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Abstract

The deformation behavior of £r,Ti13sCu 2 sNijgBes 5 bulk metallic glass was studied by in situ scanning electron microscopy (SEM)
guasi-static uniaxial compression tests at room temperature. Multiple shear bands were observed with a large plasticity. Microscopic exami
nation demonstrates that slipping, branching and intersecting of multiple shear bands are the main mechanisms for enhancing the plasticity
this metallic glass. Additionally, nano/micro-scale voids and cracks at the intersecting sites of shear bands and preferential etching of shes
bands were observed as well. These observations demonstrated that the formation of shear bands in bulk metallic glasses is resulted mair
from local free volume coalescence.
© 2005 Elsevier B.V. All rights reserved.
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Recently, bulk metallic glasses (BMGs) have attracted gated by in situ scanning electron microscopy (SEM) quasi-
large interest due to their unique physical, mechanical and static uniaxial compression experiments atroom temperature.
chemical propertied—6]. However, BMGs loaded underun-  The mechanisms for enhancing the plasticity in this alloy are
constrained conditions usually fail catastrophically with little  elucidated. The observed nano/micro-scale voids and cracks
global plasticity. This deformation behavior has limited the at the intersecting sites of shear bands as well as the prefer-
application of BMGs as engineering material so far. At low ential etching of shear bands provide some evidences to sup-
temperatures (well below the glass transition), plastic defor- port the free volume theory of the formation of shear bands
mation of BMGs is usually localized into thin shear bands in metallic glassefl2,13]

[7]. Many macroscopic mechanical properties (e.g. plasticity =~ Zra1.2Ti13.8Ch2.sNi1oBex2 5 bulk metallic glass was pro-
and ductility) are, thus, controlled by the individual and col- duced by arc melting the pure elements together under a pu-
lective behavior of the shear bands. Therefore, the initiation rified Ar atmosphere in ingots of the desired composition,
and propagation of localized shear bands in metallic glasseseach ingot was then re-melted twice to ensure a homogeneous
has been the subject of both theoretical and experimental in-composition. From these ingots 8 mm diameter rods of metal-
vestigation for number of yeaf8—18]. However, the precise  lic glass were prepared by suction casting the molten alloy
nature of initiation and propagation of shear bands as well into a copper mold. The cylinders, thus obtained were con-
as the possible mechanisms for enhancing the plasticity offirmed to be non-crystalline by conventional X-ray diffrac-
BMGs still remain uncertain. tion.

In the present letter, the plastic deformation behavior of =~ The samples were machined into dog bone-like shape to

Zra1.2Ti13.8C2 sNijoBers 5 bulk metallic glass is investi-  ensure that the deformation occurs in the middle constraint
region of the specimen. The dimensions of the deforma-
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2000+ Macroscopically, the material shows an obvious plasticity.
1800 This multiple shear banding behavior has also been observed
1600 /WW previously in other metallic glassg0,21] After failure, the
= ] fracture surfaces of the samples show a typical vein pattern.
Dg 14007 / In order to gain a further understanding of the mechanisms
@ 12004 / leading to the enhanced plasticity by multiple shear bands in
% 1000 / BMGs, the fine structure of the developed shear bands was
2 500l / carefully examined by SEMFig. 2 shows a typical defor-
é ] mation pattern with intersecting shear bands. The black ar-
£ / rows indicate the loading direction. The micrograph reveals
5 4004 that multiple intersecting shear bands were formed and they
200 / propagate along a direction deviating By-2° from the max-
0l imum shear stress direction of 49 he deviation of the direc-
o 1 2 3 a4 5 & tions of the shear bands from the maximum shear stress plane
Engineering Strain (%) demonstrates that normal stresses affect the failure of the bulk

metallic glas$18]. Furthermore, one can see that the material
Fig. 1. Stress—strain curve for aspTi13 &Cui2 sNi1oBez2 5 bulk metallic was sheared-off into many blocks by the intersecting shear
glass sample tested in quasi-static uniaxial compression. bands. When shear bands were interrupted by each other at

their intersection sites, their propagation was blocked. This
electro-polished in methanol solution containing 33vol.% blocking behavior prevents the BMG from fracturing quickly
HNO:s. In situ quasi-static uniaxial compression tests were along a single shear band. In other words, the formation of
performed in a scanning electron microscope equipped with intersecting shear bands can enhance the plasticity of bulk
a loading stage at a strain rate 0k40-°s~1 at room tem- metallic glasses.
perature. The strains were measured with strain gages placed To understand the micro-mechanisms responsible for the
directly on the back surfaces of the samples. The fine struc-enhanced plasticity by multiple shear bands, the fine structure
ture of the shear bands was examined by SEM (FEI-Sirion of the intersection sites of the shear bands was examined by
NC microscope). SEM. Two types of intersection sites can be obsertagl ).

