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Institute of Experimental Physics of Slovak Academy of Sciences, 47, Watson Str.,
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Fractographic studies of ductile shear failure under the uniaxial compression for rod–like
samples of the Zr41.2Ti13.8Ni10Cu12.5Be22.5 and Cu50Zr35Ti8Hf5Ni2 bulk amorphous alloys at
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1. Introduction
The physical processes of catastrophic shear and duc-
tile shear failure in amorphous alloys have been studied
for many years, but mainly on thin ribbons [1–3]. In this
case, the failure usually takes place under the conditions
of antiplane strain by the movement of a shear crack (of
type III according to the generally accepted classifica-
tion [4]). Therefore, established features of the failure
and meniscus instability on the failure surfaces are re-
lated mainly to cracks of type III. The type II cracks
(oriented along the zero elongation direction – “53◦ –
failure mode” [5]) are also observed in the failure of
ribbons. In the course of failure under tension, these
cracks are transformed into type I with the occurrence
of some differences in failure regularities [6].

It is known that the meniscus instability [7] in the
volume of the strongly heated catastrophic shear band
occurs at the final stages of the ductile shear failure
of amorphous alloys. Due to local adiabatic deforma-
tion heating [2, 3, 8], there is a rapid increase in the
local temperature of material inside the catastrophic
shear band that leads to this materials behaving in a
superplastic [9] manner with a small viscosity (‘liquid-
like’ [2]). The meniscus instability during the rupture of
this ‘liquid-like’ layer leads to the formation of a ‘vein
pattern’ on the failure surfaces. An analysis of this vein
pattern has lead to the discovery of some important fea-

tures of the amorphous metallic alloys behavior during
the failure as follows:

– the local temperature of the material in the ‘liquid-
like’ layer approaches the melting point [3, 10];

– being liquid-like, the material in the hot layer is
nevertheless solid [3];

– the material in the ‘liquid-like’ layer exhibits su-
perplasticity (phenomenologically similar to the liquid
with a small viscosity) [9, 11];

– there appears to be local melting of material during
the rupture as indicated by solidified drops of the melt
on the fracture surfaces [3, 10, 11].

These features were discovered mainly when failure
proceeded by the spreading of a type–III crack through
the ribbon of the amorphous alloys.

The shear failure process and the meniscus instability
in new generation amorphous alloys with a large inter-
val of vitrification – bulk amorphous alloys [12–14]
show some new features. Vein patterns have also been
observed in the fracture surface of bulk amorphous al-
loy that have loaded in compression. From this it was
concluded that adiabatic heating [2] was the only pro-
cess that determines the existence of the ‘liquid-like’
layer [15, 16].
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Since the ductile shear failure of bulk amorphous
alloys rods under compression is by a type II crack
(which is transformed to the type I at the final stage
of the failure), one may expect that the set of features
that were discovered earlier for failure by the spread of
the type–III crack could be increased. For instance, the
soft material of the ‘liquid–like’ layer should be (under
compression) squeezed out from the catastrophic shear
band and this may give rise to the new features observed
in the fractographic pictures. However, a detailed anal-
ysis of the ‘vein patterns’ in the bulk amorphous alloys
and their comparison with those of thin ribbons of usual
amorphous alloys has not been carried–out up to the
present.

Further observations and analysis of the vein patterns
on the shear failure surfaces formed during compres-
sion loading of bulk amorphous alloys and a compar-
ison with those formed during tensile tests of typical∗
amorphous alloys ribbons are the subjects of this paper.

2. Materials and methods
Mechanical properties and vein patterns at the shear
failure surfaces where studied for bulk amorphous
metallic alloys Zr41.2Ti13.8Ni10Cu12.5Be22.5 (prepared
as a drop–like ingot with 40 mm in diameter on a cooled
substrate [14]) and Cu50Zr35Ti8Hf5Ni2 (prepared as
6 mm rods by casting to a copper mould [13]).

The failure stress for uniaxial compression of the
cylindrical (3 mm in diameter× 9 mm) or prismatic
(3× 3× 9 mm) samples were measured with a ten-
sile/compression testing machine (with a relative high
rigidity of 10 kN/mm) at a compression rate of
0.15 mm/min at 300 and 77 K. Fractography obser-
vations were made using a TESLA BS300 Scanning
Electron Microscope (SEM).

