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In this study, the mechanical responses of the bonded interface method derived Mg58Cu28.5Gd11Ag2.5
bulk metallic glasses (BMG) under the micro-/nano-indentation are investigated. A modified expanding
cavity model is developed to analyze the morphological observations of shear band by Vickers inden-
tation. Results indicate that the radius ratio of any two adjacent shear band circles is approximately
constant. The ratio of the shear band deformation zone to the contact radius induced by indentation is
also a constant, which depends on the constraint factor (the ratio of hardness to yield strength) of
the material. The features predicted by the present model are consistent with the results obtained from
the indentation experiments, indicating the validity of the expanding cavity model for describing the
mechanical behaviors of the BMG materials. The cross-sectional transmission electron microscopy
(XTEM) observations reveal that the terraced shear bands are formed on the interface of the bonded
Mg-based BMG. The microstructures for the Vickers indentation-induced terraced shear bands are also
discussed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, bulk metallic glasses (BMGs) have attracted rapidly
increasing attention due to their importance in understanding the
fundamental science involved as well as the potential engineering
applications [1]. The interrelations between the microstructure and
material properties of amorphous alloys, such as high strength,
large elastic limit, and high corrosion resistance are quite different
from those prevailing in crystalline alloys [2e5]. The excellent
physical, chemical, and mechanical characteristics exhibited in
BMGs have brought about high potential of using them as engi-
neering or structural materials. However, monolithic BMGs have
been confronting a fatal problem of brittleness at temperatures
below the glass transition temperature (Tg). The localized shear
bands are formed in BMGs at room temperature because of the
highly concentrate deformation induced by pressure [6,7]. The
shear band zone exhibits strain softening, which leads to further
plastic deformation and ultimate fracture [8e10]. These drawbacks
have limited the applications of BMGs as engineering materials.
; fax: þ886 7 6578444.
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To estimate the shear band emission of BMGs, micro/nano-
indentation methods have been widely used to measure the
mechanical properties and elastic/plastic responses of BMGs.
Previously studies have reported that the formation of shear bands
underneath the indentation cavity created by Vickers and spherical
indentation were frequently exhibiting morphologies of semi-
circular shape [6e8]. Two primary types of shear band were
observed in the deformation zone: primary shear band (PSB) and
secondary shear band (SSB) [10e12]. In addition, the load-
displacement curve exhibits the displacement bursts, known as
serrations or pop-in events, in the course of the indentation process
[13e16]. The size of pop-ins was found to increase with indentation
depth but decrease with the indentation loading rate. The pop-in
events, thus, were believed to be closely related to the emission of
shear bands during indentation process [17,18].

In the present study, the mechanical characteristics of
Mg58Cu28.5Gd11Ag2.5 BMG [19,20], an alloy with high glass forming
ability, fabricated by using a bonded interface method was inves-
tigated using indentation techniques. A modified Johnson’s
expanding cavity model [21] was developed to describe the rela-
tionship between the ratios between the radii of any two adjacent
shear band circles. The ratio of deformation zone to contact radius
of an indentation cavity can also be obtained using the present
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Fig. 1. (a) Schematic diagram of the expanding cavity model of the elastic-plastic
region induced by an indentation on a BMG surface. (b) Free body diagram of a shear
band annulus.

Fig. 2. XRD pattern of as-cast Mg58Cu28.5Gd11Ag2.5 alloy.
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model, provided the hardness and yield strength of the specimen
are available. The experimental results obtained from the micro-
structural features of the indentation-induced shear bands
produced by Vickers indenter have largely confirmed the predic-
tions given by the modified expanding cavity model. The micro-
structure analyses reported were carried out by using the dual
beam focused ion beam (DB-FIB) and transmission electron
microscopy (TEM) techniques.
Fig. 3. DSC trace of as-cast Mg58Cu28.5Gd11Ag2.5 alloy. The heating rate is controlled to
be 20 K/min. The glass transition temperature and crystallization temperature are
obtained 435 K and 488 K, respectively.
2. Experimental details

