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Abstract

Plastic deformation behaviors of Zrs, sAl1oNijgCujsBeias, MgesCursGdyg and Pda3NijgCuys Py bulk metallic glasses (BMGs) are studied by
using the depth-sensing nanoindentation, macroindentation and uniaxial compression. The significant difference in plastic deformation behavior
cannot be correlated to the Poisson’s ratio or the ratio of shear modulus to bulk modulus of the three BMGs, but can be explained by the free
volume model. It is shown that the nucleation of local shear band is easy and multiple shear bands can be activated in the Zrs, s Al1oNijoCusBeia s
alloy, which exhibits a distinct plastic strain during uniaxial compression and less serrated flow during nanoindentation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that plastic deformation in metallic glass
alloys at low temperatures (7'<0.77T}) is due to the propagation
of shear bands [1]. All bulk metallic glasses (BMGs) show near-
zero ductility in tension, under which loading a sample fails
following the propagation of a single shear band [2,3]. In con-
strained modes of loading (e.g., compression or bending), global
plastic deformation at room temperature is possible [4—8]. The
degree of plastic deformation before failure differs widely from
composition to composition. Some BMGs (e.g., Zr-, Pt- and Pd-
based BMGs) show distinct plasticity under compression and
bending, with the associated fracture surface showing a very
characteristic vein pattern and evidence of high local plastic-
ity arising from instabilities in the band of lowered viscosity.
In contrast, other BMGs (e.g., Mg- and Fe-based BMGs) are
both globally and locally brittle, showing quite different frac-
ture surfaces and notch toughness less than 5 MPa m!2 [9-11].
Lewandowski et al. has correlated the intrinsic plasticity or
brittleness of BMGs with elastic properties, where BMGs are
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intrinsically brittle for the ratio of the elastic shear modulus
to the bulk modulus (u/B)>0.41-0.43, or equivalently for the
Poisson’s ratio (v) <0.31-0.32 [12].

A direct comparison of the plastic deformation behavior in
brittle and non-brittle BMGs will be interesting for a further
understanding of the instinct brittleness or plasticity of metal-
lic glasses. However, up to now there is quite less information
available on this field due to the very limited plastic strain in
many brittle BMG systems during macroscopic property mea-
surements. Recently, indentation experiments are increasingly
being used to evaluate the mechanical response of metallic
glasses, due to that considerably larger plastic deformation can
be accumulated in these quasi-brittle materials in a localized
area around the indented regions [13—16]. Moreover, much
mechanical information can be collected from the same sample,
which not only greatly reduces the effort for sample preparation
but also reduces the sample for sample variation in property.
Such factors facilitate observation of the mechanisms of plas-
tic deformation under well-controlled conditions. In this work,
we studied the plastic deformation behavior and shear banding
features in three BMGs with quite different macroscopic plas-
ticity through nanoindentation and macroindentation. The free
volume model was used to describe the plastic flow feature in the
alloys.
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2. Experimental procedure

Cylindrical rods of Zl‘52.5A11()Ni10Cu15B612‘5 and Pd43Ni10Cuz7P20 alloys
with 3 mm diameter were prepared by melting pure metals in an argon atmo-
sphere and suction-casting in a copper mold. MgesCuz5Gdjo rod with 5 mm
diameter was processed by melting pure Mg with intermediate Cu-Gd alloy
and chill-casting in a copper mold. Structural characterization was done by X-
ray diffraction (XRD), which proved the amorphous structure of the as-cast
specimens (not shown here). The uniaxial compressive tests on cylindrical sam-
ples of 3 mm in diameter and 6 mm in length were performed in a commercial
Instron-type testing machine at room temperature. The crosshead was moved at
a constant speed with an initial strain rate of 1.0 x 10~*s~1,

The specimens for nanoindentation measurements were mechanically pol-
ished to a mirror finish and tested in a MTS Nano Indenter® XP with a Berkovich
diamond tip. The indentations were performed in load-control mode to a depth
limit of 1 pm using loading rates from 0.075 to 5 mN/s. At least six indentations
were made for each test. The subsurface deformation morphology was checked
with the bonded interface technique [17]. The two mirror polished surfaces were
bonded using a high strength adhesive. A careful bonding was made to mini-
mize the bond layer thickness less than 5 wm. The macro-indentation tests were
performed with Vickers indenter on the bonded interface as well as away from
it. The indenter was attached to a load cell that was bolted to the bottom of
the crosshead of an Instron 5848 Microforce Tester. The indentation measure-
ments were performed in a displacement-control mode to a load limit of 10N
with the loading rate from 15 to 1000 nm/s. After the measurements, the bonded
interface was opened subsequently by dissolving the adhesive in acetone. Defor-
mation zones observations were performed using a JSM-6400 scanning electron
microscopy (SEM).