3. Experimental results
3.1. Mechanical properties
The failure stress (σ f ) of the Zr41.2Ti13.8Ni10Cu12.5
Be22.5 amorphous alloy under compression at temper-
ature 300 K was 1.75± 0.25 GPa. As the scatter of the
measured failure stress was relatively large, it can be
considered to be similar to 1.91± 0.03 GPa measured
in [17] or to 1.8± 0.023 GPa measured in [18]. At a
temperature of 77 K, theσ f was 1.35± 0.35 GPa.

The plane of the failure surface was close to the plane
of the maximum shear stresses, i.e. 45 degrees to the
compression axis (Fig. 1a). Catastrophic plastic shear
preceeded failure and typical vein patterns were formed
at the fracture surfaces (Fig. 2a). At 77 K the fracture
surface was not as simple. In addition to the ductile
shear failure mode, the normal rupture mode with the
fracture surface perpendicular to the sample axis was
realized. Therefore, ‘chevron pattern’ [1, 19] is present
on some areas of the fracture surface (Fig. 2b) formed
during the final stages of the failure after the loss of
stability by the sheared sample under the uniaxial com-
pression.

∗ By this we mean amorphous alloys with a small interval of vitrification
which are usually prepared in the form of thin ribbons.

Figure 1 SEM macrofractographs of the shear failure surfaces of the
bulk amorphous alloys fractured by uniaxial compression at 300 K: a)
Zr41.2Ti13.8Ni10Cu12.5Be22.5 prismatic sample; b) Cu50Zr35Ti8Hf5Ni2
cylindrical sample.

The σ f of the Cu50Zr35Ti8Hf5Ni2 amorphous al-
loy under compression at 300 K has already been re-
ported [15] to be 1.27± 0.06 GPa. The fracture surface
was also inclined approximately 45 degrees to the com-
pression axis (Fig. 1b) and example of the vein patterns
observed is shown in Fig. 3.

3.2. Fractographic observations
SEM observations of the ductile shear failure surfaces
of the bulk amorphous alloys show features that are
unique of bulk amorphous alloys and are not typical
for first generation amorphous alloys. These features
are:

a) A generally anisotropic (elongated in the shear
direction) and striated vein pattern (Fig. 4a–c): there
are sharply outlined strips of the surface covered by
veins (average width of these strips is of the order of
10 µm) alternating with the narrower strips that are
usually often free of veins;

b) Near periodic nets of cell–like configurations of
veins within the before mentioned strips (Figs 5, 2a, 3);
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Figure 2 Typical morphologies on fracture surfaces of the Zr41.2Ti13.8

Ni10Cu12.5Be22.5 amorphous alloy: a) “vein pattern” morphology formed
by meniscus instability at 300 K. b) “chevron pattern” morphology
formed at 77 K.

Figure 3 Vein pattern morphology on fracture surface of Cu50Zr35

Ti8Hf5Ni2 amorphous alloy failed at 300 K.

c) Many protruding veins that have fallen over and
overlapped the protruding veins formed previously to-
gether with many spheroidal drops (Fig. 6a–c);

d) Wide, flat and elongated veins extending along
the shear surface from the edge of the shear step of
the sample surface (Fig. 7a, b). In the amorphous alloy
ribbons, this part (labelled as part A in the terminology
of [19]) of the shear surface is usually smooth and free
of veins [20] (Fig. 8);

Figure 4 Anisotropic manifestations of the vein pattern morphology in
the macroscopic shear direction (indicated by arrows) in: a) Zr41.2Ti13.8

Ni10Cu12.5Be22.5 alloy at 77 K; b) Zr41.2Ti13.8Ni10Cu12.5Be22.5 alloy at
300 K; c) Cu50Zr35Ti8Hf5Ni2 alloy at 300 K.

e) The veins are thicker than that observed in usual
amorphous alloys (Figs 2a, 3). It seems that these veins
have a profile that is more circular than triangular, where
the latter is typical cross-sectional of veins in usual
amorphous alloys [21].

