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a b s t r a c t

In this work, we report on the mechanisms of deformation and fracture of an Al87Ni7La6 amorphous
alloys by cold rolling. Ribbons were cold rolled at room temperature embedded in pure Al-foils (volume
fraction 20%). Scanning Electron Microscopy observations of the cross section of the deformed samples
revealed that, after a few rolling passes, ribbons broke into fragments and formed shear bands because
of the load exerted by the ductile Al matrix starting from the roughness on the surfaces. The shear band
offset was higher near the fracture surface, suggesting that a stress concentration occurs when the slip
eywords:
old rolling
l-based metallic glasses
racture
morphous alloy deformation

of shear band is hindered by the presence of constraint. In ribbons rolled alone elongation above 3% was
achieved as well as flattening of the surface roughness.

Fracture surfaces of ribbon fragments presented mainly features due to brittle shear and a limited
number of veins and filaments suggesting mixed mode of fracture.

No formation of crystals in the shear bands was evidenced by Transmission Electron Microscopy and
rime
Differential Scanning Calo

. Introduction

With the advent of bulk metallic glasses, the mechanical prop-
rties of amorphous alloys could be studied with conventional
echniques being the subject of intensive research [1]. A clear out-
ome of works in this field is that ductilisation of otherwise brittle
etallic glasses can be achieved when the glass is deformed while

onstrained inside a suitable cage or container. The deformation
akes place via the activity of numerous shear bands within the
lass which find an obstacle to their propagation in the constrain-
ng medium. An example of this being the formation of shear bands
nderneath an indenter tip. A similar effect was found also in
ultilayers made by alternating a soft La-based glass with a hard

r-based glass which showed extensive shear banding within the
oft layers [2]. Also, studies on the deformation of nanocrystalline-
morphous nanolaminates obtained by sputtering [3–5] showed
uppression of shear bands formation in the amorphous layer, large
ensile ductility and nearly ideal plastic flow behaviour when the
rystalline layers were thick enough to block the shear band.

The high strength of metallic glasses suggests that they could
e considered as reinforcement in metal matrix composites. In

arly examples, ribbons were employed as aligned fibres in various
atrixes: Fe42Ni42B16 in Ni [6], Ni78Si10B12 in Cu [7], and Ni91Si7B2

n Cu–30Zn brass [8,9]. In tensile testing all these, it was recognized
hat the glassy reinforcement could be deformed to a substantial
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extent while constrained inside the matrix made of a ductile ele-
ment or alloy. The strength of the composites followed the rule of
mixtures. An Al-based composites made by warm pressing powders
of Al and a powdered Al85Y8Ni5Co2 ribbon improved the plastic
properties of the matrix according to the iso-stress model, instead
[10]. In all cases an effect of reinforcement deformation was appar-
ent.

In this work the repeated co-rolling of stacked layers of an
Al-based glass embedded in a pure Al matrix, i.e. a simulated
composite, is reconsidered in more depth with emphasis on the
constrained deformation of the amorphous component at room
temperature. The shear banding and fracture are studied statisti-
cally. A comparison is made with the same material rolled in the
absence of the Al-matrix.

2. Experimental

Ribbons of Al87Ni7La6 were produced by melt spinning under argon atmosphere
resulting amorphous to X-ray diffraction. Cold rolling was performed with a twin
roller apparatus (rollers of 75 mm in diameter) employing a constant linear speed of
0.012 m/s at room temperature (T/Tg = 0.6, with Tg = glass transition temperature) in
two modes: (i) ribbon pieces about 2 cm long and about 40 �m thick were inserted
between two pure Al foils 100 �m thick and 2 cm long. The volume fraction of glassy
alloy with respect to Al was 20%. The whole stack was contained in a stainless steel
envelope which was then rolled. The composites were extracted from the envelope
and folded several times. (ii) Ribbons were inserted in the same envelope and cold

rolled alone, without folding. The stainless steel foils were hardened beforehand by
rolling. The opening of the roll gap was controlled to limit the deformation of the
steel foils which are intended to transmit the load to the samples.

