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A B S T R A C T

Creation of micro dimples on material surface is significant for their functional applications. Because of unique
properties, metallic glasses are regarded as emerging structural and functional materials but they are also a kind
of difficult-to-cut materials due to high hardness and easy to crystallization and oxidation. In this study, a new
method was proposed to fabricate micro dimples on metallic glass surface, which consisted of two steps, na-
noindentation experiments to form the pre-indent array followed by polishing. Via this two-step method, square
and rectangle dimples were successfully formed which exhibited multi-scale features with one relatively large
dimple with width in micron-scale and depth in nanometer-scale, together with relatively small residual indents
in nanometer-scale distributed on its bottom surface. The experimental results indicated that the depth of multi-
scale dimples was affected by the spatial interval between two indents and the polishing time. Under the used
experimental conditions, for the same polishing time, the depth of the large dimple was decreased when in-
creasing the interval; for the same interval, with increase in the polishing time, the depth of the large dimple was
also decreased. The possible formation mechanism of the large dimple was discussed, which was mainly ascribed
to the enhanced material removal at the position of pre-indent array because of the concentration of polishing
particles by the pre-indents.

1. Introduction

Being an amorphous atomic structure, metallic glasses (MGs) pos-
sess attractive mechanical, physical, and chemical properties, such as
high hardness, strength, elastic limit, and good resistance to wear and
corrosion [1–4]. Thus, they are regarded as emerging structural and
functional materials. For example, they are promising materials for
spacecrafts because of high strength that can greatly reduce the weight;
the high hardness and wear resistance make MGs become excellent
mold materials [5]; taking features of high strength and low elastic
modulus, MGs also show huge potential for biomedical applications [6];
the good resistance to corrosion makes MGs good candidates for using
in micro/nano-fluidic devices [7].

On the other hand, it is commonly reported that surface micro-
structures can provide some novel optical, physical, and biomedical
functions and properties for materials [7–14]. Micro dimple is a typical
surface structure, which is widely employed in micro-molds, micro-
mechanical systems, micro/nano-fluidic devices, and bionic functional
surfaces. Although thermoplastic forming in the supercooled liquid
region (SLR) provides a unique way to shape MGs into various products

[11,15,16], this method requires expensive molds, and crystallization
may occur because the forming temperature is quite difficult to control
especially for the MGs with a narrow SLR [2,17]. Moreover, due to the
capillary effect and other reasons, MG materials are difficult to com-
pletely fill the micro/nano-structured molds [9,10,15]. Another pro-
blem exists in the demolding process where etching of the mold by acid
or alkali is commonly used [10,15,16,18], further increasing the cost
and also polluting the environment. In addition, although mechanical
machining for example diamond cutting is a flexible method to fabri-
cate microstructures on material surface [13,19,20], some issues such
as severe tool wear because of high hardness of MGs, crystallization and
oxidation due to high local temperature because of very low thermal
conductivity of MGs [21–23], and generation of shear bands around the
formed structure [24], limit its application in fabricating micro dimples
on MG surface. The energy-based machining methods such as electrical
discharge and laser machining can easily produce microstructures on
MG surface [8,25], but crystallization is still a significant problem
[8,25–27]. Moreover, burrs and pile-ups commonly appear around the
microstructure fabricated by diamond cutting and energy-based ma-
chining methods [26,28,29], which reduce the performance of the
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structured surface. Therefore, new methods to fabricate micro dimples
on MG surface should be further explored.