A schematic sketch of a typical shear fracture surface
formed after the compression test of bulk amorphous
alloys is shown in Fig. 9. Points a) and b) are observed
in the region B. Point c) is observed in the regions B
and C. Point d) is observed in the region A.
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Figure 5 The almost periodical cell structure of veins formed on the
Cu50Zr35Ti8Hf5Ni2 alloy fracture surface.

4. Discussion
4.1. Non–planar surface of glide
Non–planar surface of glide, which is observed af-
ter the low temperature ductile shear failure of the
Cu50Zr35Ti8Hf5Ni2 and Zr41.2Ti13.8Ni10Cu12.5Be22.5
bulk amorphous alloys, is a typical phenomenon (see
Fig. 4a for example). The catastrophic glide surface
consisted of ridges and valleys oriented approximately
parallel to the shear direction. Veins were arranged on
the failure surface in two different modes:

– As strips of a cell–like network on the ridges of the
fracture surface, similar to the case of ribbons. How-
ever, the cell-like character of the vein pattern was much
more complicated than that of the ribbon fracture case.
Such an arrangement forms an anisotropic and strip–
like character of the vein pattern in bulk amorphous al-
loys (Fig. 4a–c) because strips which are free of veins
are formed along the valleys. This arrangement of veins
was typical for samples deformed at 300 K;

– Almost independently on relief of fracture surface
(Fig. 10). Such a pattern is very different from that
observed in amorphous alloys ribbons where the veins
were usually formed on the ridges of the failure surface
and valleys were free of veins (Fig. 8). This arrangement
of the veins was typical for samples deformed at 77 K.

The non–planar character of the glide surface is prob-
ably caused by macroscopic defects on the sample’s
surface. The catastrophic slip can be considered to be
initiated by heterogeneous surface nucleation at such
defects [22]. The role of such macroscopic defects in
amorphous alloys had been demonstrated by the corre-
lation of the Weibull’s statistics [23] to the distribution
of failure stresses of amorphous alloys [24–27]. There-
fore, the width of the strips must correspond to the
linear dimensions of surface defects at which heteroge-
neous nucleation of the catastrophic slip occurs. Such
a correlation was easily observed in this study.

According to Bakai [28], slip in amorphous alloys
spreads preferentially along intercluster boundaries.
Therefore, the profile of macroscopic glide surface
should be predetermined by an incidental configura-
tion of the slip initiated at surface defects. The glide

Figure 6 Fractographic features formed by the relicts of protruding
veins on fracture surfaces of both Cu50Zr35Ti8Hf5Ni2 (a, c) and Zr41.2

Ti13.8Ni10Cu12.5Be22.5 (b) alloy failed at 300 K.

surface was formed by the areas of intercluster bound-
aries surfaces oriented parallel to the shear direction
and to the plane of the maximum shear stresses.

4.2. Homogeneous nucleation of meniscus
instability in bulk amorphous alloys

During the low temperature ductile shear failure of
amorphous alloy ribbons, the nucleation of meniscus
instability takes place heterogeneously at the surfaces
of the ribbon (i), or at voids or inclusions in the sample
(ii). This instability nucleates at the point of intersection
of the ribbon’s surface with the shear crack front and
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Figure 7 The shear fracture surface near the edge of a shear step on: a)
Zr41.2Ti13.8Ni10Cu12.5Be22.5; b) Cu50Zr35Ti8Hf5Ni2 amorphous sam-
ples both failed at 300 K.

Figure 8 “Smooth” and “vein pattern” morphologies observed in 30µm
thick Ni78Si8B14 amorphous ribbon failed at uniaxial tension at 4.2 K.

spreads successively along the failure surface together
with the spreading of the type III crack.

The heterogeneous character of meniscus instability
nucleation at the surface of amorphous ribbon is well
illustrated by the dependence of distanced between
veins on the ribbon’s surfaces. This distance was dif-
ferent for the veins initiated at dull and shining surface
of a ribbon. This difference is shown in Fig. 11 where
histograms of statistical distribution of distanced mea-
sured from the sample shown in Fig. 12 are presented.

Figure 9 Schematic sketch of a typical shear failure surface formed dur-
ing the compression test of bulk amorphous sample. The character of
three typical regions are described in the text.

