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Mechanical properties and micro-plastic deformation behavior of five bulk metallic
glasses (BMGs) were studied by insttumented indentation. These materials included
LagoAl oNijoCuzg, MgesCuysGd,g, Zis sAloNiyoCuysBeys 5, CugoZineHl Ty, and
NigoNbs,Sny alloys Rematkable difference in deformation behavior was found in the
load—displacement curves of nanoindentation and pileup morphologies around the
indents Serrated plastic deformation depended on the loading rate was found in
Mg-, Zt-, and Cu-based BMGs. The subsurface plastic deformation zone of typical
alloys was investigated through bonded intetface technique using depth-sensing
microindentation Large and widely spaced shear bands were observed in Mg-based
BMG The effect of loading rate on the indentation deformation behaviors in different
BMGs was elucidated by the change of shear band pattern.

. INTRODUCTION

Although bulk metallic glasses (BMGs) have shown
potential as structural matetials due to their high strength,
high hardness, goad wear resistance, excellent elasticity,
and easily forming in viscous state, applications are cur-
rently limited by the lack of any significant plastic de-
formation at room temperature. Understanding the mi-
cro-mechanisms of plastic deformation and developing
the constitutive relationships for BMGs is an active area
of tesearch ™7 As an excellent tool to determine me-
chanical properties on a local scale, nanoindentation has
been intensively studied in the thin film and nanocrystals
material *'° Recently, nanoindentation has been pro-
posed as a key method for the study of localized defo:-
mation by shear banding in BMGs®''""7 A growing
number of authors have considered the formation of in-
dividual shear bands by nanoindentation, where displace-
ment bursts in the Load-displacement (P-A) response
have been correlated with disciete shear banding
events.'?’* It is found that the character of serrated flow
depends strongly on the composition and structure of

® Address all correspondence to this author.
e-mail: weibc@imech ac cn
DOI: 10 1557/TMR.2006.0037

J. Mater. Res Vol. 21, No 1, Jan 2006

BMGs, as well as the applied strain rate during nanoin-
dentation measurements '>~'*'7 The Pd-based alloys ex-
hibit sharper displacement bursts than for Zr-based ma-
terials at the same loading rate '* Schuh et al. constituted
a new high-rate regime of homogeneous flow on the
deformation map of metallic glasses.>'? ! They suggest
that there is a transition in plastic flow behavior in which
serrations are suppressed at higher strain 1ate On the
other hand, it is well e¢stablished that higher strain rate
promotes inhomogeneous, not homogeneous, flow 152¢
To conclusively determine the formation and the
progress of shear bands, more ditect observations are
needed. In the present work, the mechanical propetties
and the plastic deformation behavior in Mg-, La-, Z1-,
Cu-, and Ni-based bulk metallic glasses were investi-
gated by using nanoindentation The subsurface defor-
mation morphology of different BMGs was-studied by
using depth-sensing microindentation through the
bonded interface technique.®' The effect of the loading
rate on the shear bands pattern is also studied. '

ll. EXPERIMENTAL :
Five BMG wete studied, including LagyAl;oNi;gClisgs

MgesCuysGdig. Zrsy sAlLgNioCusBeqs s, -

CugoZ1,0Hf i and NigoNb,;Sn; Cylindrical rods
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J 3 mm in diameter of La-, Z1-, Cu-, and Ni-based BMG

were prepared by melting pure metals in an argon atmos-
phete and then chill-casting in a copper mold. The
MgsCu,5Gd,, alloy was processed by melting pure Mg
with intermediate Cu—Gd alloy and then chill-casting in
a copper mold with the inner diameter of 5 mm The
structure of the samples was characterized by x-ray dif-
fraction (XRD) in a Philips PW 1050 diffractometer
(Eindhoven, The Netherlands) using Cu X, radiation.
The specimens for nanoindentation measurements were
mechanically polished to a mirror finish and tested in a
MTIS Nano Indenter XP (Oak Ridge, TN) with a Berk-
ovich diamond tip (tip radius is about 50 nm) Fused
silica was used as a reference sample for the initial tip
calibration procedure The indentations were performed
in load-control mede to a depth limit of 1 pm using
loading ratés from 0 075 to 5 mN/s. The maximum load
was held constant for 10 s and then was unloaded at the
rates as same as the loading one. The thermal drift of the
instrument was maintained below 0.05 nm/s At least six
indentations were made for each test All tests were car-
tied out at 23 °C. The study of subsurface deformation