TheMg58Cu28.5Gd11Ag2.5 BMG rodswith diameter of 4 mmwere
prepared by injection casting method as had been described previ-
ously [19]. The amorphous structure of these as-casted Mg-based
BMGspecimenwas verifiedbyX-ray diffractometer (XRD, ScintagX-
400�) with amonochromatic Cu-Ka radiation. Differential scanning
calorimetry (DSC) measurement was applied to reveal the glass
transition temperature (Tg) and the crystallization temperature (Tx)
of the Mg-based material. The DSC measurements were carried out
in the temperature range of 350e550 K with a heating rate of 20 K/
min. Indentation experimentswereperformedat roomtemperature
(22 �C) using a nanoindenter (MTS Nano Indenter XP, USA) for
nanoindentation tests and a Vickers indenter for microindentation
tests.MTS nanoindentation testswere performed under continuous
stiffness mode (CSM) with a strain rate of 0.05/s and maximum
indentation depth of 2500 nm. The radius of the Berkovich indenter
tip is about 150 nm. The thermal drift was controlled to be less than
0.15 nm/s. In order to reveal the morphology of the shear band
beneath the indentation cavity the bonded interface technique was
employed to prepare specimens for Vickers microindentation tests.
The bonded interfaceswere polished to amirrorfinish andmounted
immediately toprevent the specimens fromoxidation. In theVickers
indentation tests, a maximum load of 500 gf (approximately
4900 mN) and a loading time of 15 s were applied. The cross-
sectional transmission electron microscopy (XTEM) specimen
preparationwereperformedusingdual beamfocused ionbeam(DB-
FIB) system with Ga ions source. Prior to the ion-milling process,
a 1.5-mm thick carbon layer was deposited as the protective layer to
protect the original microstructure from damage caused by Ga ions
bombardment. The microstructures of the shear bands were, then,
examined by using the scanning electron microscopy (SEM) and
TEM (FEI, G220 S-Twin).
3. Model methodology

During the indentation process, it has been established that the
dominant deformation mechanism at room temperature is the



Fig. 4. MTS nanoindentation results for as-cast Mg58Cu28.5Gd11Ag2.5 alloy. (a) The
normal contact stress as a function of indentation depth. (b) The hardness as a function
of indentation depth.

Fig. 5. TheSEMimagesofVickers indentations. The ratios of shearbanddeformationzone
to the contact radius of these indentations are approximately a constant value of 1.33.
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formation of shear bands. Previous studies [6e12] have further
indicated that the indentation-induced shear bands generated by
Vickers indenters can be approximately fitted by circles with
various radii. It is conceived that, due to the isotropic nature of
BMGs, the shear bands follow closely with the semi-circular stress
contours beneath the indentation cavity. Nevertheless, direct
comparisons between the actual nanoindentation-induced shear
band morphologies with the theoretical expectations are lacking.
Therefore, a combination of indentation, SEM and FIB techniques
together with the expanding cavity model [21] are carried out to
investigate the morphological evolutions of Vickers indentation-
induced shear bands in Mg-based BMG materials.

A schematic diagram of the expanding cavity model of the
elastic-plastic region induced by indentations is shown in Fig. 1(a).
During the indentation process, the outermost shear band circle
can be viewed as the elastic-plastic boundary in the cavity model.
The shear band circles are constantly produced with the increasing
indentation load (P). In Fig.1(a), the contact radius is represented as
a, and the indentation depth is h. Very recently, Yoo and Jang [10]
and Xie and George [11] proposed that a pile-up effect may play
a role in BMG indentation experiments. Nevertheless, we note that,
compared to the scale of an indentation cavity, the pile-up effect is
too small and, thus, is neglected in the present analysis. Fig. 1(b)
shows a free body diagram of a shear band annulus between the (n)
th and the (nþ 1)th shear band circles. The thickness of annulus is
denoted as tn, which is called the shear band spacing. Consequently,
the relationship between the (n)th and the (nþ 1)th shear band
circle can be written as:

rnþ1 ¼ rn þ tn (1)

where rn and rnþ1 are the radius of the (n)th and the (nþ 1)th shear
band circles, respectively. Since rnþ1 is defined as the radius of
outermost shear band circle, which is the latest formed elastic-
plastic boundary, rnþ1 also represents the radius of deformation
zone induced by indentations.