3. Results and discussion

Fig. 1 shows the compressive stress—strain curves of three
BMGs, measured at the initial strain rate of 1.0 x 10~*s~L.
Zrs50 5Al19NijgCui5Bej2.5 BMG exhibits elastic limit of 1.7%,
yield strength of 1780 MPa, and a large compressive plastic
strain of about 5.3%. Pd43Nij9Cuz7P9 and Mg65CuZ5Gd10
BMGs exhibit elastic limit of about 1.6% and 1.3%, respec-
tively, and no global plasticity. The compressive proper-
ties of the alloys are summarized in Table 1. The shear
modulus (@), bulk modulus (B) and Poisson’s ratio (v)
of the three BMGs taken from Refs. [18-20] are also
listed in Table 1. The v values of Zrsy 5Al;gNij9Cu;5Beia s,
Mgg5CursGdo and Pda3NijgCur7P29 BMGs are 0.356, 0.399
and 0.32, respectively. While, the ratio of w/B is 0.32 for
Zrs3 5A119Ni19Cui5Be2.s BMG, 0.42 for MgesCupsGdyg BMG
and 0.22 for Pd43NijgCur7Py9 BMGs. It can be found from
Table 1 that the Zrsy 5Al19NijgCujsBejz.s BMG with distinct
plastic strain during compression exhibits a medium value of v
and /B, while Pd43NijgCuz7P29 BMG exhibits the highest v
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Fig. 1. Stress—strain curves of (a) Zrsps5AljoNijoCuisBejos, (b)
Pds3NijgCuy7P20 and (c) MgesCuzsGdip BMGs under compression at
the strain rate of 1.0 x 10~*s~!,

value and the lowest /B value among the three BMGs. More
recently, the flow and fracture mechanism of metallic glasses
has been correlated to the ratio of w/B or v value [12,21]. The
low energy of fracture is related to the high elastic modulus
ratio u/B or the low elastic constant v, and metallic glasses with
w/B>0.41-0.43 (or, equivalently with v <0.31-0.32) are intrin-
sic brittle. However, in this work, the plasticity of the BMGs
does not exhibit a general correlation to the j/B or v value. The
Zrs> 5Al19NijgCuisBejp. 5 BMG with a medium wu/B ratio of
0.32 and v value of 0.356 exhibits the highest plasticity during
compression, and the other two BMGs show almost no global
plasticity. To compare the plastic deformation process in these
alloys with quite different plasticity, we studied the deformation
behaviors in these alloys during nanoindentation.
Load—displacement (P—) curves of the three BMGs during
the nanoindentation at the loading rate from 0.075 to 5.0 mN/s
are shown in Fig. 2. In this figure, the origin of each curve
has been displaced such that multiple curves can be accom-
modated on each graph. Three BMGs exhibit the serrated
flow depending on the loading rate in the loading process of
indentation. Slow indentation rates promote more conspicu-
ous serrations, and rapid indentations suppress the serrated
flow. The critical loading rates for the disappearance of the
serrated flow in ZI‘52.5A110Ni10Cul5B€12.5, Pd43Ni10Cu27P20
and Mgg5Curs5Gdjo are 0.075, 1.0 and 1.0 mN/s, respectively.
Schuh and Nieh proposed that serrations are associated with the
operation of a single shear band at low rates, while multiple

The mechanical properties of amorphous Zrsy 5Al19NijgCu;sBejn 5, Pds3NijgCuy7P2o and MgesCursGdig alloys

Material properties Zrs535A110NijoCusBe;r s

Pd43NijoCuz7P2o MgesCursGdio

oy (MPa) 1780
Elastic strain (%) 1.7
Plastic strain (%) 53
Young’s modulus, E (GPa)? 95.7
Poisson’s ratio, v? 0.356
Shear modulus, u (GPa)? 353
Bulk modulus, B (GPa)* 110.5

1816 528
1.6 1.3
0 0
123.1 50.6
0.399 0.32
34.5 19.3
160.1 45.1

@ Data from Refs. [18-20].