- morphology was obtained through the bonded interface

technique *' The two mirror polished surfaces were
bonded using a high strength adhesive A careful bonding
was made to minimize the bond layér thickness and
ensuring the bonded layer thickness for different speci-
men is almost same The micro-indentation tests were
performed with Vickers indenter on the bonded inter-
face as well as away from it. The indenter is attached
to a load cell that is bolted to the bottom of the crosshead
of an Instron 5848 Microfoice Tester (Canton, MA).
The indentation measurements were performed in
displacement-control mode to aload limit of 10 N. It was
also ensured that one of the indentation diagonal coin-

. cides with the interface The displacement between the

two crossheads was recorded. The hardness and modulus
of elasticity were obtained from the nanoindnetation
curves using the Oliver—Pharr method ** These values
were calibrated by a pure aluminem sample Indents sui-
face and subswrface observations were performed by a
TSM-6460 scanning electron microscope (SEM, Tokyo,
Japan) and a Neophot-21 optical microscope The uni-
axial compression tests on cylindrical samples of 3 mm
in diameter and 5 8 mm in length were performed in a
commercial Instron-type testing machine at room tem-
perature. The crosshead was moved at a constant speed
with an initial strain 1ate of 10 x 107" 77

[Il. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of as-cast samples
of composition LagoAl;oNi, qCuyy, MgesCu,ysGd, g,
Zis; sAL NI oCuysBe; 5, CugpZizoHf,(Tig, and
NigoNby,Sns;. All as-cast alloys exhibit an XRD spectrum
typical for amorphous phase : SR
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FIG T XRD patterns for five BMG alloys

Typical load-displacement {(P-k) curves for nanoin-
dentations on each of the five amorphous alloys are pre-
sented in Fig. 2(a), where the BMGs are indented to the
depth of 1000 nm at a constant loading rate of 1 mN/s.
The hardness (H) and modulus of elasticity (E) values of
each alloys determined from nanoindentation measute-
ments are listed in Table I The Ni-based BMG shows the
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FIG 2 Typical load-displacement (P-%) curves during nanoindenta-
tions at the loading rate of (a) 1 mN/s and (b) 0075 mlN/s for five
BMGs .
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. TABLE I. Mechanical parameters and glass transition temperature 7,

of five BMGs.

H! H? E o, T

Y £

Alloy system (GPa) (GPa) (GPz) (MPz) (K) I17,
LaggAl;oNi oCuy, 20 22 497 544 402 Q736
MgsCu,sGd 2.4 27 654 650 409 0724
Zrsy Al gNioCuysBe, s 53 70 1188 1960 685 0.432
CugyZryoHi, (11, 61 - 75 1311 2100 722 0410
NiggNb4,Sn, 88 109 2172 3200 895 (331

H': Vickers hardness; H?: nanoindentation hardness; 7' room temperature

highest hardness and modulus of 10.9 and 217.2 GPa,
respectively, while the La-based BMG shows the lowest
hardness and modulus of 2 2 and 49 7 GPa, respectively.
The compressive strength of cach BMGs studied here
was mheasured using uniaxial compression tests at an ini-
tial straif rate of 1.0 x 107* s™'. The yield strength and
hardness values measured by conventional Vickers hard-
ness tests are also listed in Table I

The yield strength of a material under compression is
related to the hardness determined from indentation ac-
cording to??

H= Ko, , (L
where o, is the yield stless H is the hardness, and the
constram factor K depends on the indenter shape, the
depth of indentation as well as the strain-hardening char-
actetistics Figure 3 exhibits the relationship of five
BMGs between H (including nanoindentation hardness
and Vickers hardness) and o, The values of Vickers
microhardness aie smaller than the cotresponding hard-
ness determined from nanoindentation The value of K ~
3 is a good approximation for a variety of classical glass-
forming alloys as well as BMGs.” The value of K for the
present five BMGs is about 2.7 for Vickers hardness,
whereas about 3.4 for nancindentation with Berkovich tip.

From the loading curves in Fig 2(a), it can be found
that Mg-based BMG exhibits the most prominent ser-
rated flow at the loading rate of 1 mN/s, while Zr-, Cu-,
Ni-, and La-based BMGs do not exhibit distinct serrated
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Ej"’ Zr . : K'=2 H
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FIG 3. The relationship between hardness (7) and yield strength (o)
for five BMGs