Figure 10 The cellular “vein pattern” morphology in the Zr41.2Ti13.8

Ni10Cu12.5Be22.5 bulk amorphous alloy failed at 300 K.

The average value ofd measured near a dull surface is
higher than that for the shining surface.

The non-surface nucleation of meniscus instability
is rarely observed (Fig. 13). This nucleation usually
takes place during the failure by the spread of the type
II crack (the ‘oblique’ mode of the failure [1, 5] along
the zero elongation direction). The internal nucleation
is often connected with voids and inclusions in amor-
phous alloys ribbons [10]. To the authors knowledge,
the homogeneous nucleation of meniscus instability has
never been observed in amorphous alloys ribbons.

Another event observed in the rods of bulk amor-
phous alloys failed under compression was the transfor-
mation of the type II crack into a type I crack at the loss
of stability in the strained sample at large deformations.
In addition to the vein patterns (see Fig. 4a) formed by
the heterogeneous nucleation of the meniscus instabil-
ity, many cell–like veins like that observed in the vein
pattern strips of bulk amorphous alloys were observed.
This indicates that the nucleation of the meniscus in-
stability can also take place along the failure surface
simultaneously at many points (at the centers of cells)
behind the front of opening crack of the type I. The
almost equal dimensions of cells in Fig. 5 indicate that
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Figure 11 Statistical distributions of distancesd between the veins mea-
sured near the shinning (a) and dull (b) side of amorphous ribbon shown
on Fig. 12. The mean values ofd are 0.67± 0.21µm near the shinning
and 0.77± 0.48µm near the dull side of the ribbon.

Figure 12 A “vein pattern” morphology with a main vein at the centre
of ribbon, formed after the shear that was parallel to the ribbon surface,
when the meniscus instability is initiated from both sides of shear band
at the same time. A Fe84B16 amorphous ribbon, failed by tensile stress
at 300 K.

similar conditions were present at many of the nucle-
ation points. The simultaneous nucleation events must
substantially increase the contribution of the work of
plastic deformation to the apparent surface energyγ f

(which includes the work of plastic deformation) of the
material compared with the heterogeneous nucleation

Figure 13 Non-surface initiation of meniscus instability, rarely observ-
ed on amorphous ribbons. Fe84B16 amorphous ribbon, failed by tensile
strain at 300 K with the strain rate of 2× 10−2s−1.

of meniscus instability in amorphous ribbons. To see
this, one can estimate the apparent surface energy,γ f ,
of the material during the cell–like veins pattern forma-
tion and compare it with a typical vein pattern observed
in amorphous alloys ribbons. This can be done with the
formula

γ f = (12π21.2
√

3)−1× σ f

N
, (1)

from the theory of Argon and Salama [29] for the menis-
cus instability during the ductile shear failure of amor-
phous alloys using experimental measurements of lin-
ear densityN of veins and of the failure stressσ f . Val-
ues forN are taken to be the inverse of cells diameters.
The results are shown in the Table I.

It can be seen thatγ f in the bulk amorphous alloys
studied here are several times larger than theγ f esti-
mated for a typical ductile amorphous alloy ribbon (for
example Ni78Si8B14 [20]) where heterogeneous nucle-
ation of meniscus instability evidently takes place. The
almost two orders of magnitude difference inγ f above
that for typical surface energies of solids (of the or-
der of 1 J/m2 [30]) is explained by the work of plastic
deformation of material during the vein-pattern forma-
tion. The larger work of plastic deformation during the
vein-pattern formation in bulk amorphous alloys than
in amorphous ribbons is therefore observed.

The observed networks of cells (Figs 2a, 3, 5) closely
resemble the morphology of coalescing microvoids typ-
ical of the ductile failure of structural alloys under a
shear strain (Chapter 5 of [4]). A schematic sketch of
arising of such pattern (analogous to Fig. 5.10 in [4]) is
shown in Fig. 14. This figure shows multiple homoge-
neous nucleation of the meniscus instability inside sam-
ples of bulk amorphous alloys during rupture along the
surface of the preceding catastrophic shear (B region in
Fig. 9).