Nanoindentation is a widely used method to characterize the me-
chanical properties of materials in micro/nano-scale [30]. After na-
noindentation, residual indent with depth in micro/nano-scale is
formed on the sample surface. Accordingly, nanoindentation has also
been employed to form micro dimples on material surface by directly
penetrating the indenter into the sample [31]. However, because of the

material extrusion due to the strong interaction between the indenter
and sample surfaces, pile-ups were also observed [32,33] especially for
metal materials and thus further surface treatment is required. In the
daily experiments, when re-polishing the indented sample surface for
reuse, it is observed that micro dimple with depth in micro/nano-scale
could be formed at the position of residual indent. If pre-indent array
with controlled spatial interval between two indents is produced on MG
surface prior to polishing, one relatively large dimple with width in
micron-scale and depth in nanometer-scale, together with relatively
small residual indents in nanometer-scale distributed on its bottom
surface, i.e., a multi-scale dimple, could be created on the MG surface.
According to this idea, fabrication of multi-scale dimples on Zr-based
MG surface was attempted in this study by a two-step method involving
nanoindentation and polishing. Experimental results showed that multi-
scale square and rectangle dimples were successfully formed, verifying
the validity of the proposed method.

2. Materials and experiments

A Zr-based MG, Zr41.2Ti13.8Cu12.5Ni10Be22.5 (commonly called
Vitreloy 1) was used in this study. One sample with a thickness of 1mm
and diameter of 10 mm was cut from an as-cast MG rod by wire elec-
trical discharge machining (wire-EDM). To remove the crystallization
layer formed during EDM [25,26] and at the same time improve the
surface quality for subsequent nanoindentation experiments, the
sample was mechanically ground using 400, 800, and 1500 grit sand
papers in sequence and then polished using Al2O3 polishing suspension
(3.0 CR, 1.0 CR, and 0.3 CR with nominal particle size of 3.0 μm,
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Fig. 1. Schematic diagram illustrating the formation of pre-indent array.

Fig. 2. (a) SEM morphology of a single indent formed under the maximum indentation load of 1000mN and loading/unloading rate of 100mN/s; (b) and (c) SEM
morphologies of the pre-indent arrays with different spatial intervals d: (b) 20 μm and (c) 30 μm.
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1.0 μm, and 0.3 μm respectively, Baikalox CR, Baikowski, France)
mixed with water at the ratio of 1:2 in sequence. The polishing pressure
was about 0.64MPa evaluated by the force due to the weight of the
holder divided by the polishing area.

Pre-indent arrays were produced on the polished MG surface by
using a commercial nanoindentation instrument (ENT-1100, Elionix
Inc., Japan) equipped with a Berkovich type diamond indenter. As il-
lustrated in Fig. 1, by varying the spatial interval d between two indents
and the number of indents along x or y axis, the dimension and shape of
the pre-indent array can be tuned. The maximum indentation load of
1000mN was used and the loading/unloading rate of 100mN/s was
selected to reduce the total nanoindentation time. To select the interval
d, single nanoindentation experiment was performed under the above
mentioned experimental conditions, and the corresponding length of
indent edges and indentation-affected region (IAR) were determined to
be about 20 and 24 μm, respectively. Accordingly, as examples, 4× 4
square arrays with different intervals d (20, 50, and 80 μm) and 10× 4
rectangle array with an interval d of 30 μm were formed on the MG
surface.

After nanoindentation experiments, the pre-indent arrays were ob-
served by using an environmental scanning electron microscope
(ESEM) (Inspect S50, FEI, USA) and the corresponding three dimen-
sional (3D) topographies were measured by using a white light inter-
ferometer (Talysurf CCI1000, AMETEK Taylor Hobson Ltd., UK). After
characterizing the surface features of pre-indent arrays, the indented
surface was further polished for about 15min by using 0.3 μm Al2O3

polishing suspension. Then, the polished surface was cleaned by

acetone using cotton swabs followed by ultrasonic cleaner for 5min.
The 3D topographies of the indented regions after polishing were
measured by the white light interferometer again. To study the effect of
polishing time on the results, a 4× 4 square array with the interval d of
50 μm was polished for about 10min and then characterized for com-
parison.