flow behavior during the loading period In addition, it
also can be seen that during the hold segment for 10 s at
the maximum load, a creep displacement of about 20 nm
is clearly observed in the inset of Fig. 2(a) for the La-
based BMG, while no creep deformation is found for the
other fowr BMGs The loading cwves for five BMG
alloys at the loading rate of 0 075 mN/s are shown in
Fig 2(b) It can be seen that at this low loading rate, Mg-
and Cu- based BMG exhibit the most prominent serrated
flow, and Zi-based BMG exhibits the less prominent ser-
rated flow In contrast, La- and Ni-based BMGs show
almost no discrete steps during the loading process The
deformation behavior during nanoindentation in the pres-
ent Zi-based BMG agrees well with that of other Zi-
based BMGs with similar chemical composition, in
which a less prominent setrated flow was observed at low
loading rates >' However, an obvious sertated flow was
shown in the La~25A1-10Cu—5Ni~35Co BMG at the load-
ing rate of 0.8 mN/s '* This difference is due to that the
T, of the present alloy is 80 K lower than that of the
formet one, as well as the change of local atomic struc-
ture, though the chemical composition has only a slight
difference.**

In crystalline alloys, the physical basis for the appeat-
ance of serrated flow is the negative strain rate sensitivity
originating mainly from the interaction between mobile

dislocations and diffusing solute atoms > In the case of

BMGs, being noncrystalling materials, the mechanism of
the appearance of instability steps must be different. It
was well known from earlier work that plastic deforma-
tion in metallic glasses at room tempetature is concen-
trated into narrow regions called shear bands.'®>? Ser-
zated flow phenomenon manifested as a stepped load-
displacement curve punctuated by discrete bursts of
plasticity during nanoindentation was already found in
Pd-, Zt-, and Nd-based BMGs >'*'*'® The discrete
steps correspond to the activation of individual shear
bands. 1t should be noted that the discrete steps in the
load—displacement curves in BMGs caused by the nu-
cleation and propagation of shear bands is much smaller
than the pop-ins in crystalline materials caused by the
dislocation bursts. From the Fig. 2, it can be seen that the
plastic deformation behavior of the five BMG alloys ex-
hibits quite different feature under nanroindentation
measurements, This implies that the formation and
propagation of shear bands during plastic deformation
are in different modes There is a general trend for me-
tallic glass that, as the testing temperature approaches
I, (111, >0.7), the detormation behavior changes gradu—
ally from inhomogeneous to homogenous viscous flow.*

The I71, values of the BMGs in this study spread out
in a quite wide range (from 0.331 to 0 736 as given in
Table I). However, the deformation behavior of the five

BMGs (Fig. 2) dogs not show a distinct trend with chang-

ing of 7/T, values. Ni- and La-based BMGs with the
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highest and the lowest 7/7, value, respectively (0736

and 0 331), exhibit a continuous plastic deformation
without obvious discrete steps at the loading rate range
from 0.075 to 1 0 mN/s, and Zr- and Cu-based BMGs
with medium 777, values, show a distinct serrated flow at
the low loading 1ate. However, the Mg-based BMG with
alarge 7/7, value of 0.724 exhibits the most pronounced
serrated flow even at the high loading rate. The serrated
flow behavior also does not depend upon the mechanical
parameters, such as hardness and modulus of elasticity
(Table 1), as the second softest Mg-based BMG exhibits
the most discrete plastic deformation This suggests that
the local atomic arrangements and compositions near the
shear bands may play an important role in the formation
and propagation of shear bands.

Typical surface morphologies of indents for the five
BMGs after indentation at the loading rate of 1 0. mN/s
are shown in Fig 4. It reveals two kinds of surface de-

formation features for the present alloys. A number of

incomplete circular patierns of shear bands were ob-
served in the pile-up area around the indents for
MgesCuysGdyy, CugeZiyoHE 4Tl and NiggNb;,Sn,
BMGs. They represent ovedlapping layers of displaced
material that flow npwards and away from the depth
of the indents, The other type of alloys such as
EagoAl oNi ¢Cuyy and Zrg, sALgNi ;Cu,sBey, s do not
exhibit distinct shear bands surtounding the indents,

‘though the serrated flow is observed in the loading curve

of Zis, Al pNi;oCu,sBe, 5 in Fig 2 Therefore, it is
interesting to study the shear band pattetns under . the
indents for clarify the deformation behavior in different
alloy systems .