Five Al87Ni7La6 samples were cold-rolled with Al foils (19 rolling passes and 3
foldings; 40 rolling passes and 3 foldings; 21 rolling passes and 6 foldings; 15 rolling
passes and 7 foldings) and four were cold rolled alone (6 rolling passes; 12 rolling
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Fig. 1. SEM backscattering electron image of the cross section of a sample after 40
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olling passes and 3 foldings: Al87Ni7La6 appears light gray and the Al pure foils
ark. White arrows point to shear offsets caused by the stress component along the
irection marked with a black arrow. Rolling direction is perpendicular to the image
lane.

asses; 30 rolling passes; 41 rolling passes). In the latter case, the elongation was
etermined by measuring the sample length before (l0) and after (l) deformation and
ssuming plane strain conditions during rolling so that the strain (ε) is ε = ln(l/l0).
onsidering the sample length, an upper limit for the strain rate was estimated to
.4 s−1. From a shear rate versus T/Tg map [1], it is expected that inhomogeneous
eformation occurs in these experimental conditions.

The surface and cross section of samples as well as ribbon fragments extracted
rom the Al foils were examined by Scanning Electron Microscopy (SEM). Differential
canning Calorimetry (DSC) was used with samples before and after cold rolling to
heck for any change in the thermal stability due to the mechanical deformation.
ransmission Electron Microscopy (TEM) studies were performed on fragments to
heck for the presence of crystals formed during deformation. They did not need
hinning because their edges were thin enough to be transparent to the electron
eam.

. Results and discussion

The samples examined in this work display distinct behaviour
ccording to whether Al crystalline foils were employed or not. Co-
olling of pure Al foils and amorphous Al87Ni7La6 ribbons causes
he fracture of ribbons into small fragments, independent from
he number of passes and foldings so that all samples had similar
ppearance. The Al foils were reduced in thickness as seen in cross
ections, with strain in excess of at least 40% embedding the frag-
ents. Therefore, the strain of the entire sample cannot be defined

nd, in the following, general results will be presented referring to
ll of them.

Melt quenched ribbons do not have uniform section because of
urface imperfections caused by wheel roughness and entrapped
as bubbles on the wheel side and liquid waves on the opposite
ide. When rolled alone, they elongate to some extent and show
decrease in surface roughness on increasing deformations (i.e.

olling passes). The strain of these ribbons can then be expressed
n terms of elongation and also by means of the modification of the
urface roughness as detailed in Section 3.2.

.1. Ribbons rolled between Al foils

SEM analyses made on cross sections of Al87Ni7La6 amorphous

lloy/Al stacks show that the Al foils stick to each other but ribbons
ardly adhere to them (Fig. 1). In the few examples reported in
he literature on composites containing metallic glasses, the adhe-
ion of the ribbon to the matrix was enabled by deposition on its
urface of a crystalline metal (electroplating of Ni [6] or Cu [7] or
Fig. 2. The shear bands offset versus d/d1/2 (distance from the fracture surface
divided by half of the total ribbon width) for all composite samples.

soldering with Sn60Pb40 [8,9]) followed by annealing to promote
diffusional bonding between the matrix and the deposited layer.
When amorphous ribbons of different compositions were rolled
together (Mg55Cu5Gd10/Al87Ni7Gd6 and Mg55Cu5Gd10/Al87Ni7Y6)
[11] welding was achieved in limited areas of the samples. On the
other hand, in previous works [12,13] it was observed that dur-
ing the rolling of alternated layers of Al and Ni, interdiffusion took
place and the two metals stack together allowing the formation of
intermetallic phases at the interfaces between the layers on low
temperature annealing. This lack of adhesion seems to be due to
the difference in ductility between the two components. It ensures,
however, that the composition of the amorphous alloy did not
change after processing.

