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A B S T R A C T   

The evolution of deformation mechanisms with increasing depth of cut (DOC) in micro-grooving of Zr-based 
metallic glass was deeply investigated in this study for the first time. The micro-grooving characteristics of 
metallic glass were initially studied by nanoscratch test, which verified that the material removal mode abruptly 
changes from extrusion mode to cutting mode with increase of DOC. Based on the free-volume theory, a dynamic 
model coupling stress, temperature and free volume concentration was used to simulate the change of defor-
mation characteristics with DOC. The results showed that the deformation mechanism of metallic glass is closely 
related to free volume flow, which is significantly affected by average strain rate and free volume flow coefficient 
in deformation zone and can be tuned with different DOC. Considering that free volume flow is determined by its 
flow coefficient and concentration, we proposed to control the deformation characteristics of metallic glass in 
micro-grooving by heat treatment and verified its effectiveness experimentally.   

1. Introduction 

Metallic glass (also called amorphous alloy) is a kind of metal ma-
terial with a long-range disordered atom structure obtained by the rapid 
quenching method. These materials exhibit unique characteristics, such 
as high strength, high elasticity and excellent corrosion/wear resistance 
[1]. Based on these characteristics, metallic glass is a suitable nano-
moulding material [2–4], while their polycrystalline metal counterparts 
are restricted by the crystalline grain size [5,6]. Due to the ability to 
easily produce any desired shape, mechanical micromachining has 
become the most commonly used technique to obtain complex micro-
structures on metallic glass [7–9]. Hence, it is very useful to study the 
deformation characteristics of metallic glass in micron and submicron 
scales for improving its machining quality. 

Due to the absence of grain boundaries and dislocations, the defor-
mation behavior of metallic glass is significantly different from crystal 
metals [10]. The influence of cutting parameters on machined surface 
quality, chip morphology and tool wear during metallic glass machining 
was mainly studied [11–17]. In the cutting parameters, depth of cut 
(DOC) is one of the most important parameters that affect the defor-
mation characteristics of materials in mechanical machining, thus 
affecting machining quality. The research on the formation of a shear 

band of metallic glass showed that there are serration chips composed of 
the primary shear band and a secondary shear band when DOC is greater 
than 20 μm [14,15], which is consistent with macro-cutting character-
istics [18,19]. Micro-grooving experiments of NiP amorphous alloy 
coating indicated that the machined grooves' quality is independent of 
DOC from several to several tens of micrometers [17]. When the DOC is 
in the submicron scale, the cutting process research of metallic glass 
usually adopts the method of simulation. Molecular dynamics simula-
tion of chip formation in nanometric cutting of metallic glass showed 
that there is no visible shear zone ahead of the tool unlike the experi-
mental results in the micron scale [20]. Furthermore, the nano-cutting 
simulation of Zr50Cu50 metallic glass by molecular dynamics method 
showed that the removal of the material is mainly by extrusion rather 
than shearing [21]. Actually, due to these deformation characteristics at 
the submicron scale, the mirror surface cannot be obtained even when 
the DOC is set as 0.6 μm [13]. 

In addition to machining experiments, nanoscratch test is also used 
to study the effect of DOC on deformation characteristics. In order to 
study grinding characteristics and wear resistance of metallic glass, 
nanoscratch tests are carried out by a Berkovich pyramid indenter to 
explore the deformation and removal mechanism in the grinding and 
wear process [22–25]. Micro-scratch studies on Fe-based metallic glass 
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and Mg-based metallic glass show that deformation characteristics of 
metallic glass change with DOC. For example, when the loading force is 
75 mN, the scratch in Fe-based metallic glass is very uniform with no 
visible features at the borders and devoid of any debris. In contrast, the 
shear band at scratch edge can be observed under 105 mN [22]; With 
increase of DOC, the wear mechanism of Mg-based BMG changes from 
rubbing or plowing to cutting [23]. The previous studies have proven 
that the deformation characteristics of metallic glass are quite different 
with DOC of micron and submicron scales. 

