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Slip avalanches, similar to discrete earthquake events, of Zr-, Co-, and Ce-based metallic glasses

during nanoscratching were investigated. Differing from the conventional continuum approach,

mean-field theory, which is an inherently-discrete model, was applied to analytically compute inter-

mittent slip avalanches. Mean-field theory was first connected with the potential energy barrier and

concentration of free volume in order to study the stick-slip behavior. The results suggest that the

motion behavior of free volume affects the critical slip avalanche size. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4989455]

I. INTRODUCTION

Originating from shear localization, instantaneously brittle

failure restricts the application of metallic glasses (MGs),1–3

although they reveal outstanding engineering performances,

such as high strength, high elastic limit, and strong corrosion

resistance.4–9 On the other hand, the ductile deformation of

MGs on the microscale,10,11 benefits from a decrease in the

shear-band spacing with decreasing MGs size,12 avoids macro-

scopic brittle properties and allows them to become a poten-

tially structural material in the field of miniaturized devices.

Thus, the mechanical performance of MGs on the microscale

has recently drawn great attention. Compression and tension

experiments on MG micro-samples were carried out to gain a

fundamental understanding of the mechanical properties of

MGs on the microscale.13–15 However, most reports on MGs’

size-dependent mechanical properties are inconsistent for the

artificial effects, e.g., the taper angle and top curvature of

micropillars,16,17 and brittle-ductile transition induced by iron

irradiation18 from focused ion beam (FIB) preparation. A

nanoscratching test is a simple and effective method to investi-

gate micromechanical properties of MGs19,20 and can avoid

the above-mentioned artifacts.

Slip avalanches, arising from the stick-slip operation of

shear band which is resulted from the free-volume accumula-

tion,21–24 are investigated during nanoscratching. So far, slip

avalanches, which impede the improvement of the plasticity

and the toughness of MGs,25 resulting in catastrophic frac-

ture,4 have not received much attention in nanoscratching

research, although they have been widely studied in the com-

pressive deformation of MGs.26–28 Understanding and pre-

dicting the dependence of slip avalanches on the material and

loading force are important for the elucidation of the stick-

slip behavior of MGs on the microscale. The intermittent slip

avalanche in nanoscratching is similar to the earthquake

event.29 In the present study, mean-field theory,30,31 widely

applied to earthquakes and based on discrete mechanics, is

introduced to analyze the statistical properties of slip ava-

lanches during nanoscratching. Based on the analysis of the

dynamics, the activation energy of the free-volume arrange-

ment and the critical and non-critical free-volume flow coeffi-

cient equations are developed.

II. EXPERIMENT

Three MGs, i.e., Ce68Al10Cu20Co2 (at. %, Ce-based),

Zr41.25Ti13.75Ni10Cu12.5Be22.5 (at. %, Zr-based), and Co56Ta9

B35 (at. %, Co-based), were chosen for the model materials due

to their significantly different mechanical properties. Ingots of

the three MGs were prepared by arc melting a mixture of pure

metal elements (purity � 99.9%) in a Ti-gettered argon atmo-

sphere. Each ingot was remelted at least four times, ensuring

compositional homogeneity. Suction casting the ingots into a

Cu-mould to form rod-like MGs. The rod-like MGs had a

dimensional size of U 2 mm� 70 mm. Nanoscratch testing was

conducted in a Triboindentor TI-900 machine (Hysitron, Inc.).

The nanoscratching indentor was a conical diamond with a tip

radius of 1 lm and half-angle of 30�. The load force and dis-

placement resolution were 50 nN and 2� 10�2nm, respec-

tively. The scratch length was 20 lm, and the moving speed of

the nanoindentor was 1 lm/s. The nanoscratch testing was con-

ducted at different loading forces of 500, 1000, and 1500lN in

order to study the effect of loading force on the nanoscratching

process in MGs. At each loading force, at least four scratches

were repeatedly executed, and an air-scratch test was per-

formed to obtain the background noise.