In the SEM image of Fig. 1 (40 rolling passes and 3 foldings) the
ribbon appears fractured in various points and severely deformed
as a consequence of the formation of multiple shear bands. A
large reduction in thickness is observed (from the 40 �m of the
undeformed ribbons to about 10 �m). Reduction in width is also
found due to fracture and production of small fragments. Shear
bands responsible for deformation and fracture are parallel to the
deformation direction. Their shear offsets were measured for all
samples and reported versus d/d1/2 (distance from the fracture sur-
face divided by half of the total ribbon length) (Fig. 2) finding that
larger shear offsets occurred near the side where a critical shear
band fractured the ribbon. Moving away from the fracture surface,
the extent of the offset is reduced and remains almost constant with
values ranging from 0.5 to 3 �m. When the deformation is applied
under constraint, as in the present case of cold rolling, the slip of a
shear band is hindered by the constraints and a stress concentration
in weak regions occurs. This can induce larger offsets for the sub-
sequent shear bands, finally causing fracture (i.e. the formation of
a critical shear band). In fact, the pure Al, having much lower yield
strength than the amorphous Al87Ni7La6 alloy, deforms plastically
on rolling and adapts to the roughness of the surface (i.e. mostly the
cavities due to entrapped gas bubbles). Therefore, a stress concen-
tration builds up in these thinner parts of the ribbon causing the
high number of fracture events observed after a few rolling passes.

If stress concentration facilitates the formation of subsequent
shear bands, it could be expected that the shear offset be propor-
tional to the number density of the shear bands formed. Therefore,

the interband spacing (�) was measured versus d/d1/2 (Fig. 3), and,
contrary to expectations, a clear dependence was not detected.
Since indentation can be considered as a deformation under con-
straint, in order to interpret these data the literature concerning the
formation of shear bands underneath the indenter was examined.
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ig. 3. The interband spacing versus d/d1/2 (distance from the fracture surface
ivided by half of the total ribbon width) for all composite samples.

n [14] the interband spacing versus distance from the indenter
ip was reported showing a decrease of � in two regions where an
xtensive plastic deformation acted. At variance, Xie et al. reported
hat � increases linearly with increasing distance from the inden-
er tip and the shear offset follows the same behaviour, being
arger near the indenter tip [15]. When indentation was performed
n samples previously plastically deformed, only scattered values
ere obtained. In our work, each successive rolling pass causes
eformation, so that the spacings of Fig. 3 derive from shear bands
ormed in different stages of rolling, therefore, the scattered points
n the � versus distance plot appear to reproduce the findings in
15].

To have a further insight into the deformation of the ribbons,

ragments extracted from the Al foils were examined by SEM (Fig. 4a
nd b). Shear bands were found in different directions showing
hat the ribbons underwent a large amount of deformation and
ractured several times. In a previous work [16], a tensile test

ig. 4. SEM secondary electron images of fragments of a sample after 40 rolling
asses and 3 foldings: (a) fracture surface with veins; (b) flat fracture surface. Arrows

ndicate an example of perpendicular shear offsets.
Fig. 5. SEM secondary electron images of surfaces of ribbons in: (a) sample after 6
rolling passes; (b) a sample after 41 rolling passes.

of Al87Ni7La6 amorphous ribbons was performed in which catas-
trophic failure of the sample occurred immediately after the elastic
regime with formation of a low number of shear bands. A typi-
cal vein pattern was observed on fracture surfaces in that case,
with protuberances or filaments emerging from the veins. This
microstructure can be associated to an increase in temperature
above the glass transition during the shear band slip. In the cold
rolled samples studied here, some fracture surfaces displayed veins
but more often they contained series of shear offsets of various
length to which such a rise in temperature cannot be associated.
In the fracture surface shown in Fig. 4a, a smooth shear offset is
seen indicating where failure started as suggested in [17–19], fol-
lowed by a vein patterned area covering the majority of the surface.
In Fig. 4b a further fracture surface is shown in which two sets of
shear offsets, perpendicular to each other, very likely formed in sub-
sequent rolling passes. At first, the smooth area was formed due to
cleavage and then the perpendicular offset occurred (see arrows)
during further deformations. Overall, a mixed mode of fracture is

observed in rolled fragments: predominant brittle shear and some
vein tearing.

