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Abstract In this study, effect of geometrical confinement

on the deformation behavior of Zr57.5Cu11.2Ni13.8Al17.5

bulk metallic glass (BMG) was investigated. For this pur-

pose flat top conical samples with different semi-vertex

angles (a) were prepared for quasi-static compression tests.

It was observed that as the geometry of the sample is

slightly changed from cylindrical shape (for which a = 0�)

to conical shape (for which a[ 0�), a brittle BMG sample

tends to deform in a ductile manner due to the geometrical

constraint-induced complex multi-axial stress distribution

in the sample. In brittle Zr57.5Cu11.2Ni13.8Al17.5 specimen

with a = 5�, plastic deformation of about 4% was observed

due to the formation of extensive intersecting shear bands.

Introduction

Bulk metallic glasses (BMGs), which possess many

attractive properties including high strength, elastic defor-

mability, and corrosion resistance, have great application

potentials as structural and functional materials [1–3].

However, the room temperature brittleness of BMGs is still

one of the most serious problems which limit their real

engineering applications [4–11]. The brittleness of BMGs

is attributed to the highly localized inhomogeneous defor-

mation behavior. Nucleation of primary shear bands occurs

preferentially in the direction of maximum shear stress

upon yielding and further plastic deformations are highly

localized in these bands. In an unconstrained geometry,

failure of BMGs occurs catastrophically on one dominant

shear band [10, 12, 13]. In order to understand the mech-

anism of plastic deformation in BMGs, various strategies

have been adopted to avoid the rapid propagation of shear

bands and to generate multiple shear bands by geometri-

cally confining the sample [7, 10, 11, 13–20]. In this study,

flat top conical specimens of Zr57.5Cu11.2Ni13.8Al17.5 BMG

having specific dimensions were prepared for compression

test and the brittle BMG sample deformed plastically.

Under this configuration, multiple shear bands were gen-

erated in the monolithic BMG sample with a considerable

displacement prior to failure. It is expected that the findings

of this study would be very useful for engineering appli-

cations and processing of BMGs.

Experimental

Button of Zr57.5Cu11.2Ni13.8Al17.5 alloy was prepared by

arc melting of high-purity Zr (4 N), Cu (4 N), Ni (4 N),

and Al (4 N) under Ti-getter-purified argon atmosphere.

The sample was remelted four times to improve homoge-

neity. This button was finally remelted and suction-cast

into rod-shape sample of dimensions 3 mm 9 50 mm in

copper die.

The rod was machined to produce flat top conical

samples having dimensions and conical geometry as shown

in Fig. 1. Low-temperature differential scanning calorim-

etry (DSC) was performed using TA INSTRUMENTS/

DSC-Q100 at a heating rate of 20 K/min to evaluate

thermal parameters for the alloy. X-ray diffraction (XRD)

of the alloy was conducted by Shimadzu XRD-6000 using
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Cu Ka1 radiation (k = 1.54060 Å) to confirm the amor-

phous nature of the alloy. Compression test was conduced

under uniaxial compressive quasi-static loading at a con-

stant strain rate of 4.2 9 10-4 s-1 using specially designed

conical samples having aspect ratio of 2. Finally, fractured

surfaces of compression tested samples were examined in

scanning electron microscope (SEM).

Results and discussions

XRD pattern of as-cast sample is shown in Fig. 2. A halo

region indicative of amorphous structure was observed.

Low-temperature DSC plot of the alloy at a heating rate of

20 K/min is shown as an inset of Fig. 2. DSC trace shows a

single endothermic peak, indicating the glass transition Tg,

and an exothermic peak showing single stage crystalliza-

tion reaction in the alloy. This also confirms amorphous

nature of the alloy. The glass transition temperature, Tg,

and onset temperature of exothermic reaction, Tx, were

found to be 703 and 776 K, respectively.

Figure 3 shows load–displacement curves for as-cast

cylindrical specimen (sample 1) and conical samples with

semi-vertex angle (a) of 2� (sample 2) and 5� (sample 3). It

is quite clear from Fig. 3 that the as-cast Zr57.5Cu11.2

Ni13.8Al17.5 BMG sample having conventional cylindrical

geometry is fractured in a brittle manner at a load of

12.6 kN. On the other hand conical samples showed dis-

tinct mechanical response. They not only showed consid-

erable plastic deformation, but also had increased fracture

strength. The conical samples with a = 2� yielded at a load

of 12 kN. After yielding, the alloy showed displacement of

about 0.1 mm and then fractured at a load of 13 kN. In case

of sample 3, with a = 5� yielding started at a load of

11 kN. After yielding, the alloy showed about 0.2 mm

displacement and finally fractured at a load of 12.6 kN. It

was also observed that load–displacement curve of conical

samples exhibited serrations soon after yielding. The inset

of Fig. 3 shows the magnified view of flow serrations. This

serrated characteristic is an indication of simultaneous

operation of multiple shear bands rather than a discrete

shear band nucleation [20, 21].

