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a b s t r a c t

In this study, the nanoindentation behavior of a Cu–Zr–Al–Ag bulk metallic glass was investigated at
various loading rates. It is found that the load–displacement curve of indentation exhibits a significant
serration of displacement jumps (pop-ins). The experiment data show that the depths of the pop-in site
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are a geometric series. The size of pop-ins increases with indentation depth but decreases with loading
rate; a larger applied loading rate leads to smaller pop-ins during the indentation process. However, the
experimental results indicate that the loading rate has no influence on the depth ratio of pop-in sites. FIB
observation and TEM diffraction patterns show that the microstructure of the BMG material remained
amorphous irrespective of the presence shear bands.
canning and transmission electron
icroscopy

. Introduction

Bulk metallic glasses (BMGs) have received a great deal of
ttention due to their interesting properties, such as amorphous
icrostructure, ultra-high strength, and excellent corrosion resis-

ance [1–3]. The mechanical properties of amorphous alloys are
nlike those of crystalline ones. BMGs are relatively brittle com-
ared to their crystalline counterparts at room temperature. This

ack of plasticity currently limits the structural applications of
MGs [4]. BMGs tend to form semicircular shear bands at room
emperature when high pressure induced localized deformation
ccurs [5,6]. Because of strain softening, the formation of shear
ands reduces the strength of BMGs, which leads to brittle frac-
ures along the shear planes [7]. Thus, avoiding large shear bands
s crucial for structural and engineering applications of BMGs.

Indentation surveys are widely applied to characterize the
echanical properties of BMGs. It was found that the hard-
ess of the shear band zone beneath the indentation cavity is
maller than that of the area without deformation because of
eformation-induced softening [8]. Some researchers reported that
he load–displacement curve (p–h curve) of BMGs during the inden-
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tation process exhibits displacement bursts, known as “pop-ins” or
“serrations” [9–17]. They also observed that the pop-in size varies
with indentation depth and indentation loading rate. Nieh sug-
gested that the pop-ins are associated with the emission of shear
bands [16]. Schuh generated a deformation mechanism map for
BMGs [17]. However, no mathematical relationship between shear
bands and pop-ins has been proposed.

In order to estimate the mathematical relationship between
shear bands and pop-ins for BMGs, we developed an analytical
model to predict the radii in semicircular shear bands, known as
primary shear band circles, and found that the relationship of these
radii is a geometric series with a common ratio. The proposed model
indicates that the relationship of pop-in sites is also a geomet-
ric series, which has the same common ratio as that of the radius
geometric series. This result directly proves that the formation of
pop-ins is due to the emission of shear bands. In addition, most
previous studies reported that the pop-in size varies with loading
rate during indentation process. Thus, the loading rate effect is also
discussed for the proposed analytical model.

2. Model derivation for shear band circles
Shear band formations in indentations are known to be the dom-
inant deformation mechanism at room temperature. Fig. 1(a) shows
the free body diagram of a shear band annulus. The pressure, �r, act-
ing at outer surface of the annulus can be integrated as the upward

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jflin@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jallcom.2010.03.207
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the indenter tip’s movement from the origin O to a point beneath
Fig. 1. Schematic of the indentation of a BMG surface.

orce Fu in the vertical direction. The pressure acting at inner sur-
ace of the annulus can be integrated as the downward force Fd
n vertical direction. Fig. 1(b) shows a schematic diagram of an
ndentation on a BMG specimen. Many semicircular shear bands
re created beneath the indenter when an indentation load P is
pplied. In Fig. 1(b), the radius of the nth shear band circle is rn,
nd the annulus width between the nth and (n + 1)th shear band
ircles is tn. The tips of Vickers and Berkovich indenters can be
oughly treated as spherical indenters with a radius of curvature.
nce the semicircular shear band forms, this shear band circle can
e treated as a new virtual round indenter. Therefore, both Vickers
nd Berkovich indentation can be treated as spherical indentation
n whole indentation process. The radius of the real contact area
s a, and the real indentation depth is h. The whole indentation
rocess is performed at room temperature and the shear band cir-
le is formed once the plastic deformation occurs. For the annulus
etween the nth and (n + 1)th shear band circles, the force balance

n the vertical direction satisfies:

Fv = 0 (1)

n Fig. 1(a), the downward force can be calculated as Fd = Pi�r2
n .

imilarly, the upward force can be determined as Fu = �r�r2 ,
n+1
here rn+1 = rn + tn. Then, Eq. (1) can be rewritten as follows:

i�r2
n = �r�(rn + tn)2 (2)
ompounds 504S (2010) S69–S73

Therefore,

Pi

�r
=

(
rn + tn

rn

)2
(3)

According to the cavity model in contact mechanics, the
stress acting at the elastic-plastic boundary can be determined as
�r = 2Y/3, where Y denotes the yield strength of the material. Define
Pm as the mean pressure acting on the contact area in Fig. 1(b). Then,
the mean pressure Pm is equal to the hardness (H) of the specimen
when the specimen starts to yield. In the present model, the nth
shear band circle is treated as the virtual round indenter with the
tip radius of rn. This viewpoint indicates that Pi = Pm = H′, where H′

denotes the hardness obtained using the virtual indenter. Since the
yield strength and the hardness of a material are constants, the
term (rn + tn)/rn in the right-hand side of Eq. (3) is also ensured to
be a positive constant value (c). Then, the solutions of tn can be
expressed as follows:

tn = (C − 1) rn (4)

The radius of the (n + 1)th shear band circle is thus written as
follows:

rn+1 = rn + tn = rn + (C − 1) rn = Crn (5)

Therefore,
rn+1

rn
= C , n = 1, 2, 3, ... (6)

Using the induction method, the nth shear band circle has a
radius (rn) expressed as a function of the radius of the first shear
band circle (r1) as follows:

rn = Cn−1r1 (7)

Using the contact mechanics shown in the study of Bei et al.
[18], the first shear band circle initiates at the interface between
the elastic zone and the plastic zone, which is located at the posi-
tion z ∼= 0.5a. Therefore, the radius of the first shear band circle is
r1 ∼= 0.5a + R. Define the radius of the indenter’s round tip as R; then,
a =

√
Rh [19]. After a shear band circle forms, the largest shear band

circle is viewed as a virtual spherical indenter. This new virtual
spherical indenter continuously indents the new virtual surface (as
shown in Fig. 1). The derivation below is used to obtain the ratio of
the indentation depths corresponding to any two adjacent pop-ins
as a function of the C parameter. r1 can be expressed as follows:

r1 = 0.5
√

Rh1 + R (8)

where h1 is the indentation depth corresponding to the radius of
the shear band circle r1. Then, rn (n = 1, 2, 3, . . .) can be expressed
as follows:

r2 = 0.5
√

r1h2 + r1 (9.a)

r3 = 0.5
√

r2h3 + r2 (9.b)

...

rn+1 = 0.5
√

rnhn+1 + rn (9.n)

The above expressions are obtained with the assumption that
the annulus between any two adjacent shear band circles (with
radii rn+1 and rn) is subjected to an indentation load applied by an
indenter with a radius of rn. Actually, this radius is virtual. The sec-
ond term on the right-hand side of Eq. (9.a) to Eq. (9.n) represents
point O with a distance tn (n = 1, 2, 3, . . .). Since rn+1 = Crn (n = 1, 2,
3, . . .), the left-hand side of Eq. (9) becomes:

Crn = 0.5
√

rnhn+1 + rn (n = 1, 2, 3, ...) (10)
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Fig. 5 shows the normalized serration size, hjump/h, as a function of
the indentation loading rate. The normalized pop-in size approxi-
mately linearly decreases with applied loading rate in indentation
process. Yang and Nieh [20] have also reported that the p–h curves
Fig. 2. Nanoindentation p–h curve of Cu42Zr42Al8Ag8 BMG.

q. (10) can be rewritten as follows:

rn(C − 1)2 = hn+1 (n = 1, 2, 3, ...) (11)

herefore,

hn+2

hn+1
= 4rn+1(C − 1)2

4rn(C − 1)2
= rn+1

rn
= C (12)

The indentation depths corresponding to two adjacent pop-ins
re thus available for determining the C value shown in Eq. (12).
hen, the relationship hn+2/hn+1 = hn+1/hn = C, shown in Eq. (12), can
e used to determine all indentation depths corresponding to all
op-ins shown in the loading process of the p–h curve. The validity
f the indentation depth of pop-ins predicted by the present model
an be checked from the pop-in positions shown in the experimen-
al p–h curve.