A supposition about the heterogeneous nucleation of
meniscus instability at microscopic inclusions (below
the resolution of the SEM) can be rejected since the
bulk amorphous alloys were prepared from very pure
materials and oxides in the Zr41.2Ti13.8Ni10Cu12.5Be22.5
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TABLE I Estimation of the material apparent surface energyγ f during the meniscus instability on the low temperature ductile shear failure
surfaces of the Cu50Zr35Ti8Hf5Ni2 and Zr41.2Ti13.8Ni10Cu12.5Be22.5 bulk amorphous alloys

σ f , GPa N, 104 m−1 γ f , J/m2

Alloy composition 300 K 77 K 300 K 77 K 300 K 77 K

Zr41.2Ti13.8Ni10Cu12.5Be22.5 1.75± 0.25 1.35± 0.35 7.2 5.5 ∼97 ∼98
Cu50Zr35Ti8Hf5Ni2 1.27± 0.06 – 8.3 – ∼61 –
Ni78Si8B14 [20] 2.25 2.65 32 38 ∼28 ∼28

Figure 14 A schematic sketch of cells net arising by the coalescence of
microvoids under shear strain.

amorphous alloy are not present [31]. Therefore, the
presence a multitude of small inclusions necessary for
the cell–like vein pattern formation through the hetero-
geneous nucleation is considered unlikely.

At the same time, heterogeneous nucleation of the
meniscus instability is often observed in addition to
the homogeneous nucleation at certain regions of the
failure surface. This can be seen in Fig. 4a.

4.3. Evidence of the local hot state of the
material on the shear failure surfaces

Previous experimental measurements of the integral
heating of amorphous alloy ribbons under the ductile
shear failure at 0.5 K [3] enable an estimate to made of
the temperature increase in the catastrophic shear band
due to the local deformation. These estimates indicate
that temperatures approaching the melting point can be
achieved. Previous fractographic observations [10, 11]
show evidence of a liquid phase present at the last stage
of the shear failure (during the rupture) by the presence
of spheroidal drops that had probably formed during
the failure of protruding veins.

Vein patterns in the bulk amorphous alloys also seem
to indicate a pre-melting state of the material at the
shear failure surfaces. There were spheroidal drops and
peaces of the protruding ‘veins’ that have been flung
during the rupture of the failure surfaces and then fallen
back onto the fracture surfaces. This process appears to
occur more than once (two to three times) and results
in overlapping like that seen in the Fig. 6c. Such be-
havior may be a consequence of the several orders of
magnitude larger interval of vitrification of bulk amor-
phous alloys [31] compared to typical amorphous al-

loys. Therefore, the pieces of the protruding veins and
droplets that are jettisoned from the surface during fail-
ure may retain their superplastic state [9] during their
flight and upon falling upon the failure surfaces, like
that shown in the Fig. 6c.

To verify such a notion, let us estimate the timetc that
a drop of the Zr41.2Ti13.8Ni10Cu12.5Be22.5 amorphous
alloy flying through the air needs in order cool from
the pre–melting state (below solidus) down toTg. For
the simplicity, let us consider a 1µm spheroidal drop
with the initial temperatureT0 flying with a velocity of
1 m/s in air. Then, according to [32] (Ch. XIII, formula
9.22), an estimation can be made oftc from

tc ≈ T0− Tg

T0
× a

khκ
, (2)

where a is a radius of the spheroidal drop,k=
4πa3ρc/Mdcd, h= H/K , κ is the coefficient of heat
diffusion of the air, K is its thermal conductivity,
H is the coefficient of surface heat transfer,ρ is air
density,c is the specific heat of air,Md and cd are
the mass and specific heat of the drop correspond-
ingly. FromT0= 925 K,Tg= 625 K [31],a= 0.5µm,
Md= 4.6× 10−16 kg, cd' 25 J/K·mol,ρ= 1.2 kg/m3,
c= 1005 J/kg·K, κ = 2.16× 10−5 m2/s, K = 2.6×
10−2 J/m·s·K, H ' 3.34× 103 J/m2·s·K, one can find
tc∼ 40µs. This time interval is one order of magnitude
larger than the time measured for failure [3]. Therefore,
the pieces of the protruding veins falling upon the fail-
ure surfaces are probably at a high enough temperature
to be superplastic, thus enabling them to wrap around
the prior formed veins on the failure surfaces. This can
be considered additional evidence that a hot local state
of material existed during the ductile shear failure of
bulk amorphous alloys.