In Fig. 1(b), the stresses sr acting at the outer surface of the
(nþ 1)th shear band circle can be integrated to obtain an upward
force Fu in the vertical direction. Similarly, the stress Pi acting on the
inner surface of the (n)th shear band circle produces the same effect
as that of the downward force Fd in the vertical direction.



Fig. 6. The radii and radius ratio as a function of shear band circle obtained fromFig. 6(a).

Fig. 7. (a) The morphological picture of Vickers indentation-induced shear bands and
(b) the cross-sectional view of shear band circles are obtained using FIB-SEM.
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Considering the force balance in the vertical direction of the shear
band annulus (Fu¼ Fd), the equilibrium equation can be written as:

Pi
sr

¼
�
rn þ tn

rn

�2
(2)

Defining Pm as the mean contact pressure acting on the projection
area of the indentation cavity, as shown in Fig. 1(a). In this study,
the microindentations were performed using a Vickers indenter
with a half-diagonal length of a, one obtains Fd ¼ Pm2a2 ¼ pr2nPi.
According to the Johnson’s cavity model in contact mechanics [21],
the relationship between the radius stress sr acting on the outer
elastic-plastic boundary and the yield strength Y can be written as
sr¼ 2Y/3. Then, the mean contact pressure Pm is equal to the
hardness (H) of specimen when the material starts to yield.
Substitution of Pi and sr into Eq. (2) gives:
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Generally, the value of H/Y is called the “constraint factor, Cc”. Since
the constraint factor on the left-hand side of Eq. (3) is a constant,
the value of rnþ1/a on the right-hand side of Eq. (3) must be
a constant, too. This result suggests that, for an isotropic BMG
material, the ratio of the deformation zone to the contact radius of
an indentation cavity should be a constant value, as well. The val-
idity of this conclusion will be discussed later.

4. Results and discussion

The XRD pattern of the as-cast Mg58Cu28.5Gd11Ag2.5 alloy is
displayed in Fig. 2. The patternwas recorded from the top surface of
the specimen with the 2q angle being scanned in the range
of20� � 2q� 80�. It is evident from Fig. 2 that no apparent crys-
talline peak except for a broadened diffraction peak is detected,
indicating that the specimen is fully amorphous.

The DSC trace of the as-cast Mg58Cu28.5Gd11Ag2.5 alloy is dis-
played in Fig. 3. It can be seen that a clear glass transition
temperature (Tgw 435 K) and a sharp peak of the crystallization
temperature (Txw 497 K) are evident for the Mg-based BMG
investigated in the present study. The width of the supercooled
liquid region (DTx¼ Tx� Tg) was thus determined to be 62 K. These
results confirmed the high glass forming ability of the present Mg-
based BMGs.

Fig. 4 shows the nanoindentation results for the as-cast
Mg58Cu28.5Gd11Ag2.5 alloy. The normal contact stress as a function
of indentation depth is displayed in Fig. 4(a). The contact stress was
determined by the load applied on the sample divided by the
projection of the contact area, namely s¼ P/Acontact. Due to the lack
of dislocation-mediated crystallographic slip, the results clearly
display a marked scattering feature in the contact stress for the first
15 nm of indentation, which is very different from those observed
in crystalline materials [22]. We suspect that it might due to the
adjustments of the local short-range and medium range order
structures inherent in the glassy state [23]. Alternatively, it could be
also reflecting the deformation resulting from the initiation of the
first shear band, which is believed to be onlyw10 nm [23]. The data
then exhibit a clear turn in the trend at an indentation depth of
about 50 nm. The yield strength was thus determined to be about
Y¼ 1.7 GPa from Fig. 4(a). It should be noted that the yield strength
obtained using indentation method is higher than the value



Fig. 8. XTEM images of the same area in Fig. 8(b). An enlarged image of the terraced
shear band on the bonded interface of Mg-based BMG is observed.
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obtained using tension and compression methods, presumably due
to the more microscopic properties are being probed by the
indentation test. The variation of hardness with the increasing
indentation depth for the as-cast Mg58Cu28.5Gd11Ag2.5 alloy is
illustrated in Fig. 4(b). The curve of hardness decreases asymptot-
ically to a constant value of 3.3 GPa after the initial sharp rise for
indentation depth below 50 nm or so. Therefore, this value is
defined as the hardness (H¼ 3.3 GPa) of the sample. The constraint
factor of the present Mg-based BMG is then determined to be
H/Y¼ Cc¼ 1.94. Substituting the above constraint factor into Eq. (3),
one obtains the ratio of deformation zone to contact radius to be
rnþ1/a¼ 1.36. This result reveals that during the indentation
process on an isotropic amorphous alloy, the ratio between the
shear band deformation zone and the contact radius should be
a fixed value depending on the hardness and yield strength (or
constraint factor) of the material.