3. Results and discussion

Fig. 2(a) shows the SEM morphology of a single indent formed
under the maximum indentation load of 1000mN and loading/un-
loading rate of 100mN/s. An inverted pyramid indent is observed,
which is surrounded by some semicircle shear bands generated due to
the amorphous structure of MG. Using a circle to surround the indent
and shear bands, the size of the IAR is roughly evaluated to be 24 μm.
According to the scale bar, the length of indent edges is calculated to be
about 20 μm. Fig. 2(b) presents a typical SEM morphology of pre-indent
array when the interval d is 20 μm, being less than the diameter of the
IAR. As portion of the subsequent indent is still in the IAR of the pre-
ceding one, the shape of shear bands has been significantly affected due
to the interaction between two IARs [34] and some straight shear bands
appear. When the interval d is increased to 30 μm, the interaction be-
tween two IARs is weakened and shear bands almost recover to semi-
circle as shown in Fig. 2(c). With further increasing of the interval to 50
and 80 μm, the shear bands of the pre-indent arrays (not given here)
exhibit the same features to that of the single indent in Fig. 2(a).

Fig. 3(a) and (b) present typical 3D topographies of the 4×4 pre-
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Fig. 3. (a) and (b) 3D topographies of the 4× 4 pre-indent array formed under an interval d of 20 μm, (c) the corresponding contour, and (d) the profile of the dotted
line in Fig. 3(a).
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indent array formed under an interval of 20 μm. Fig. 3(c) shows the
corresponding contour and Fig. 3(d) illustrates the profile of the dotted
line in Fig. 3(a). It is noted that the height around the edges of pre-
indents is considerable higher than that of the initial surface. For ex-
ample, in Fig. 3(d), the height of point D (around the edge of the pre-
indent) is about 446 nm higher than that of point C (initial surface).
This phenomenon is the so-called “pile-up” in the field of na-
noindentation [32,33], which results from the strong interaction be-
tween the indenter and material surface that induces the plastic ex-
trusion of materials. From Figs. 2 and 3, it is noted that although single/
array micro dimple can be generated on the MG surface by na-
noindentation, a large number of surface defects such as shear bands
and pile-ups appear around the dimple. Thus, it is not feasible to obtain
micro dimple free of surface defects around by only using na-
noindentation.

Figs. 4, 5, and 6 show the surface features of pre-indent arrays after
polishing for 15min, and the corresponding intervals d are 20, 50, and
80 μm, respectively. It is noted that the pile-up as shown in Fig. 3 has
been removed and the triangle-shape of pre-indents disappears. When
the intervals are 20 and 50 μm, relatively large dimples with width of
hundreds of micrometers are clearly observed at the positions of pre-
indent arrays as shown in Figs. 4(a)–(c), 5(a), and (b). The corre-
sponding depth of the large dimple near the center is about 385 nm
when d is 20 μm, and it is decreased to about 240 nm when d is in-
creased to 50 μm. Apart from the large dimple, dimple-like residual
indents are distributed on the bottom surface of the large dimple.

Correspondingly, the measured depth of residual indent is about 55 nm
when d is 20 μm, being less than that when d is 50 μm (about 140 nm).
Although there may be some errors when measuring the depth of re-
sidual indent because (1) some small particles remain at the tip of re-
sidual indent being difficult to clean and (2) the tip of residual indent is
very sharp that affects the optical measurement, the change in depth of
residual indent suggests the same tendency that the decrease in the
interval d increases the depth of the large dimple.

Furthermore, when d is increased to 80 μm, as shown in Fig. 6, the
large dimple is extremely shallow and it is very hard to identify its
shape from the 3D topographies in Fig. 6(a) and (b). On the contrary,
the dimple shape of the relatively small residual indents becomes clear
after polishing. From Fig. 6(d), it is obtained that the depth of the large
dimple is only about 40 nm and it is around 180 nm for residual indent.