The deformation regions underneath indents are inves-
tigated for two typical alloys, i.e , Zr-based BMG, which
shows less pronounced serrated flow in loading cuive
[Fig. 2(a)] and no shear bands on the surface of the

specimens after indentation (Fig 4), and Mg-based
BMG, which exhibits the most pronounced discrete steps
in nancindentation measurements (Fig. 2) and a number
of shear bands around the indents (Fig. 4) Figure 5(a)
shows deformation region underneath a Vickers indenter
for the Zi-based BMG with the indentation rate of
1000 nm/s, obtained by employing the bonded interface
technique. Though no obvious serrated tlow in the P-k
curve (Fig 2) and no shear bands near the indent after
indentation (Fig 4) wete observed, a distinct inhomoge-
neous deformation feature characterized by forming
shear bands is exhibited. The deformation zone is semi-
circular in nature containing two types of shear bands;
those are semi-circular and radial shear bands. The den-
sity of 1adial shear band is considerably larger than that
of the radial one. The spacing between the semicircle
shear bands exhibits less dependence on the distance
from the indenter tip. The flow line feature exhibited by
atomic force microscopy studies confirmed that these are
shear bands other than cracks. The morphology of the
shear band pattern is similar to that seen in the Pd-based
BMG, though the applied load and loading rate are much
lower in the present case *° %’ It should be noted that a
large number of semi-circular shear bands form in the
deformation zone underneath the tip, but they do not
propagate to the upper surface of the specimen. Figure
5(b) shows morphology of subsurface deformation in the
Mg-based BMG with the indentation rate of 1000 nmy/s
The approximative semicircular and radial shear bands
are observed. Each semicircular shear band is intersected
by a number of radial shear bands The density of shear
band in the deformation zone of Mg-based BMG is much
smaller than that in the Zr-based BMG, whereas, the
thickness of each shear band in is larger in the former
BMG. Moreover, the spacing between shear bands (both
for the semicircular and radial shear bands) in Mg-based

FIG 4 SEM images of evolved defbrmatipn-features after naﬁoindéntation at the loading rate of 1 mN/s for five BMGs Localized plastic flow

was marked with arrows -
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FIG 5 SEM images of the deformation region underneath a Vickers
indenter for (a) Zrsy Al Ni;oCuysBey s BMG with the loading rate
of 1000 nim/s, (b) MggsCuysGd,y BMG with the loading rate of
1000 nm/s. -and (&) MggsCuysGd,, BMG with the loading rate of
15 nm/s

BMG is larger and shows a successive increase with
increasing the distance from the indentet tip. Another
distinct feature for the shear band pattern in Mg-based
BMG underneath the tip is that the semicircular shear
bands propagate to the upper surface of the sample
More recently, Ramarmurty and coworker have used
the bonded interface technique to reveal the shear band
pattern through Vickers indentation **2°?7 They proved
that, the bonded interface technique is likely closer to a
plane-stress than a plane-strain stress state owing to the

weak interfacial layer beneath the indenter. The semicir-
cular shear bands are smface steps created due to the
outward plastic flow of material into the compliant ad-
hesive layer (out-of-plane displacement), while the 1adial
shear bands accommodate the true indentation strain (in-
plane displacement). Depending on the relative con-
straint experienced by the material for its plastic flow
into the bonded interface, one type of morphology domi-
nates over the other in appearance More the constraint at
the interface, more pronounced will be the 1adial shear
bands Although the semicircular shear bands do not ac-
commodate the in-plane displacement, they do reflect the
plastic deformation characters of the material itself.
Therefore, the shear band patterns underneath the indents
shown above can qualitatively interpret the deformation
behavior of the alloys during nanocindentation measure-
ments. The plastic deformation in the Mg-based alloy
occurs by thick shear bands with relative large spacing,
This gives rise to the pronounced discrete sicps in the
loading cutve, though the 77T, value is high, whereas in
the Zr-based BMG the simultanecus operation of mul-
tiple shear bands with a small thickness leads to a rela-
tively continuous plastic deformation. It should be
pointed that another reason may also play an important
role in the change of deformation mode That is the
propagation of the semicircular shear bands underneath
the indents. The propagation process of shear bands is
determined by the local atomic arrangemsents and com-
positions near the shear bands. The different shear bands
pattern shown in Fig 5 indicates that the Zi-based BMG
has a higher resistance on the operation of shear bands,
which is consistent with the reported much higher tough-
ness in Zr-based BMGs than that in Mg-based BMG.*®
This should also be the reason for the absence of shear
bands near the indent for Zi-based BMG after indenta-
tion (Fig. 4)