320 D. Xing et al. / Journal of Alloys and Compounds 433 (2007) 318-323

140

Loading rate
120
100} 0.075mN/s
0.5mN/s
e 80 -
.
5 1mN/s
= O60fF
]
]
-]
40 |
20 -
200nm
0 L
(a) Depth (nm)
140
1201 Loading rate
0.075mN/s
100
0.2mN/s
80 0.5mN/s
z
E 60 - ImN/s
E SmN/s
- 40
2r 200nm
[' L 1
(b) Depth (nm)
80
nr Loading rate
60 0.075mN/s
50k 0.5mN/s
—_ 1mN/s
4 40 ¢
E SmN/s
B O30
-]
-
20
ol | 200nm
0 'l L
(c) Depth (nm)

Fig. 2. The typical load—displacement (P-h) curves during nanoindentation
measured on at different loading rates for (a) Zrsy 5 AljoNijoCujsBejr s BMG,
(b) Pds3NijgCuz7P20 BMG and (c) MggsCuxsGdjg BMG. Curves are offset
from origin for clear viewing.

shear bands are activated simultaneously at higher rates [22].
The much lower critical loading rates for the disappearance in
the Zrsp sAl1gNijgCu5Bej2.5 BMG than that in the other two
BMGs indicates that the nucleation of multiple shear bands is
easier in Zrsp 5Al10NijoCuy5Bej5 alloy. Moreover, the aver-
age magnitude and number of serrations obviously are different
in the three BMGs at the same loading rate. The number of

serrations in Zrsy 5Al1oNijgCuis5Bejz5 is higher than that in
the other two BMGs. At the indentation depth of 800—-900 nm
and at the loading rate of 0.075 mN/s, the average magnitudes
of serrations in ZI’52,5A110Ni10CU15B612‘5, Pd43Ni10CU27P20
and MgesCup5Gdyg are 6.1, 14.8 and 13.1nm, respectively.
The appearance of more serrations with smaller magnitude in
Zrs3 5Al19Ni19Cuy5Bej2s BMG during nanoindentation sug-
gests the easier nucleation of multiple shear bands during plastic
deformation. In contrast, single shear bands can propagate suf-
ficiently in the Mg- and Pd-based BMGs, which lead to the
prominent serrations with large size. The serrated flow feature
of the Mg- and Pd-based BMGs during nanoindentation agrees
well with the results of BMGs with similar chemical composi-
tion.

To characterize the shear banding feature of the three BMGs
after indentation, we studied the deformation region underneath
the Vickers indenter employing the bonded interface technique.
Fig. 3 shows deformation region underneath the indenter for
three BMGs at the applied indentation load of 10N and the
loading rate of 15nm/s. The deformation zone of all the three
BMGs is hemispherical in nature containing a high density of
shear bands. Both semi-circular and radial shear bands can be
identified within the deformed zone, and the previous ones are
dominated. Fig. 4 summarizes the variation of the inter-band
spacing for the semi-circular bands, ¢; as a function of radial dis-
tance away from the indenter tip, x, for three BMGs at different
loading rates. For Zrss 5Al19NijoCuisBe 2.5 BMG, ¢ is constant
with respect to yx, exhibiting an average spacing of 0.87 pm at
loading rate of 15 nm/s. In contrast, ¢ varies strongly with y in
MgesCursGdig BMG, increasing from 0.96 wm at close to the
indenter to a spacing of 7.94 wm for the outmost bands. In the
case of Pd43NijgCus7P20 BMG, ¢ shows a weak dependency on
X, increasing from about 0.65 pm to about 1.98 pm. The average
inter-band spacing in Zr-, Pd- and Mg-based BMGs is 0.87,0.99
and 4.06 wm, respectively, at the loading rate of 15 nm/s. This
indicates that the high plasticity during compression (Fig. 1) and
the less pronounced serrations during nanoindentation (Fig. 2)
in Zrsp 5Al1oNijoCuy5Be 2.5 BMG correlate with the formation
of high density of shear bands during plastic deformation. It can
also be seen from Fig. 4 that ¢ decreases with increasing loading
rate for all the three BMGs. In Zrs> sAl1oNijgCui5Bej2 5 BMG
the average spacing is 0.87 and 0.75 pm at the loading rate of 15
and 1000 nm/s, respectively. While for the brittle MgesCua5Gdig
BMG, ¢ is more sensitive to the loading rate, and decreases
from 4.06 to 2.36 pm as the loading rate increases from 15 to
1000 nm/s.

To gain further insights into the differences in the plastic
deformation behavior of the three BMGs, we turn to the free
volume theory, in which the formation of shear bands in metallic
glasses is mainly due to the creation and coalescence of free
volume in some local regions. Assuming that the metallic glass
behaves homogeneously in shear band region, the shear strain

rate is given by Ref. [23]:

9 ) AG 2
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Fig. 3. Morphology of the subsurface plastic deformation zones after macroin-
dentation for two bulk metallic glasses underneath the Vickers indenter:
(@) Zrsy5Al1oNijoCuisBens BMG, (b) Pdg3NijgCux7P20 BMG and (c)
MgesCups5Gdip BMG the loading rate of 15 nm/s and maximum load of 10 N.