As a key technology in ultra-precision machining of micro/nano-
structures, micro-grooving characteristics of metallic glass with 
different DOC still lack in-depth study, which cannot be explained by the 
size effect caused by factors like grain size or dislocation density in 
polycrystalline alloy [26]. The metastable state of metallic glass with an 
irregular arrangement of atoms makes its plastic deformation mecha-
nism sophisticated in mechanical machining, in which the coupling ef-
fect of temperature, stress and free volume changed with time has to be 
taken into account [11,27,28]. The lack of comprehensive study on 
mechanical deformation behavior, especially at the micron and submi-
cron scales, restricts the improvement of the surface quality of me-
chanically machined grooves of metallic glass. 

In this paper, micro-grooving of Zr-based metallic glass is carried out 
to study the influence of DOC on machined surface characteristics in 
micron and submicron scales. Considering the complex deformation 
characteristics of metallic glass, a dynamic simulation model based on 
free volume theory [28–32] is used to analyze the influence of DOC on 
the coupling effect of stress, temperature and free volume concentration 
with time in deformation zone. Since the free volume concentration is a 
key factor affecting the free volume flow and thus plastic deformation 
ability, it is theoretically possible to control the material removal mode 
of metallic glass by modulating free volume concentration. Previous 
studies on the effect of heat treatment on metallic glasses showed that 
free volume concentration changes along with localized atomic 
arrangement [33]. Specifically, the annealing treatment can increase the 
internal topological order of metallic glass, and this more ordered 
atomic arrangement will reduce the free volume [34]; cryogenic treat-
ment can make the local atomic arrangement of metallic glass more 
disordered, which will increase the free volume [35,36]. Therefore, in 
this paper, we propose to control the deformation mechanisms of 
metallic glass in the micro-grooving process by heat treatment, and its 
effectiveness is verified by experiments. 

2. Experimental study on micro-grooving of metallic glass 

2.1. Experimental design 

Nanoscratch test with constantly increasing normal load (Progres-
sive load) is used to mimic the influence of DOC on the micro-grooving 
characteristics of metallic glass, Fig. 1(a) illustrates the experimental 

equipment. Grooving operations are carried out on an Anton Paar in-
strument nanoscratch tester, whose normal load can be accurately 
controlled instantaneously through a closed-loop force feedback system 
of the equipment with a resolution of 0.01 mN to keep the normal force 
precisely controlled. It can also measure lateral force and DOC at the 
same time. The samples of the present study are Zr-based metallic glass 
(1 × 10 × 10 mm3) with nominal composition ZrCuNiAlNbRe and all 
specimens are mechanically polished to be mirror surfaces with Ra less 
than 8 nm before grooving experiments. 

It is noteworthy that this paper mainly studies the grooving process 
of metallic glass, so a custom V-shaped diamond tool commonly used in 
surface structure fabrication was selected. The tool and its profile are 
shown in Fig. 1(b) and (c), the tool holder is designed with a flat locating 
surface that can be matched with the flat surface in the tool shank, which 
is also parallel to the tool rake face. This helps to make the rake face 
perpendicular to the cutting direction in the micro-grooving. Other 
experiment parameters and the detailed parameters of the tool are 
shown in Table 1. 

2.2. Analysis of cutting characteristics under different DOC 

Micro-grooving of Zr-based metallic glass is analyzed based on ex-
periments under continuously varying DOC, so the linearly increased 
loading force is used in this study. The micro-grooving characteristics of 
metallic glass are analyzed from cutting force, groove morphology and 
elastic recovery. 

Fig. 2 shows the variation of lateral force (Fl) and groove depth (Pd) 
versus normal load (Fn) during the scratch process. When Fn is less than 
40 mN, Fl increases slowly from 0 to 20 mN, and Pd increases gradually 
to 650 nm. When Fn is around 40 mN, Fl and Pd change abruptly, and 
increase to 75 mN and 3400 nm, respectively. The results of the scratch 
test under progressive load show that the material removal process 
changes with the DOC. And there seems to be a critical DOC in the 
cutting process of Zr-based metallic glass. 