The results shown in Figs. 4–6 are obtained by polishing the 4×4
square pre-indent arrays and the only difference in experimental con-
dition is the interval d. These results confirm that multi-scale square
dimples with one relatively large dimple in micron-scale width and
nanometer-scale depth as well as relatively small residual indents in
nanometer-scale depth can be fabricated on MG surface by the proposed
two-step method, i.e., nanoindentation experiments to form the pre-
indent array followed by polishing. The depth of the multi-scale square
dimple strongly depends on the interval d of pre-indents. To further
verify the validity of the two-step method, Fig. 7 shows the surface
features of a 10×4 rectangle pre-indent array (d=30 μm) after pol-
ishing for 15min. The results confirm that a multi-scale rectangle
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Fig. 4. (a) and (b) 3D topographies of the 4×4 pre-indent array (d=20 μm) after polishing for 15min, (c) the corresponding contour, (d) and (e) profiles of the
dotted line and solid line in Fig. 4(a), respectively.
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dimple has been successfully fabricated on the MG surface. The corre-
sponding depth of the large dimple is about 340 nm and the depth of
residual indent is about 80 nm. Furthermore, as the interval d (30 μm) is
between 20 and 50 μm, the depth of the large dimple is a little larger
than that of the multi-scale square dimple in Fig. 5 (d=50 μm) but a
little smaller than that of the one in Fig. 4 (d=20 μm). The comparison
of the depth of residual indent also shows the same tendency.

As the validity of the two-step method has been confirmed by the
aforementioned results, next we will study the effect of polishing time
on the multi-scale dimple. Fig. 8 shows the surface features of a 4× 4
square pre-indent array (d=50 μm) after polishing for 10min. For
comparison, all the other experimental conditions in Fig. 8 are the same
with those in Fig. 5 except for the polishing time. It is interesting to find
that after polishing for 10min, both the depth of the large dimple
(about 300 nm) and the depth of residual indent (about 160 nm) are
larger than those after polishing for 15min (about 240 and 140 nm,
respectively). This suggests that during the increased polishing time of
5min, the MG materials on both the surrounded surface and the surface
between pre-indents are removed simultaneously, and the material re-
moval rate of the surrounded surface is larger than that of the surface
between pre-indents.

In summary, Table 1 lists the main results obtained from Figs. 4–8.
It can be concluded that for the same polishing time of 15min, in-
creasing the interval d from 20 to 80 μm results in decreasing of the
depth of the large dimple from 385 to 40 nm but increasing of the depth
of residual indent from 55 to 180 nm; for the same interval d of 50 μm,
when increasing the polishing time from 10 to 15min, the depth of the
large dimple is decreased from 300 to 240 nm together with the de-
creasing of the depth of residual indent from 160 to 140 nm.

The formation of multi-scale dimple at the position of pre-indent
array indicates that the pre-indent array has the function to enhance the
material removal during subsequent polishing process. As the formation
of residual indent is easily understood by non-complete removal of the
pre-indent during polishing, the emphasis will focus on the formation

mechanism of the large dimple by the two-step method, which will be
helpful for explaining these results in Table 1. As the pre-indent array
has been formed on the MG surface prior to polishing, the enhanced
material removal at the position of pre-indent array during polishing
may result from the following potential reasons: (1) the corrosion of
polishing suspension [35–37], (2) the concentration of polishing par-
ticles due to the pre-indents, and (3) the residual stress induced via
shear band creation during indentation [38–42].

Although MGs commonly exhibit good corrosion resistance, pre-
vious studies [35–37] indicated that the pitting corrosion could occur
on shear bands of the pre-deformed MGs under certain conditions. As
shear bands appear around the pre-indents and polishing suspension is
used in our study, the role of polishing suspension on the material re-
moval especially at the position of shear bands should be explored and
clarified. For this purpose, the MG sample with pre-indents on its sur-
face was immersed in the solution mixed by 15ml Al2O3 polishing
suspension and 15ml water. To highlight the effect of polishing sus-
pension, a higher volume percentage of polishing suspension (1:1) was
used here. The immersed time was selected to the same with the pol-
ishing time of 15min. Then, the sample surface was cleaned and ob-
served again, and typical SEM morphologies of the indents before and
after corrosion are shown in Fig. 9. It is observed that for both a single
indent and the indent array (d=20 μm), there is no visible difference
in the morphologies obtained before and after corrosion except for
some contaminants on the corroded surface. This result excludes the
corrosion role of polishing suspension. Moreover, it has been experi-
mentally confirmed that the multi-scale dimple can also be formed
when using diamond abrasive paste, which further excludes the role of
polishing suspension.