III. RESULTS AND DISCUSSSION

A. Mean-field theory

The indentor penetrating depth, SD, vs. scratch length,

SL, is shown in Fig. 1(a). The average indentor penetratinga)Author to whom correspondence should be addressed: g.wang@i.shu.edu.cn
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depth increases with increasing loading force, as shown in

Fig. 1(b). The scratching length, SL, as a function of time, t,
is plotted in Fig. 1(c). The enlarged SL-t curve shows that

some serrations, which are the so-called slip avalanches, can

be observed in the insert of Fig. 1(c). With increase in the

loading force, the slip avalanche becomes more obvious.

To effectively study the underlying process of the slip

avalanche, a linear function is used to fit the nanoscratching

process in the SL-t curve to obtain a baseline, as shown in Fig.

2(a). The SL fluctuations can be observed clearly after enlarg-

ing the SL-t curve that is enclosed in the rectangle in Fig. 2(a).

After subtracting the baseline, the avalanche event is charac-

terized by the repeated displacement increases and decreases,

as shown in Fig. 2(b). The difference between the peak and

valley displacement, DH, reflects the avalanche size. Since

the background noise from the machine vibration induces per-

turbations in the displacement, an air nanoscratching test was

carried out, and the background noise was calculated to be

4.90� 10�3lm (see the supplementary material). Thus, DH
values less than 4.90� 10�3lm are excluded. Due to the

system-inherent parameters of Triboindentor TI-900 machine,

the loading force has an increasing trend in the nanoscratch-

ing process, causing the avalanche size to increase with time

during the experiments. It induces a systematic drift of the

serration amplitude. Normalization of the DH value was car-

ried out to exclude the system deviation.32 A linear regression

equation was fitted to the DH value vs. time plot, and f(t0) is

fitted at the starting time, t0, as shown in Fig. 2(c). The nor-

malized DH value, S ¼ DH
f ðtÞ=f ðt0Þ, as a function of time, is

shown in Fig. 2(d). The statistics of the S values were used to

characterize the essential dynamics of the stick-slip in the

nanoscratching. The probability distributions of the normal-

ized avalanche size, S, i.e., the percentages of the S values

being larger than a given value, P(>S), for three MGs at three

loading forces (500, 1000, and 1500 lN), are shown in Fig. 3.

The slip avalanche distributions can be modeled by a squared

exponential decay function as follow:33,34

P >Sð Þ ¼ AS� k�1ð Þ
exp½� S=SCð Þ2�; (1)

where A is a normalization constant, j is a scaling exponent

(j¼ 1.5 in mean-field theory), and SC is the cut-off value of

the slip avalanche, acting as the critical slip avalanche size.

The critical avalanche sizes of the three MGs are listed in

Table I.

Metallic glasses have intrinsic structural heterogeneity for

specific local-atomic arrangements giving rise to clusters with

a lower shear modulus.35–38 The heterogeneous structures, i.e.,

FIG. 1. Profile of the nanoscratching process. (a) The indentor penetrating depth during nanoscratching for Ce-, Zr-, and Co-based MGs. (b) The indentor pene-

trating depths vs. loading forces for Ce-, Zr-, and Co-based MGs. (c) The scratch length vs. time for Ce-, Zr-, and Co-based MGs. Inset is the enlarged view of

region I, which shows the serration event.
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free volumes with high atomic mobility in MGs, are easier to