TEM images of fracture surfaces in a sample submitted to ten-
sile testing did not display any evidence of crystallisation [16]. In
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his work, the edge of ribbon fragments extracted from Al foils was
xamined by TEM and no crystals were detected as well. More-
ver, no change in the crystallisation behaviour was found in DSC
nalyses made with un-rolled and rolled samples, being DSC peaks
ompletely overlapped. There is still debate in the literature on the
ause of crystallisation in shear bands during deformation. In Al-
i-Y and Al-Fe-Gd alloys Jiang and co-workers [20,21] show that
anocrystals are formed within shear bands during bending in the
art of the specimen undergoing compression, but no crystalli-
ation is detected in the part in tension. We find for amorphous
l87Ni7La6, that neither compression nor tension [16] leads to crys-

allisation.

.2. Ribbons rolled alone

For comparison with the above findings, Al87Ni7La6 amorphous
ibbons were cold rolled alone increasing progressively the num-
er of rolling passes and, therefore, increasing the elongation (6
olling passes, ε = 0.011; 12 rolling passes, ε = 0.013; 30 rolling
asses ε = 0.029; 41 rolling passes 0.033). After 6 rolling passes the
ibbon wheel side still showed the presence of cavities (Fig. 5a) in
hich shear offsets are evident, as shown in the insert of Fig. 5a.
lthough the overall elongation of this sample was small, defor-
ation must have concentrated locally with higher strain. At this

tage no evidence of cracks was found. After 41 rolling passes
Fig. 5b) cavities almost disappeared and shear bands were evi-
ent on both ribbon surfaces, that could not be distinguished
nymore, and cracks appeared where surface imperfections were
resent in the as quenched sample although it did not fracture
et. Shear bands are both perpendicular and parallel to the rolling
irection.

In order to follow the increase in deformation, the longitudinal
nd lateral size of cavities were measured for all samples finding
n apparent decrease of both as a function of the number of rolling
asses together with a decrease in their total number. When rolling
ibbons alone, the stress distribution differs from the composite
ase. In fact, the maximum stress is imposed by the constraint of
teel foils to the thicker part of the ribbon, that plastically deforms
ia shear bands, filling the cavities that are progressively reduced
n size and consequently in depth.

. Conclusions

This paper presents results on the constrained deformation of
l87Ni7La6 amorphous ribbons at room temperature by rolling

ither composite samples made of amorphous Al87Ni7La6/Al foils
nd ribbons alone. No evidence of crystallisation was found in
ither case. Ribbons rolled alone plastically deformed, via shear
ands, showing some elongation in the rolling direction and reduc-
ion in surface roughness that was almost cancelled at 0.033 strain.

[
[
[

[
[

pounds 509S (2011) S275–S278

When composites were cold rolled, the ductile Al adapted to the
surface roughness so that a stress concentration set up in the cavi-
ties, i.e. the weaker parts of the ribbon, that were fractured in small
fragments. A large amount of shear bands was found both paral-
lel and perpendicular to the deformation direction. Larger shear
offsets were found near the fracture surface and were attributed
to the effect of the stress concentration at weak points after the
constraints hindered the slip of previously formed shear bands.
The interband spacing did not show a clear dependence on posi-
tion, probably due to the successive deformation undergone in each
rolling pass that enable the formation of secondary shear bands in
samples already deformed.

SEM studies of ribbon fragments evidenced mostly the occur-
rence of brittle fracture surfaces and to a limited extent of vein
patterns indicating that mostly cold shear bands were operative.

DSC measurements on both samples rolled alone and compos-
ites revealed that no significant changes in the thermal stability
appear after deformation, suggesting that during deformation there
was no detectable formation of nanocrystals in the shear bands as
confirmed by TEM.
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