The effect of the indentation loading rate on the de-
formation behavior of the BMGs was also studied. La-
and Ni-based BMGs do not show distinct discrete steps
during the loading process in loading rate range from
0.075 to 1.0 mN/s [Figs. 2(a) and 2(b})]. The loading
portions of typical load—displacement curves at different
loading 1ates for Mg- and Zi-based BMG are shown in
Fig. 6. The origin of each curve has been displaced for
clearer observation It can be seen that the serrated flow
phenomenon for Mg.sCu,5Gd,, [Fig. 6(a)] and
Zi s, <Al NI Cu,sBey, s [Fig 6(b)] BMGs is strongly
dependent on the indentation loading rate. A low inden-
tation rtate promotes more pronounced serrations, and
rapid indentation suppresses serrated flow for both
BMGs. The critical loading rate for this transition is
about 5 mN/s for the Mg-based BMG, 0.075 mN/s for
Z1-based BMG, and 0.5 mN/s for Cu-based BMG. This
trend of serrated flow phenomenon changing with inden-
tation rates has also been observed in a variety of other
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FIG 6 Loading portions of typical load-displacement (P-k) curves
during nanoindentation measured on at different loading rates for
(a) MggsCuyGd,g BMG and (b) Zitg, sAlLoNi;oCu,sBe,, s BMG
Curves are offset from origin for clear viewing

BMGs, including Pd-, La-, and Be-fice Zi-based
BMGs.>12'*17 Schuh et al proposed that, these results
represent a transition from deformation being carried by
a single shear band at low rates, to the simultaneous
operation of multiple shear bands at higher rates '#1317

- The shear band pattern in the deformation zone under-
ncath the indent was also investigated. A typical optical
morphology for the Mg-based BMG at a low penetration
rate of 15 nmv/s is shown in Fig 5(c) A decreased shear
band density and increased shear bands thickness [for
both semi-circular and radial shear bands, Figs 5(b) and
5(c)] are observed at the loading rate of 15 nm/s com-
pared with that at 1000 nm/s. This proves that higher
loading 1ate will promote the simultaneous operation of
multiple shear bands. The inter-band spacing and the
thickness of shear bands are found to increase signifi-
cantly from the indenter tip region to the deeper region.
It is conceivable that the strain rate decreases gradually
during the indentation process.'> This further proves that
at low loading rate the individual shear band propagated
rapidly and accommodate the applied strain,.leading to a
strain burst The observation of the change of shear band
spacing' and shear band- thickness with the penetiation

depth consists with the feature of the loading curves in
Mg-based BMG [Figs 2 and 6(a)], where the size of each
step increases significantly with the penetiation depth.
While for the Zr-based BMG the shear band spac-
ing exhibits less dependence on the penetration depth
[Fig 5(a)]. This implies that the shear band feature is
relatively not sensitive to the loading rate in Zr-based
BMG. Moreover, the plastic deformation zone for the
high 1ate indented specimen [Fig 5(b)] is larger than that
in the low rate one [Fig. 5(c)] This means that the strain
caused by the form of shear bands is accommodated in
larger volume of surrounding material. The enlarged
stzain field and the simultaneous operation of shear bands
contribute to a continuous loading curve during nanoin-
dentation at the high loading rate.

The characters of shear bands, e g., mtexband spacing
and thickness, differ in different alloy system at the same
loading rate As seen in Figs. 5(a) and 5(b), Mg-based
BMG exhibits a larger shear band spacing and shear band
thickness than that in Zi-based BMG This should be the
reason that the critical loading 1ate for the disappearance
of prominent serrated flow is much higher in the Mg-
based BMG than that in Zr-based BMG. A high density
of shear bands is also formed in the Cu-based BMG, as
numerous shear bands can clearly be found on the surface

of specimen around the indent (Fig 4) The operation of

many shear bands ceases the serrated flow during inden-
tation at the high loading rate [Fig. 2(a)]

IV. SUMMARY

Mechanical properties and plastic deformation
behavior of LagoAl oNij,Cuyg, MgesCu,sGd, g,
Zisy sAlLioNi oCuysBe s 5, CugoZiyHE 5Ti,, and
NigyNb3,Sn; bulk metallic glasses have been studied us-
ing instrumented indentation. The hardness of these ma-
terials determined by nanoindentation are proportional to
the yield strength with a slope near K = 3.4 Serrated
flow was observed during nanoindentation in Mg-, Zr-,
and Cu-based BMGs, wherein rapid loading rate sup-
pressed and slower loading rate promoted prominent set-
rations. No distinct serrated flow was observed in Ni- and
La-based BMGs at all the studied loading rates. The ob-
servations of the subsurface deformation zone proved
that 1apid loading 1ate leads to the increase of shear band
density and the decrease of shear band thickness in Mg-
and Zr-based BMGs The large, widely spaced shear
bands in the Mg-based BMG account for its high critical
loading rate for the disappearance of serrated flow during
indentation
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