A scanning electron microscope (SEM, Zeiss Merlin) was used to 
observe the groove morphology at different DOC. And to facilitate the 
comparison of groove morphology before and after the critical DOC, 
constant load scratch experiments were also carried out with normal 
forces of 20 mN, 30 mN and 50 mN, respectively. Fig. 3(a) shows the 
scratch morphology before and after the critical DOC. In Fig. 3(a1), 
there is a large amount of material pile up on both sides of the groove, 
while in Fig. 3(a3), a much smoother groove was obtained and the 
material accumulation along groove edges disappears. Fig. 3(b) shows 
the morphology of the head and tail of scratch groove at constant loads 
of 20 mN, 30 mN and 50 mN. When the DOC is less than the critical 
depth, the deformation of metallic glass tends to extrude and pile up to 
both sides instead of completely cutting removal. This is the first time to 
observe the extrusion removal process in micro-grooving of metallic 
glass by experimental method. 

Fig. 1. (a) Nanoscratch tester (b) the V-shaped cutting tool (c) sketch of the tool.  
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In order to compare the characteristics of the two removal modes, 
only two processing conditions with normal forces of 20 mN and 50 mN 
are selected for comparison. Fig. 4 shows scratch depth and lateral force 
under constant load. It can be seen that the process is divided into two 

stages: the initial stage and the stable stage. In the stable stage, the 
average scratch depth was 415 nm under the normal load of 20 mN, 
while it was 3495 nm under the normal load of 50 mN. In addition, the 
residual depth of micro-grooves was measured by a high-resolution 
confocal laser scanning microscope (CLSM, Keyence vk-x1000) and 
the results are shown in Fig. 5. Eight different positions are selected to 
measure the depth of the groove under different loads. When the DOC is 
415 nm and 3495 nm, the average residual depth is 268.25 nm and 
3322.5 nm, respectively. It can be calculated that the elastic recovery is 
35.36% in the extrusion removal stage and only 4.94% in the cutting 
removal stage. This shows that extrusion removal is mainly elastic- 
plastic deformation, while the cutting removal process mainly belongs 
to plastic deformation. 

In summary, the micro-grooving experiments show that the DOC 
seriously affects the cutting characteristics: when the DOC is smaller 
than the critical depth, Zr-based metallic glass will undergo elastic- 
plastic deformation, and the material removal method is extrusion 

Table 1 
Experimental conditions.  

Micro-grooving experiments Progressive load (Fn) 0.1–50 mN 
Load resolution 0.01 mN 
Constant load (Fn) 20, 30, 50 mN 
Scratch length 2000 μm 
Scratch velocity 5000 μm/min 

V-shaped tool Material Single crystalline diamond 
Rake angle 0◦

Clearance angle (β) 8◦

Nose angle (α) 90◦

Nose radius Dead-sharp  

Fig. 2. Plot of lateral force Fl and groove depth Pd against normal load Fn.  

Fig. 3. Groove morphology under (a) progressive normal load (b) different constant load.  
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removal process; otherwise, the material removal process of Zr-based 
metallic glass is cutting process and it mainly undergoes plastic defor-
mation. It is well known that the plastic deformation mechanism of 
metallic glass is sophisticated and the coupling effect of temperature, 
stress and free volume concentration changing with time should be 
taken into account. Therefore, in the following content, the dynamic 
model [28–32] based on free volume theory was used to analyze the 
evolution mechanism of material deformation characteristics caused by 
DOC. 

3. Simulation and analysis of deformation mechanism under 
different DOC 

3.1. The dynamic simulation model 

The cutting process of metallic glass involves the changes of stress, 
temperature and free volume concentration [37]. The free volume will 
be reproduced or annihilated under the action of stress and temperature, 
then affecting the stress and temperature dynamically [33,38]. Mean-
while, the free volume will diffuse due to the concentration gradient, 
and the heat will be transferred out of deformation zone due to the 
temperature gradient. Hence, stress, temperature and free volume 

Fig. 4. The cutting force and penetration depth comparison with different normal load. (a) Fn = 20 mN (b) Fn = 50mN.  