. Experimental details

Cu-based BMG (Cu42Zr42Al8Ag8) was used in the present study. MTS indenta-
ion tests (MTS Nano Indenter XP, USA) were performed under basic mode with a

aximum load of 100 mN and various loading times (2.5, 5, 10, 20, 40 s). The radius
f the indenter tip was about 150 nm. The thermal drift was controlled to be below
.15 nm/s. The bonded interface technique [5,6,8,15] for Vickers indentation was
sed in the present study. A maximum load of 500 gf (approximately 4900 mN) and
loading time of 15 s were applied in the Vickers indentation tests. The TEM speci-
ens were prepared using a dual beam focused ion beam (DB-FIB) system. In order

o protect the original microstructure from ion bombardment damage, a 1.5-�m
hick platinum layer was deposited as the protective layer before the TEM sampling
rocedure was performed. Then, the microstructures of the Cu-based BMG beneath
he indentation cavity were examined using FEI Tecnai G2 20 S-Twin TEM.

. Results and discussion

Eq. (12) indicates that if pop-ins in the p–h curve are due to
he formation of shear bands during the indentation process, the
epth ratio of pop-ins and the radius ratio of shear band circles
ave the same factor, C. Fig. 2 shows a magnification of the Cu-based
MG nanoindentation p–h curve in the depth range of 550–800 nm.
here are six noticeable pop-ins in the p–h curve, five of which are
djacent. The depth ratios of two adjacent pop-ins in Fig. 2 are 1.033,
.033, and 1.034, which are almost equal. This result confirms the
quality hn+2/hn+1 = C in Eq. (12) and shows that the value C = 1.033.

ecause the shear bands pattern created by MTS nanoindentation
as too small to be visible, we performed Vickers microindentation

o produce a better pattern of shear bands.
In Fig. 3, the shear band circles formed nearby the tip region of

he indentation cavity are seen to be quite crowded together and
Fig. 3. FIB image of shear bands pattern from Vickers indentation.

not so smooth in curved profiles. Therefore, it is difficult to mea-
sure the radii of these shear band circles precisely. We are forced to
mark the values only for the shear bands which are distinguishable
clearly in radius. The radius ratios evaluated at these successive
shear band circles are in a range of 1.033–1.039. The mean value
(1.035) of these ratios is quite close to these values. This result con-
firms the equality rn+1/rn = C in Eq. (12) and is approximately the
value exhibited by the depth ratio of pop-ins. That is, the experi-
mental results of micro-/nano-indentations confirm the validity of
the proposed analytical model, and show that the pop-ins in the
p–h curve are due to the formation of shear bands.

Fig. 4 shows the p–h data recorded during nanoindentation to
a maximum load of 100 mN for a variety of constant loading times
(from 2.5 to 40 s). Each data point was shifted 200 nm for clarity.
Because the sampling frequency of the instrument was fixed at 5 Hz
under basic mode, a larger loading time produced more data. In
Fig. 4, the serrations are more noticeable at a lower loading rate.
Fig. 4. p–h data recorded during nanoindentation to a maximum load of 100 mN for
various loading times (from 2.5 to 40 s). Each data point was shifted by 200 nm.
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Fig. 5. Normalized serration size as a function of indentation loading rate.

f pop-ins become smooth with increasing the loading rate. This
esult shows that the serrations (or pop-ins) will disappear if the
oading rate is high enough. Some researchers have reported similar
xperimental results [11,12].