be shear deformed than the glassy phases surrounding these

heterogeneous structures, which can be regarded as the weak

spots during slip avalanching. When the forces are applied to

the system, the elastic energy from the external force is stored

until the local force surpasses a threshold value. Then, the free

volumes are formed and the stored energy released, balancing

the energy increment from the external force. During the slip

process, the released energy is redistributed to the neighboring

free volume. Thus, the operation of one free volume may trig-

ger other free volumes to concordantly operate, which resem-

bles a domino effect. The phenomenon contributes to the

forming of slip avalanches of different sizes. Two types of

avalanche size distribution are recognized in Fig. 3. When

S� SC, the statistical distribution of the serration size follows

a power-law relationship. Although the localized free volumes

usually yield a Gaussian like probability distribution, the acti-

vated free volumes are highly connected with each other

through elastic interaction, leading to slip avalanches of differ-

ent sizes, scaled as a power-law distribution.39,40 When

S� SC, the P value decays exponentially because the discrete-

ness effects of the weak spot come into play.41 The exponen-

tial distribution suggests a chaotic behavior, which indicates

that the serrations are sensitive to the external perturbation,

e.g., the external force, causing catastrophic failure.42 The SC

value varies with different MGs and increases with increasing

loading force. The scaling exponents of the three MGs at dif-

ferent loading forces are almost same (1.20 6 0.19) and devi-

ate from the typical value (1.5) used in mean-field theory. The

deviation is correlated with the dimensional difference, as

well as statistical fluctuations. Usually, the scaling exponent is

associated with the Gutenberg-Richter power-law exponent, b,

b ¼ 3 j�1ð Þ
2
;43,44 which varies with the spatial dimension. For

the two dimensions, the b value is 0.4 and for three dimen-

sions, b¼ 0.6.45 Correspondingly, the j values are 1.26 in

two-dimensional space and 1.40 in three-dimensional space,

respectively. The nanoscratching in the current experiments

can be taken as two-dimensional. Thus, the mean scaling

exponent in our work deviates from 1.5 and is nearer to 1.2.

Furthermore, the j value is not affected by the variation of

the SC value, irrespective of the length scale and material

structure.

B. Potential-energy barrier analysis

When an MG is scratched, the released stress is redis-

tributed to the free volume in the system. The redistribution

stress causes free-volume rearrangement, which leads to a

slip avalanche, affecting the value of SC. The potential-

energy barrier for the unstressed free-volume arrangements

can be described as following:46,47

FIG. 2. Slip avalanche during the nanoscratching process. (a) An example of the slip avalanche event taken from the scratch length vs. time curve of Zr-based

MG at a loading force of 1500 lN. Linear function fitting curve of scratch length vs. time. The inset shows the enlarged scratch length vs. time curve. (b) Slip

avalanche event after subtract the baseline. (c) Scratch length burst size vs. time. The red line is the average scratch length burst size obtained by linearly

regression fitting. (d) The normalized scratch length burst size vs. time.
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DGm ¼ 8

p2
Gc2

CnXs; (2)

where DGm is the activation energy of free-volume motion, G
is the shear modulus, cC � 0:027 is the average elastic limit,

n � 3 is a correction factor arising from the matrix confine-

ment of a “stressed” atomic cluster, M is the molar mass, q is

the density, and N0 is Avogadro’s number. Xs � 2v	, where

v	 � M=ðqN0Þ, is the average atomic volume. The parame-

ters for the three metallic glasses are listed in Table II.

Equation (2) originates from the potential energy barrier for

the cooperative motion of the atomic clusters, termed as shear

transformation zones (STZs). Both STZ theory and free-

volume theory share the same idea that the locally coopera-

tive motion of the atoms originates from the heterogeneous

structures of MGs, and the flow event is initiated from the

rearrangement of the atoms in local regions.15,51,52 Therefore,

the activation energy of an STZ can be applied to evaluate

the activation energy of the free volume. Interested readers

may refer to reference 44 for more details about the potential-

energy barrier for free-volume motion.