Fig. 1 shows a typical stress—strain curve for a Onetypeisformed by branched shear bands (markiigir2
Zra1.2Ti13.8Cu2 5Ni10Bero 5 sample tested in quasi-static by A) and the other is the site formed by un-branched shear
uniaxial compression. All samples were tested until failure. bands (marked iRig. 2by B). These different sites are shown
The tests on other samples show similar results, althoughat larger magnification ifrig. 3A and B, respectively. It can
there is some scatter (within 0.5%) in the plastic strain mea- be seen frontig. 3A, that the slip deformation at the type-
surement. The deformation behavior is approximately per- A intersection site is accommodated by a series of small slip
fectly elastic—plastic, with approximately 2% elastic strain steps. The ratio of the width of the slip stepsto that of the shear
and a flow stress of about 1700 MPa. Serrated flow is ap- bands, namely the shear strain, is about 3. In confast3B
parent in the plastic region. In contrast to little plasticity in reveals thatthe slip deformation atthe type-B intersection site
tensile test§19] there is about 2% plastic flow in the present is accommodated by a single large slip step and the ratio of
quasi-static uniaxial compression tests. the width of the slip step to that of the shear band is about

During the loading, the deformation processes of the pol- 12. Furthermore, fronfrig. 3A and B, one can find that two
ished surfaces of the samples were monitored by SEM andkinds of defects form at these two types of intersection sites
special care was taken to examine localized shear bands.

When the load is below 1000 MPa, the compressive defor-

mation is uniform and no shear bands can be detected by The maximum shear plane
SEM. With continuously increasing compression load, shear ) '
bands initiate solely at the edge of the sample and propagate
along a direction deviating about-23° (about 43) from the

maximum shear stress direction {4iiclined to the load- Loading 68 Loading
ing direction). This deviation is consisted with Zhang et al, direction. & | gJirection

result[18]. With increasing strain to about 2%, the neighbor-
ing shear bands begin to intersect each other. After the shear / :
bands intersect, their further propagation becomes very dif- blocks
ficult. Instead of a single dominant shear band leading to
failure as it is typical for tensile testinNd9], multiple shear

bands with intersecting, branching and slipping are observed

in the present compression tests. The typ|c<_aI pattem.Of multi- Fig. 2. Typical deformation pattern with intersecting and branched shear
ple shear bands formed at the strain 3.8% is showign2 bands.
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Shear bands

: ,«*“’"A _::T\Jano-voids

Block Fig. 4. SEM micrograph revealing the preferential etching of shear bands.

of the material, and this change may be related to a change
in structure induced by plastic deformation. As previously
suggested2?], this change can yield a more “disordered
\Mic ocracks structure” by destroying the “short-range ordered structure”
, / in the glass and can lead to localized plastic deformation.
Based on the existing evidence that generation and coales-
cence of free volume leads to the formation of nano voids
in shear bandflL6], the reason for the formation of a “disor-
dered structure” can be interpreted in the framework of the
free volume theory12,13] In shear bands, the increased free
volume destroys the “cages” of the free volume sites and the
“short-range ordered structure”, and then a “disordered struc-
ture” in the shear bands will finally form. Therefore, both the
etching behavior of the shear bands and the appearance of the
nano/micro-scale voids and cracks in the shear bands provide
namely, nano-scale voids at site A and micro-scale cracksevidence that the fo_rmat!on of _shear bands in bulk metallic
at site B. From these observations, one can infer that theg!e_\sses_ under quasi-static loading and low-temperature con-
branched shear bands may distract a larger plastic strain thar%j ftions is mamly_mduced by alocal free_ volume coa!escence.
the un-branched shear bands. In _ conclusmn, the deformatlon_ behavior of
Nanometer-scale voids in shear bands in a Be-free zr- 214121113.8CU2sNi10Be; 5 bulk  metalic ~glass was
based bulk metallic glass were recently found by Huf- stud|gd by in situ SEM quasi-static uniaxial compression
nagel and co-worker§16]. Different from their finding, expgnments at room temperature. A large plasticity was
achieved by the generation of multiple shear bands. The

nano/micro-scale voids and cracks were observed at the in'results demonstrate that intersecting, branching and slippin
tersection sites of the shear bands in the present work. The 9 9 bping

appearance of the voids and crackig( 3A and B) at the in- of shear bands are the main mechanisms responsible for

tersection sites demonstrates that there exists a tension strestg e plasticity enhancement. The observed nano/micro-scale

state around these sites. This tensile stress state may be prov—OIdS and cracks at the intersection sites of the shear bands

- . and the etching behavior of the shear bands are consistent
duced by the coalescence and dilation of the free volume in " o )
the shear bands. with the free volume theory of shear banding in metallic

Apart from nano/micro-scale voids and cracks, preferen- glasses.
tial etching of the shear bands was observed in the present
bulk metallic glass, as shown iRig. 4 The etching phe-
nomenon was first discovered by Pampillo in Pd—Cu—Si Acknowledgements
metallic glasq7]. However, the etching behavior of shear
bands in Zr-based bulk metallic glasses was not reported so  The authors gratefully acknowledge the financial support
far. The etching of shear bands means that the chemical potenof this work by the National Natural Science Foundation of
tial within the band has been changed with respect to the restChina through grants 10472119 and 10232040.

Fig. 3. (A) Micrograph of the intersection site formed by multiple branched
shear bands and (B) micrograph of the intersection site formed by un-
branched shear bands.
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