Further evidence of a high temperature state at the
shear fracture surfaces is the observation mentioned in
3.2d. The wide, flat and elongated veins extending along
the shear surface from the edge of the shear step at the
surface of the sample may arise from the squeezing–
out of soft (superplastic) material originally present in
the catastrophic shear band following the shear crack
due to sample being under compression. In amorphous
alloy ribbons, this part of the shear surface is usually
smooth and free of any veins because under the tension
there is no such squeezing–out action.

The more equilibrium form of the veins in bulk amor-
phous alloys (point 3.2 e) is probably observed due to
the larger duration in the soft superplastic state, which is
enough to achieve this form under the action of surface
tension.
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4.4. Peculiarities of the low temperature
ductile failure of the
Zr41.2Ti13.8Ni10Cu12.5Be22.5 bulk
amorphous alloy

The mechanical properties of bulk amorphous alloys
below the room temperature have never been reported
in literature before. The small decrease inσ f for the
Zr41.2Ti13.8Ni10Cu12.5Be22.5 alloy observed with cool-
ing from 300 to 77 K and the presence of chevron
patterns on the low temperature fracture surface indi-
cate an apparent decrease in the plasticity. This is usu-
ally caused by premature rupture (before attaining the
yield stress) owing to a decohesion at the surface of oc-
casional crystalline inclusions [20] which may be avail-
able in amorphous alloys [10]. Moreover, crystalline
particles may be present in this alloy [18, 33].

The observed decrease inσ f with cooling is within
the limits of the scatter in experimental data and it is
doubtful that there is a real decrease of plasticity in
the Zr41.2Ti13.8Ni10Cu12.5Be22.5 bulk amorphous alloy
at 77 K. Indeed, comparison of the estimatedγ f for
this alloy at 300 and 77 K on the basis of the Argon and
Salama theory [29] (see Table I), one can conclude that
the contribution of the work of plastic deformation is
not decreased when cooled to 77 K. This can be con-
sidered an indirect indication of retaining the plasticity
of the Zr41.2Ti13.8Ni10Cu12.5Be22.5 amorphous alloy at
77 K. Real knowledge of the ductility of this alloy at
low temperatures requires further direct experimental
study.

5. Concluding remarks
Fractographic observations of surfaces of the ductile
shear failure under compression of the Zr41.2Ti13.8
Ni10Cu12.5Be22.5 and Cu50Zr35Ti8Hf5Ni2 bulk amor-
phous metallic alloys have revealed features never
been observed in amorphous alloys ribbons before as
follows:

1. Striated vein patterns (extended along the shear di-
rection) containing periodical nets of the cell–like con-
figurations of veins. The homogeneous nucleation of
the meniscus instability is considered as the most prob-
able cause for these configurations. Such nucleation
is accompanied by a larger work of plastic deforma-
tion than for heterogeneous nucleation that is typical of
common amorphous alloys ribbons.

2. Wide, flat, elongated, non–branching veins ex-
tended along the shear surface from the edge of the
shear step near the surface of a sample. These veins
appear to be formed by the squeezing–out of a soft-hot
material from the catastrophic shear band that is under
compression of the sample.

3. Pieces of the protruding veins lying on the failure
surface and that are overlapped (twice and three times)
with veins that were formed earlier in the failure. This
phenomenon is considered to be a consequence of con-
serving the superplastic state of veins during times even
larger than the failure time due to more than one or-
der larger interval of vitrification of bulk alloys than in
common amorphous alloys ribbons.

References
1. L . A . D A V I S , in “Metallic Glasses,” edited by J. J. Gilman and

H. J. Leamy (ASM, Metals Park, OH, 1978) p. 190.
2. H. Y . L E A M Y , H. S. C H E N andT. T. W A N G, Metallurgical

Transactions3 (1972) 699.
3. V . Z . B E N G U S, E. D. T A B A C H N I K O V A , S. E.

S H U M I L I N , Y . I . G O L O V I N , M . V . M A K A R O V , A . A .
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6. V . O C E LÍ K , V . Z . B E N G U S, E. B. K O R O L K O V A ,
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