Fig. 5. Residual depths of micro-grooves when (a) Fn = 20 mN (b) Fn = 50 mN.  
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concentration will change dynamically with time in the material 
removal process [11,28,31,32]. 

In the process of machining, when the shear stress exceeds the yield 
stress of the metallic glass, the plastic flow of the material in deforma-
tion zone will dissipate the accumulated strain energy, which leads to 
the decline of the shear stress. Therefore, the variation of shear stress 
with time is related to the difference between average strain rate γ̇avg and 
plastic strain rate γ̇p, as shown in Eq. (1). 

dτ
dt

= Λ
(

γ̇avg − γ̇p
)

(1)  

where Λ = Elhsin2ϕ/Γd2, E is Young's modulus, l is the length of tool 
contact with the chips, h is the thickness of primary shear zone (PSZ), ϕ 
is the shear angle, Γ is the coefficient between the friction force and 
normal force, d is the DOC; γ̇avg = Vs/h is the average strain rate applied 

on the PSZ, Vs is the shear velocity. 
The plastic strain rate γ̇p is determined by the atomic displacement 

per unit time, and whether the atom can jump depends on the activation 
energy ΔGm applied by the external force. Only if the activation energy 
is greater than the potential barrier, the atomic displacement occurs. So 
the plastic strain rate can be expressed by the fraction of potential-jump 
sites times the net number of forwarding jumps at each site per second, 
as the following equation 

γ̇p = 2fexp
(

−
1
ξ

)

sinh
[

τΩ
2kBT

]

exp
[

−
ΔGm

kBT

]

(2)  

where f is the frequency of atomic vibration, ξ is the free volume con-
centration, Ω is the atomic volume, kB is the Boltzmann constant, T is the 
absolute temperature, and ΔGm is the activation energy. 

When plastic deformation occurs in metallic glass, its atomic 
arrangement in deformation zone will be more disordered and the free 
volume will increase. This process is described by the net production 
rate of free volume g(τ,ξ,T). However, nearby atoms will jump to the 
vacancy when a free volume occurs to keep the local lowest free energy. 
The possibility of this kind of atom displacement in all directions is only 
related to the gradient of free volume concentration. Thus, the reduction 
of free volume can be described as a diffusion process, which results in a 
lower free volume concentration in deformation zone. The time differ-
ential of free volume concentration can be expressed as: 

dξ
dt

= η(ξ0 − ξ)+ g(τ, ξ,T) (3)  

where η = (Vf + 4D/h)/h is the free-volume flow coefficient with the 
diffusion coefficient D of ξ, ξ0 is the free volume concentration outside 
the PSZ, g(τ,ξ,T) is the net generation rate function of ξ refer to [27,32], 
Vf is the chip velocity. 

The plastic deformation of metallic glass will increase its strain en-
ergy and the release of strain energy will increase the temperature of 
deformation zone. On the other hand, the temperature gradient between 
the deformed zone and the undeformed zone will lead to the heat con-
duction process. So the temperature of deformation zone is given by 

dT
dt

= ϑ(T0 − T)+Aτγ̇p (4)  

where ϑ = (Vf + 4κ/h)/h is the heat flow coefficient with the thermal 
diffusivity κ, T0 is the absolute temperature outside the PSZ, A = βTQ/ρCv 

is a constant related to the Taylor–Quinney coefficient βTQ with the 
density ρ and the specific heat Cv. 

To reduce the calculation error caused by the magnitude difference 
of each parameter, the parameter is usually normalized. Select dimen-
sionless parameter as T̂ = T/T0, ̂t = t/t0 with t0 = f− 1 exp (ΔGm/kBT0), 
τ̂ = τ/τ0 with τ0 = 2kBT0/Ω, then dropping the hats, we have the 
dimensionless forms of governing Eqs. (5)–(8): 

dτ
dt

= Λ
′

(

γ̇avg
′

− γ̇p
)

(5)  

