relaxation time sc and the

decreasing Maxwell relaxation time sg. As discussed

above, the loading rate-independent sc is determined

by the JG relaxation which is a form of local New-

tonian flow and exhibits no prominent shear thin-

ning, implying the negligible contribution of JG

relaxation in shear thinning. On the other hand, the

decreasing sg is determined by the viscosity of MGs

which is actually determined by the main a relaxation
and exhibits a shear thinning behavior, indicating the

predominating contribution of the a relaxation in

shear thinning. This proposition is supported by the

observation that the viscous glassy dynamics is

always determined by the a relaxation [41]. Besides, it

is noted that the disparity between sc and sg is also

consistent with the decoupling between diffusion and

viscosity in glasses, i.e., the breakdown of the Stokes–

Einstein relation [42], since that JG relaxation which

determines sc is intimately related to the atomic dif-

fusion of MGs [38] and that the a relaxation which

determines sg is intimately related to viscosity. This

consistence supports the reliability of our observation

of a loading rate-independent creep relaxation time

and in turn supports the proposition that the a
relaxation predominates in the shear thinning of

MGs. To further verify this proposition, future works

on the issues of structural relaxation dynamics dur-

ing the plastic deformation of MGs, such as the role

of JG relaxation in the plastic flow of Pd and Zr MGs,

are in urgent need.

Conclusions

In summary, a loading rate-independent creep

relaxation time of a La-based MG with pronounced

JG relaxation is observed in contrast to two other

MGs of which the creep relaxation times exhibit a

shear thinning behavior at increasing loading rate in

nanoindentation creep. Compared to the Maxwell

relaxation time, the loading rate-independent creep

relaxation time of the La MG suggests that the nature

of JG relaxation is a form of local Newtonian flow

within the structural defects of MGs and that the self-

assembly of JG relaxations, viz. a relaxation, pre-

dominates in the shear thinning mechanisms of MGs.

These results would advance the current knowledge

on the roles of structural relaxations in the plastic

deformation mechanisms of metallic glasses, which

will help to design new species of metallic glasses

with excellent plasticity.
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