where dy/ 0t is the constant shear strain rate, 7 the rate of change
of the applied stress, £ the concentration of free volume defined
by & = vg/v* (Where vy the average free volume per atom and v* a
critical volume), o a geometrical factor, fthe frequency of atomic
vibration, AGy, the activation energy, §2 the atomic volume,
kp the Boltamann’s constant and 7 is the absolute temperature.
According to Spaepen [24], free volume is created by an applied
shear stress t and annihilated by a series of atomic jumps, the
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Fig. 4. Variation of the inter-band spacing as a function of distance from the
indenter tip, for (a) Zrs s AljoNijoCusBei2.5s BMG, (b) Pds3NijoCuy7 P20 BMG
and (c) MgesCups5Gdip BMG at different loading rates and different maximum
loads.

net rate of change of the free volume concentration, &, given by
[23]:

& a AGp 20k T 752 1
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Fig. 5. Plots of the concentration of free volume vs. strain for three BMGs.

where np is the number of atomic jumps required to annihilate
v*, § =2/3(1 + v/1 — vu), v the Poisson’s ratio, and p is the
shear modulus.

Egs. (1) and (2) are solved numerically with the initial con-
ditions 7(¢=0) =0 and &(r=0) ~ 0.008. The relevant constants
used for three BMGs are taken from Refs. [18-20]. Fig. 5
illuminates the concentration of free volume versus strain for
three BMGs at the same loading condition. It can be seen that
the free volume concentration increases dramatically at cer-
tain critical strain for all the three BMGs. The critical strain
in Zrsp 5Al1oNijoCujsBejs 5 alloy is much lower than that in
the other two BMGs. Furthermore, the peak values of free vol-
ume concentration in Zrsy sAljgNijgCuisBejs 5 alloy is also
much lower than that in the Mg- and Pd-based BMGs. This
proves that the nucleation of shear bands and the activation
of multiple shear bands are easier during plastic deformation
in the Zr-based BMG. The easier activation of multiple shear
bands deduced from the free volume model is consistent with
the high number density of shear bands underneath the inden-
ter (Figs. 3 and 4), and the low magnitude of serrations during
nanoindentation (Fig. 2), as well as the high plastic strain during
compressive tests (Fig. 1) in the Zr-based BMG. In contrast, the
nucleation of shear bands is difficult in the Mg- and Pd-based
BMGs, and the propagation of a single shear band is easy in
these alloys due to the higher peak value of the free volume.
The difficulty in the nucleation of shear bands is responsible for
the prominent serrated flow during nanoindentation (Fig. 2) and
the premature fracture during compression (Fig. 1) in the Mg-
and Pd-based BMGs. In addition, by comparing the Pd-based
BMG with the Mg-based BMG, we can see that the Pd-based
BMG has a lower critical strain for the formation of shear bands
than Mg-based BMG (Fig. 5). This indicates that the Pd-based
BMG has a higher intrinsic plasticity than the Mg-based BMG
due to the relatively easier nucleation of shear bands, though
both alloys show no global plastic strain during compressive
tests (Fig. 1). This point is also proved by the lower inter-band
spacing in the Pd-based BMG (Fig. 3b and c). The higher con-
centration of free volume due to the formation of shear bands
in the Mg-based BMG (Fig. 5) may also give rise to a strong

stress relaxation in the vicinity of shear bands [25], resulting
in a larger shear band spacing during plastic deformation. This
case is more prominent at the locations far from the indenter due
to the decrease of stress gradient [26], and tends to form shear
bands with much larger spacing in the Mg-based BMG.

4. Conclusion

Plastic deformation behaviors of Zrsy 5A119NijoCuisBejs 5,
Mg65 CUQ5Gd1() and Pd43Ni10Cu27P20 BMGs are studied by
using the depth-sensing nanoindentation, macroindentation and
uniaxial compression. A distinct plastic strain is observed in
the Zrs> 5sAljoNijoCuisBejr s BMG during uniaxial compres-
sion, while no global plastic deformation in Mgg5Cuy5Gd;o and
Pd43NijgCuz7P20 BMGs. All the BMGs in the present study
exhibit aloading rate dependency of serrated flow during nanoin-
dentation, wherein the Zrs, 5Al1gNijgCui5Bej2.5 BMG shows a
less prominent serrated flow with the lowest critical loading rate
for the disappearance of the serration. The study of the defor-
mation regions underneath a Vickers indenter reveals that the
Zr575Al19NijgCu5Be2.5 BMG exhibits a high number den-
sity of shear bands with the shear band spacing independent of
the location. Whereas in the other two BMGs, especially in the
MgesCursGdyg, the number density of shear bands is quite low
and the shear band spacing depends strongly on the location.
The difference in the plastic deformation behavior of the three
BMGs can be explained a numerical calculation based on the
free volume model.
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