The Sc value increases with increasing activation energy

of free-volume motion, as shown in Fig. 4. The increment of

the activation energy for the free-volume rearrangement indi-

cates that the deformation requires more elastic energy.36,53 It

suggests that a large elastic deformation zone, which contrib-

utes to a relatively long-range slip length, is required to com-

pensate for the large activation energy. Therefore, the large

activation energy corresponds to a large slip distance that

leads to the large Sc value. For a certain activation energy, the

Sc value increases with increasing loading force, which can

induce the expansion of the free volume.35,54–56 With increas-

ing stress, the expansion of free volume can allow the free vol-

umes to encounter each other easily. The stronger connection

FIG. 3. Complementary cumulative probability distribution of the scratch length burst size. Solid lines are the fitting curves by Eq. (1). (a) Ce-based MG, (b)

Zr-based MG, and (c) Co-based MG.

TABLE I. Critical slip avalanche sizes for three metallic glasses.

SC (nm) F (lN)

Metallic glasses 500 1000 1500

Ce-based 8.34 9.66 10.35

Zr-based 9.63 14.81 15.61

Co-based 10.14 16.54 23.60

TABLE II. Data of density, q, molar mass, M, average atomic volume, v*,

Poisson’s ratio, �, and shear modulus, G, of three metallic glasses (Refs.

48–50).

Metallic glass q (106 g/m3) M (g/mol) v* (10�29 m3) G (GPa)

Ce-based 6.752 111.900 2.752 11.8

Zr-based 5.900 60.041 1.690 34.1

Co-based 9.265 53.180 0.953 91.5
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between the free volumes contributes to the sliding, with a

larger distance, forming a larger Sc. To understand the influ-

ence of the loading force on the free-volume motion quantita-

tively, a free-volume flow coefficient is introduced.

C. Free-volume flow analysis

Nanoscratching behavior can be taken as a transient cut-

ting process.57 Derived from the similar shear-branching pro-

cess,58 the stick-slip behavior in nanoscratching corresponds

to the shear localization in cutting. A vital factor for the sys-

tem stability in MG cutting, gc, is introduced to characterize

the barrier for the flow of the free volume during the slip

process59,60

gc ¼ K � 4

a/ n0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0

2 þ
4 _cavg

a/gc

s0
@

1
A

3

0
BBB@

1
CCCA

_cavg; (3)

where gc is the critical free-volume flow coefficient; K is a

dimensionless shear modulus; a is the half-angle of the inden-

tor (p/6). / ¼ 2
3
� 1þm

1�m�
�h

t	 � G
s0

, where � is the Poisson’s ratio,

�h is the critical volume of the effective hard-sphere atom, v	

is the average atomic volume, and n0 is the free-volume con-

centration outside of the primary shear zone. s0 ¼ kBT0=�
	,

where jB is the Boltzmann constant and T0 is the temperature

outside the primary shear zone. _cavg is the average strain rate

applied to the primary shear zone. _cavg ¼ �s=h, where vs is the

shear velocity and h is the thickness of the primary shear

zone. The parameter vs is associated with the slip rate of

the nanoindentor, v, i.e., vs¼ v� cosa¼ v� cos p=6ð Þ (see the

supplementary material). Since the v value in the present

study is 1 lm/s, the vs value is calculated to be 0.866 lm/s.

For a certain MG, K, /, a and n0 are constants. Combining

the parameters and Eq. (3) yields the following characteristic

equation:

g gc; hð Þ
4 þ a � g gc; hð Þ

3 þ b � g gc; hð Þ
2 þ c � g gc; hð Þ

þ d ¼ 0; (4)

where gðgc; hÞ ¼ n0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0

2 þ 2
ffiffi
3
p

a/gch

q
is obtained from the sub-

stitution approach in calculating Eq. (4).

In the quartic Eq. (4), the gðgc; hÞ is calculated to be

gðgc;hÞ1 ¼ n0þm; gðgc;hÞ2 ¼ n0�m; g gc;hð Þ3 ¼�nþ ei; g gc;hð Þ4
¼�n� ei. The m, n, and e values are constants that are

equal to or higher than 0. Hence, gðgc;hÞ1 ¼ n0þm is a suit-

able value for Eq. (3), and the relationship between gc and h

can be expressed as

gc � h ¼ A; (5)

where A is a constant that depends on the parameter of MG

h ¼ SD

2
; (6)

where SD is the indentor-penetrating depth. Combining Eqs.