γ̇p = 2exp
[

ΔGm

kBT0

(

1 −
1
T

)]

exp
(

−
1
ξ

)

sinh
[τ
T

]
(6)     

dT
dt

= ϑ
′

(1 − T)+A
τ0

T0
τγ̇p (8)  

where Λ′ = Λ/τ0, φ is a geometrical factor [31]. Φ = 2
3

1+ν
1− ν

υ*

Ω
G
τ0 

with 
Poisson ratio ν, the critical volume υ* of the effective hard-sphere size of 
atom, and the shear modulus G, nD is the number of diffusive jumps 
necessary to annihilate a free volume equal to υ*, η′

= η⋅t0, ϑ
′

= ϑ⋅ 
t0 ˙, γavg

′

= γ̇avg⋅t0. 
In Section 2, it is found that the cutting characteristics are signifi-

cantly different before and after the critical DOC. To explain this phe-
nomenon, DOC = 10 μm and DOC = 0.1 μm are selected in the numerical 
calculation. The DOC with two orders of magnitude difference can 
enlarge the difference between the extrusion removal process and the 
cutting removal process. It can also make up for the calculation accuracy 
problem caused by the inaccuracy of some parameters in the formula. 
The values of those variables used in the simulation are shown in 
Table 2, other parameters are referred to reference [11]. 

3.2. The influence of DOC on the deformation characteristics 

Fig. 6 shows that in the cutting removal process, periodic vibration 
occurs in stress, free volume concentration and temperature. First of all, 
plastic deformation occurs in the primary shear zone under the action of 
stress, which makes the free volume in PSZ accumulate to form a shear 
band, and the formation of shear band will reduce shear stress and thus 
reduce the continuous accumulation of free volume. When the shear 
band is discharged, another part of the materials entering the main shear 
zone will repeat the above formation and discharge process. Because the 
deformation of the material is accompanied by the change of tempera-
ture, the periodic fluctuation of stress, temperature and free volume 
concentration is formed. According to the vibration period and cutting 
speed, it can be calculated that the vibration interval is about 100 nm, 
which is equal to the space interval of the secondary shear band [29,39]. 

In the extrusion removal process, the stress, free volume concentra-
tion and temperature quickly reach a stable state, indicating that there is 
no shear band formation and discharge process, which is significantly 
different from the macron cutting or micron cutting [12,14,15,18,19]. 
Because the free volume flow coefficient increases significantly with the 
decrease of the DOC, the free volume is not easy to accumulate, and the 
formation of the shear band is more difficult; while the average strain 

dξ
dt

= η′

(ξ0 − ξ)+
1
φ

exp
[

ΔGm

kBT0

(

1 −
1
T

)]

exp
(

−
1
ξ

)

×

{
T

Φξ

[
cosh

(τ
T

)
− 1

]
−

1
nD

}

(7)   
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rate increases, the deformation ability is improved, so there is a large 
amount of material pile up on both sides of the groove. Therefore, there 
is no fluctuation in the extrusion removal process without shear band 
formation. 

Through the simulation analysis, it can be concluded that the 
deformation mechanism of metallic glass is closely related to free vol-
ume flow, which is determined by the free volume flow coefficient and 
concentration. The DOC essentially affects the average strain rate and 
free volume flow coefficient of metallic glass in deformation zone, 
causing that the material removal process shows two modes: extrusion 
mode and cutting mode. 

4. Control of material removal mode of metallic glass 

Since free volume concentration is a key factor affecting the prop-
erties of metallic glass, the initial free volume concentration is adjusted 

to change the cutting characteristics of metallic glass at different DOC. 
Firstly, the change rule of stress, free volume concentration and tem-
perature under different initial free volume concentrations is analyzed 
by simulation, then the influence of initial free volume concentration on 
cutting characteristics is analyzed by experiment to verify the feasibility 
of the control method. 

4.1. Simulation analysis of the control by adjusting the free volume 
concentration 

As shown in Fig. 7, under the same DOC, if the initial free volume 
concentration ξ0 of the workpiece increases or decreases by 0.005, the 
vibration disappears and intensifies respectively. When the free volume 
concentration increases, the volume of the deformation units is rela-
tively large, and only a small external force is needed to remove the 
material; when the free volume concentration decreases, the deforma-
tion units need larger shear stress and a longer accumulation time to 
form a shear band, so the amplitude and the vibration period increase. 