Fig. 6 shows the serration size (or pop-in size) as a function
f loading depth. In this figure, the pop-in size scaling is approx-
mately linear. In the present study, the slope of hjump/h is 0.0076

ithin a depth range of 0–1000 nm. The proposed model shows
hat pop-ins are due to the formation of shear bands, so it is rea-
onable to expect that larger pop-ins correspond to greater shear
isplacements within the shear bands. This result is consistent with
hat reported by Schuh and Nieh [16].

Fig. 7 shows the penetration rate (or penetration velocity) of
he indenter as a function of indentation depth. Each peak in the
urves represents a displacement burst (or pop-in). These peaks
an be used to clearly identify pop-in sites. Fig. 7(a) and (b) shows
ndentation loading times of 20 s (5 mN/s in loading rate) and 40 s
2.5 mN/s in loading rate), respectively. The depth ratios are also
alculated and shown in this figure. Because the indentation exper-
ments were carried out in a mode of constant loading rate, the rates
f penetration depth occurring in the small depth region were much
igher than that in the large depth region. However, the sampling
ate of the MTS XP mode is 5 Hz only. The inconsistency between

hem causes the difficult to achieve accurate position successive
op-ins if the loading rate is too high. This is the reason why no
alue is given for the peaks in Fig. 7(a) present in the small depth
egion. In Fig. 7(a), only five depth ratios of the pop-ins at large

Fig. 6. Serration size as a function of loading depth.
Fig. 7. Penetration rate of the indenter as a function of indentation depth for (a)
loading time of 20 s (5 mN/s) and (b) loading time of 40 s (2.5 mN/s).

depth are calculated to be in a range of 1.028–1.036; an average
value of 1.033 was obtained. In Fig. 7(b), ten depth ratios of succes-
sive pop-ins are in a range of 1.026–1.035, for an average value of
1.032. The difference between these two average values is insignif-
icant. This result indicates that despite the pop-in size decreasing
with loading rate, the depth ratio of pop-ins is independent of the
loading rate. Thus, this result also confirms that the constant C
represents the material property. However, the pop-in site will be
difficult to identify if the applied loading rate is too large. We sug-
gest using a smaller loading rate to obtain larger data density and
more accurate pop-in sites.

Fig. 8 shows the TEM bright field view of Cu42Zr42Al8Ag8 after
the nanoindentation test. A residual indentation cavity can be
clearly observed. However, the shear bands pattern created by
nanoindentation is too small to be visible. The microstructure of
Cu-based BMG beneath the cavity is well protected from ion bom-
bardment damage. However, the diffraction pattern near the tip of
indentation cavity (denoted by “A”) indicates that the microstruc-
ture is still amorphous. In location B, far away from the tip of cavity,
the microstructure remains amorphous after the indentation test.
This result shows that Cu42Zr42Al8Ag8 BMG has neither a crystal-
lization nor phase change in the shear band zone. The generation
of shear band circles is simply related to the yielding behavior of

the present material, rather than the crystallization that occurs in
the microstructure. Similar behavior was reported in the study of
Puthucode et al. [14] for a Zr-based BMG.
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ig. 8. TEM bright field view of Cu42Zr42Al8Ag8 BMG after MTS nanoindentation test.
he selected area diffraction patterns (SADP) shown in the figure are corresponding
o the regions A and B beneath the indentation cavity, respectively.

. Conclusion

. The proposed analytical model shows that the radii of shear band
circles and the depths of pop-ins sites are geometric series with
a common ratio of C. This result indicates that pop-ins in the
loading p–h curve are a result of shear band deformation.

. The radius ratio of any two adjacent shear band circles is a

constant value, which can be obtained using any two adjacent
pop-ins in the loading stage of nanoindentation. Experimental
results show that the pop-in size increases with indentation
depth and decreases with loading rate. However, the indentation
loading rate does not affect the depth ratio of pop-ins.

[
[
[
[
[
[
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3. TEM diffraction patterns show that the microstructure of the
Cu-based BMG remained amorphous regardless of shear band
formation. The generation of shear band circles is related to
cracking behavior rather than crystallization.
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