(5) (Ref. 59) and (6) produces a relationship between gc and

SD

gc � SD ¼ B; (7)

where B is a constant that depends on the parameter of MG.

The free-volume flow coefficient, g, which characterizes

the dynamic evolution of free volume of MG,61 is introduced

g ¼
vf þ

4D

h
h

0
@

1
A
; (8)

where vf is a chip velocity, vf ¼ � � sina ¼ 1 lm=sð Þ � sin

p=6ð Þ ¼ 0:5 lm=s (see the supplementary material). D is the

diffusion coefficient of the free volume, which is affected by

temperature but is independent of stress. Combining Eqs. (6)

and (8), a relationship between gc and SD can be expressed as

g ¼
1þ 16D

SD

SD

0
@

1
A
; (9)

The difference between the free-volume flow coefficient, g,

and the critical free-volume flow coefficient, gc, is calculated

to examine the effect of the free volume on the critical slip

avalanche, i.e.,

Dg ¼ g� gc ¼
C � SD þ 16D

SD
2

: (10)

where C¼ (1 – B) is a constant and is dependent on the

parameter of MG.

The Dg value is a parameter reflecting the stability of

the MG system in nanoscratching and depends on the mate-

rial properties and the scratch depths. As shown in Fig. 5, the

critical slip avalanche size decreases with increasing Dg for

the three MGs. The Dg value is related to the effective

change rate of the free volume.59 In MGs, the rate of free-

volume change can be divided into two processes, i.e., free-

volume creation and annihilation.35,62 Free-volume creation,

which is a stress-driven process, is induced by the stress

squeezing an atom into a hole smaller than itself. The free-

volume creation is slow at low stress and fast at high stress.

Free-volume annihilation mostly depends on the temperature

and is induced by a series of atomic diffusion jumps. The

FIG. 4. The critical slip avalanche size vs. activation energy for the free-

volume arrangement.
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free-volume annihilation is slow at low temperature and fast

at high temperature. The effective change rate of the free

volume is the combined rate of the creation and annihilation

of the free volume, i.e., the concentration of the free volume.

In this case, the Dg value is associated with the free-volume

concentration in the present study. For a certain MG during

the nanoscratching process, the increased loading force

causes the contact area between the nanoindentor and the

MG to augment, resulting in an increase in the friction force

that improves the lateral force. The increased lateral force

leads to an increase in the free-volume creation per unit

time. The rate of free-volume annihilation remains the same

for a certain MG at room temperature. Thus, the large load-

ing force contributes to a large free-volume concentration,

which corresponds to a small Dg value. When a perturbation

is applied to the MG, the free volume tends to dissipate the

perturbation by spreading it to the adjacent free volumes in a

chain reaction, until the free volumes become independent of

each other.34,39 A larger free-volume concentration indicates

that the communication among free volumes is stronger,

being less hindered by the stable zone of low atomic liquid-

ity. Thus, a large free-volume concentration can eliminate

the perturbation in a relative long length scale, contributing

to a large critical slip avalanche. A smaller Dg value with a

large free-volume concentration means that the system has a

high disturbance resistance.

IV. CONCLUSION

In summary, mean-field theory was applied in this study,

and it was found that the behaviors of the free volume, such

as the potential-energy barrier for free-volume arrangements

and free-volume concentration, affect the critical slip ava-

lanche size. An MG with a large potential-energy barrier

indicates a large critical slip avalanche size. Analysis of the

difference between the free-volume flow coefficient and the

critical free-volume flow coefficient, Dg, was developed to

reflect the effective free-volume concentration. A small Dg
value suggests that the system has a good capability in its

resistance to a disturbance, and contributes to a large critical

avalanche size in regard to slip behavior.

SUPPLEMENTARY MATERIAL

See supplementary material for the background noise

measurement, and details of the nanoindentor.
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