Figure 4a shows SEM image of top view of fractured

surface of cylindrical specimen (sample 1) after compres-

sion test, which indicates a typical vein-like morphology

oriented in the same direction [22]. Formation of few non-

intersecting shear bands (marked by arrows) was observed

on the flat side of fractured surface as shown in Fig. 4b.

Due to the formation of few non-interacting shear bands

Fig. 1 Geometry and dimensions of conical BMG samples

20 40 60 80 100

500 600 700 800 900
50

0

-50

-100

-150

-200

-250

-300

-350

Tx

H
ea

t 
F

lo
w

 (
m

W
)

Temperature (K)

Tg

In
te

n
si

ty
 (

a.
u

)

2 θ (degree)

Fig. 2 XRD pattern of as-cast bulk amorphous alloy; inset shows

DSC curve at a heating rate of 20 K/min
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sample showed a brittle behavior and fractured cata-

strophically by one dominant shear band [23]. SEM image

of fractured surface of geometrically constrained conical

specimen (sample 2) is shown in Fig. 5a that indicates

distortion of the vein-like morphology. Figure 5b shows

multiple and branched shear bands on the flat side of the

fractured surface of sample 2. This is also evident from the

flow serrations of load–displacement curve. Geometrical

constraints produce stress gradients in conical samples and

prevent the excessive propagation of individual shear

bands by promoting the multiplication and crosslinking of

the shear bands. This results in substantial development of

the plastic deformation [13, 18–20]. Figure 6a shows SEM

image of fractured surface of sample 3 which indicates

extreme distortion and branching of veins. It is quite

interesting that with increasing semi-vertex angle (a) of

conical sample from 2� to 5� more effective geometrical

confinements took place in the sample. As a result, a

complex multi-axial stress condition is induced in the

sample that leads to the extensive generation of multiple

shear bands intersecting in complex manner as shown in

Fig. 6b [20]. This is also evident from the presence of few

loops [5], secondary and tertiary branching of distorted

veins (as circled in Fig. 6a) as well as complex serrated

pattern in the load–displacement curve of sample 2

(Fig. 4b). This shows that with a slight change in the

geometry of the sample, i.e., from cylindrical shape (for

which a = 0) to conical shape (for which a[ 0), a fully

brittle BMG sample tends to deform in a ductile fashion.

This change in deformation mode is attributed to the geo-

metrical constraint (conical shape) induced complex tri-

axial stress distribution in the sample, which further leads

to the extreme distortion and branching of shear veins as

well as evolution of complex intersecting multiple shear

bands that avoids the undesired catastrophic failure. The

correlation of SEM observations with the load–displace-

ment results clarifies very well the change in deformation

behavior resulting from the geometrical constraints. The

present findings are important from an application point of

(b) 

(a) 

Fig. 4 SEM image of fractured surface of sample 1, showing typical

vein-like pattern elongated in the same direction (a), SEM micro-

graphs of flat side of fractured surface showing few parallel shear

bands (b)

(a) 

Branching of 
shear bands 

(b) 

Fig. 5 SEM image of fractured surface of sample 2, showing

distortion of veins (a), SEM micrographs of flat side of fractured

surface showing intersection and branching of shear bands (b)
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view as geometrical change of sample has shown very

useful effect on the fracture behavior of the brittle BMG.

Conclusions

It is shown that the specimen geometry strongly influences

the deformation behavior of Zr57.5Cu11.2Ni13.8Al17.5 BMG.

As the geometry of the sample was changed from cylin-

drical shape (for which a = 0) to conical shape (for which

a[ 0) gradually, almost brittle BMG sample deformed in a

ductile manner due to the geometrical constraint-induced

complex stress distribution in the sample. The change in

geometry led to the evolution of complex intersecting

multiple shear bands useful for avoiding the catastrophic

failure.
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(b) 

Fig. 6 SEM micrographs of fractured surface of sample 3, showing

extreme distortion and branching of veins network (a), SEM

micrographs of flat side of fractured surface showing complex

intersection of multiple shear bands (b)

J Mater Sci (2010) 45:6170–6173 6173

123


	Effect of sample geometry on the deformation behavior of Zr-based bulk metallic glass
	Abstract
	Introduction
	Experimental
	Results and discussions
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