Through the comparison of three sets of simulation results, it is 
considered that changing the initial free volume concentration can 
change the critical depth of extrusion deformation, and can be used to 
control the removal mode from extrusion to cutting. For example, when 
the ξ0 increases to 0.055, even if DOC is 10 μm, it may show the char-
acteristics of extrusion removal; when the ξ0 decreases to 0.045, it may 
be represented as cutting removal mode even if the DOC is 0.1 μm. 

Table 2 
Dimensionless parameters for simulation.  

DOC (μm) 10 0.1 

γ̇avg
′ 0.001 0.1 

η′ 0.04 4 
ϑ′ 40 400,000 
ξ0 0.045/0.05/0.055 0.045/0.05/0.055  

Fig. 6. Shear stress, free volume concentration, and temperature vs. cutting time from simulations of Eqs. (5)–(8) with DOC = 10 μm and DOC = 0.1 μm, ξ0 = 0.05.  
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4.2. Experimental verification of the control method of material removal 
mode by adjusting the free volume concentration 

The deformation or heat treatment can change the free volume 
concentration of metallic glass [40,41]. However, it is difficult to control 
free volume concentration caused by deformation, and pre-deformation 
is not convenient for machining, so two kinds of heat treatment methods 
are conducted to obtain two kinds of initial free volume concentration: 
as-cast specimens were heated to 0.8 Tg (628 K) by 3 K/min and cooled 

slowly to room temperature after holding for 2 h to obtain a structural- 
relaxation sample; as-cast specimens were frozen in liquid nitrogen for 2 
h to obtain a rejuvenated sample. Meanwhile, the amorphous structures 
of these metallic glasses under different conditions were ascertained by 
X-ray diffraction (Rigaku Smartlab, 9KW) as shown in Fig. 8. 

Fig. 9(a, b) shows the curves of lateral force (Fl) and groove depth 
(Pd) versus normal load (Fn) of materials with different heat treatments 
under progressive load. Fl and Pd also change abruptly with Fn increases, 
which is consistent with the previous result, but the critical depth 
change. Fig. 9(c) shows the results of critical depth measured by three 
groups of experiments under various initial states. It demonstrates that 
the critical depth of annealed specimen (about 478 nm) is slightly 
smaller than that of as-cast material (about 648 nm), while the critical 
depth of rejuvenation metallic glass (about 924 nm) is larger than that of 
as-cast and relaxed material. 

The critical depth of deformation transition changes with different 
initial free volume concentrations. These experimental results are 
consistent with the numerical results, which show that heat treatment 
can control the material removal mechanism. 

5. Conclusions 

In this paper, the effects of DOC on the micro-grooving characteris-
tics of metallic glass are studied systematically. The following conclu-
sions can be drawn:  

(1) There is a critical transition DOC in the micro-grooving of 
metallic glass, through which the material removal mode changes 
from extrusion mode to cutting mode. In the extrusion removal 
mode, material piles up on both sides of grooves, while in the 
cutting removal mode, smooth grooves can be obtained. 

Fig. 7. Shear stress, free volume concentration, and temperature vs. cutting time from simulations of Eqs. (5)–(8) with ξ0 = 0.05, 0.045, 0.055 (a) d = 10 μm, (b) d =
0.1 μm. 

Fig. 8. XRD pattern of samples under different heat treatment.  
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Fig. 9. Variation of scratch depth and lateral force with loading force (a) annealed sample (b) cryogenic sample (c) Critical DOC of different samples.  
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(2) The change of DOC mainly affects the average strain rate and the 
free volume flow coefficient of materials in deformation zone, 
thus changing the removal characteristics of metallic glass. The 
increase of free volume flow coefficient due to the decrease of 
DOC makes it difficult to form a shear band. On the other hand, 
the plasticity of metallic glass increases as the average strain rate 
increases, which makes the plastic removal process more stable. 

(3) Heat treatment can be used to control the free volume concen-
tration of metallic glass and thus modulate its plastic deformation 
ability. So the critical transition DOC can be adjusted by 
annealing and cryogenic treatment. 
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