The deformation morphologies of two different Vickers inden-
tation-induced shear bands observed by SEM are displayed in Fig. 5.
In these two images the semi-circular shear bands are clearly
visible and the contact radii and shear band deformation zones can
be easily measured directly from Fig. 5(a) and (b). In addition, the
ratios of shear band deformation zone to contact radius (rnþ1/a) for
Fig. 5 were calculated to be 1.34 and 1.35, respectively. The results
show that these ratios are consistent with the predicted value of
1.36 by the proposed model. In Fig. 5(a), the semi-circular shear
bands are smoother than that in Fig. 5(b). These shear band circles
are helpful for estimating the radius ratio in Eq.(2). Five adjacent
shear band circles far from the tip of indentation cavity were
specifically labeled in Fig. 5(a) to estimate the radius of each semi-
circular shear band. The radii and radius ratios of these shear band
circles are displayed in Fig. 6. It is evident that the radius ratio of
any two adjacent shear band circles is almost constant with a value
of 1.05. This result indicates that the term of radius ratio (rnþ1/rn) in
Eq. (3) can be defined as a constant value C and the radii of shear
band circles are geometric series with a common ratio C, namely,
rnþ1/rn¼ C, and rnþ1¼ Crn. Substituting the above expression into
Eq. (1) gives:

tn ¼ ðC � 1Þrn (4)

Eq. (4) indicates that the shear band spacing, tn, is linearly
proportional to the radius of shear band circle. This is in good
agreement with experimental results reported in the previous
studies [8,10e12], which showed that the shear band spacing
between the semi-circular bands increases with the indentation
depth.

The microstructure of the Vickers indentation-induced shear
bands for the presentMg-based BMGwas further examined by SEM
and XTEM techniques. A series of semi-circular shear band induced
by Vickers indentation on the bonded interface of the sample is
displayed in Fig. 7. It reveals that the bonded interface is no longer
smooth, but in the form of terraces between the shear band circles.
These terraces exhibit on the bonded interface were due to the
shear band sliding induced by indentation, as displayed in Fig. 7(a).
Moreover, the cross-sectional view of the terraced shear bands is
shown in Fig. 7(b). In order to have a closer look at the terraced
shear band, Fig. 8 shows an enlarged XTEM picture. It can be seen
that the shear bands exhibit on the bonded interface do not expand
into the material beneath the bonded interface. This may due to the
thickness of TEM sample or the local melting induced by ion
bombardment during FIB sampling process. However, the obser-
vation reveals that the present Mg-based BMG material has no
crystallization and remains amorphous phase after shear sliding
deformation, as is confirmed by the select area diffraction pattern
displayed in the inset of Fig. 8.

5. Conclusions

In summary, the modified expanding cavity model developed
for Vickers indentation-induced shear bands appears to success-
fully describing the deformation behaviors of the Mg-based BMGs.
The experimental results obtained from the Vickers indentation
evidently confirmed the model predictions. Namely, the ratio of the
shear bands deformation zone to the contact radius (a) depends
sorely on the constraint factor (H/Y) of the specimen; the radii of
shear band circles are generally in a form of geometric series with
a common ratio of C; and the spacing of shear bands between two
adjacent shear band circles is linearly proportional to the radius of
shear band circle. From the XTEM observations, the terraced shear
bands do not expand further into the material beneath the bonded
interface. Selected area diffraction pattern reveals that the micro-
structures near the Vickers indentation-induced terraced shear
bands remain amorphous. No crystallization occurs during shear
band sliding deformation induced by indentation in the present
Mg-based BMG materials.
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