Another possible reason resulting in the enhanced material removal
at the position of pre-indent array in polishing is the concentration of
polishing particles due to the pre-indents, as illustrated in Fig. 10. In the
initial state as illustrated in Fig. 10(a), because of the existing of pre-
indent array, more polishing particles could be concentrated in the
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Fig. 5. (a) and (b) 3D topographies of the 4× 4 pre-indent array (d=50 μm) after polishing for 15min, (c) and (d) profiles of the dotted line and solid line in
Fig. 5(a), respectively.
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indented region, which increases the effective interaction time and
length between the polishing particles and the indented region. Thus,
the material removal rate at the position of pre-indent array is slightly
higher than that of the surrounded surface.

Because the pile-ups together with shear bands are higher than the
surrounded polished surface, they are removed firstly. As time goes on,
the pile-ups and shear bands are completely removed, and corre-
spondingly, dimple-like residual indents as well as a very shallow large
dimple are formed as illustrated in Fig. 10(b). Furthermore, rounded
corners appear around the residual indent as shown in Figs. 4–8 due to
the high material removal rate at the edge mainly because of the re-
latively high pressure at the edge of pre-indents during polishing [43].
With time, the depth of the large dimple is gradually increased because
of the slightly higher material removal rate of the surface between pre-
indents than that of the surrounded surface. At a certain time, the depth
of the large dimple reaches a critical value as illustrated in Fig. 10(c).
After that, the concentration role of polishing particles is significantly
weakened because the residual depth of pre-indents is relatively small.
Although the formed large dimple also has the role to concentrate the
polishing particles, the pressure applied on the polishing particle by the
large dimple and polishing pad has been significantly reduced because
the relatively large gap between the large dimple and the polishing pad.
These two aspects result in the material removal rate of the surface
between pre-indents being smaller than that of the surrounded surface
of the pre-indent array. This can explain the phenomenon that although
the polishing time is increased from 10 to 15min, the corresponding
depth of the large dimple is decreased from 300 to 240 nm as shown in

the comparative results in Figs. 5 and 8.
Furthermore, the change in depth of the large dimple with the in-

terval d could also be rationalized as follows. From Fig. 10, it is easy to
see that decreasing the interval d will increase the fraction of pre-in-
dents per unit area; thus, the concentration of polishing particles can be
effectively enhanced and relatively larger depth of the large dimple is
achieved when d is 20 μm. On the contrary, if the interval d is too large,
for example, 80 μm, the surface between pre-indents is almost the same
with the surrounded surface of pre-indent array; thus, the concentration
role of polishing particles is only limited around the individual pre-
indent. This is why the depth of the large dimple is very shallow and
dimple-like array appears when d is 80 μm, as shown in Fig. 6.

Additionally, the residual stress induced via shear band creation
during indentation may also contribute to the formation of the large
dimple, especially at the initial stage of polishing. Some previous stu-
dies [33,38,39] indicated that long-range internal stress fields may exist
around the shear band, resulting in position-dependent fluctuations of
nanoindentation hardness. By nanomechanical mapping around a
single shear band formed by compression, hardness reduction at a mi-
crometer length scale was reported [39], indicating the softening role of
shear bands. As shear bands appear around the pre-indents as shown in
Fig. 2, these regions with shear bands are relatively softer compared
with the surrounded MG matrix. Therefore, during polishing, these
regions distributed with shear bands are more easily removed, con-
tributing to the formation of the large dimple at the initial stage. As the
geometry of Berkovich type indenter is anisotropic, the residual stress
around the pre-indent should be quite different, which can be
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Fig. 6. (a) and (b) 3D topographies of the 4×4 pre-indent array (d=80 μm) after polishing for 15min, (c) the corresponding contour, and (d) profile of the solid
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confirmed by the anisotropic distribution of pile-ups and shear bands
around the pre-indent as shown in Figs. 2 and 3. However, in Fig. 6, it is
noted that after polishing, the inverted pyramid shape of pre-indents
has evolved to be the dimple shape, and the height distribution around
the individual dimple is quite isotropic. This fact indicates that the
difference in distribution of residual stress around the pre-indents has
very slightly effect on the material removal during polishing, which
indirectly implies that the role of the residual stress is relatively weak. If
the role of residual stress is significant, the height distribution around
the individual dimple in Fig. 6 should be non-uniform. Especially, when
those regions with shear bands have been removed, the concentration
role of polishing particles by the pre-indents as illustrated in Fig. 10 will
become dominant.

Accordingly, the formation mechanism of the large dimple men-
tioned above could explain these results in Table 1 well. By varying the

spatial interval between two indents and the number of indents along x
and y axis, the geometric shape of the multi-scale dimple could be
tuned. By varying the spatial interval and the polishing time, multi-
scale dimples with various depth of large dimple and residual indent
could be achieved.

Compared to the micro dimples formed by other methods, the multi-
scale dimple created on MG surface by this two-step method shows
smooth profiles free of pile-ups, burrs and shear bands around. Due to
the very limited tensile plasticity of most MGs, their applications as
practical structural materials have been greatly impeded. However,
taking advantages of high hardness and wear resistance, MGs are good
candidate materials for surface contact applications such as hydrostatic
guide, bearing, cylinder and piston. For this kind of application, the
multi-scale dimple structure with features of smooth profiles and non-
burrs is beneficial to store gas or oil between contact surfaces without
scratching the contact surface, which would promote fluid lubrication
between contact surfaces and reduce the friction [29,44].

4. Conclusions

In summary, a two-step method, i.e., nanoindentation experiments
to form the pre-indent array followed by polishing, was proposed and
successfully used to fabricate square and rectangle dimples on MG
surface. The created dimples showed multi-scale features with one re-
latively large dimple with width in micron-scale and depth in nan-
ometer-scale, together with relatively small residual indents in nan-
ometer-scale distributed on its bottom surface. Furthermore, the effects

Table 1
Summary of the results shown in Figs. 4–8.

Type of pre-
indent array

Interval d,
μm

Polishing time,
minute

Depth of large
dimple, nm

Depth of
residual indent,
nm

Square 20 15 385 55
Rectangle 30 15 340 80
Square 50 15 240 140
Square 80 15 40 180
Square 50 10 300 160

Fig. 9. SEM morphologies of an indent (a) after nanoindentation and (b) after corrosion, (c) local enlarged view of Fig. 9(b), and (d) SEM morphology of a pre-indent
array (d=20 μm) after corrosion.
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of spatial interval between two indents and the polishing time on the
depth of multi-scale dimples were studied. The results indicated that for
the same polishing time of 15min, increasing the interval from 20 to
80 μm resulted in decreasing of the depth of the large dimple from 385
to 40 nm but increasing of the depth of residual indent from 55 to
180 nm; for the same interval of 50 μm, when increasing the polishing
time from 10 to 15min, the depth of the large dimple was decreased
from 300 to 240 nm together with the decreasing of the depth of re-
sidual indent from 160 to 140 nm. By analysis, the formation of the
large dimple was mainly due to the concentration of polishing particles
by the pre-indents, which enhanced the material removal at the posi-
tion of pre-indent array during polishing. Apart from this reason, the
residual stress induced via shear band creation during indentation may
also contribute to the formation of the large dimple especially at the
initial stage of polishing.
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