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We present a systematic study of the room-temperature mechanical behavior of in situ Zr-based bulk metallic glass matrix com-
posites over the full range of reinforcement volume fractions (f = 0-100%). In line with prior work, our data show a transition where
the deformation behavior is governed by the properties of the glassy matrix at low f and by those of the reinforcement phase at high
f- However, unlike the situation in ductile-phase reinforced glasses, where percolation of the second phase is apparently beneficial,
we show that a high volume fraction of brittle reinforcement is undesirable.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Recent years have seen rapid progress in the deve-
lopment of in situ composites based on glass-forming
alloys [1-7]. The resulting bulk metallic glass matrix
composites (BMGMCs) contain micrometer-scale rein-
forcements which are meant to disrupt shear localiza-
tion, while maintaining the high strength (up to several
GPa) and large elastic strain limit (~2%) of a bulk
metallic glass. A variety of alloy systems exhibit the pos-
sibility of in situ second phase formation, and the result-
ing BMGMCs sometimes show signatures of improved
toughness — most notably improved compressive mallea-
bility [1-5]. However, not all of the BMGMCs exhibit
obviously improved plasticity or toughness [2,3,5,8],
and it remains unclear what factors separate success
from failure in this respect. In fact, true tensile extensi-
bility (“ductility”’) at room temperature has only been
reported twice to our knowledge in BMGMCs: the
original work of Johnson and co-workers showed an im-
proved tensile fracture strain to about 5% [1] as well as
improved toughness [9] in a Zr-based BMGMC, and
subsequently Lee et al. [2] reported 6% tensile ductility
in a La-based BMGMC. There are two common fea-
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tures of these successful studies, both of which might
contribute to the observed tensile ductility:

(1) In both of the two ductile composites, a high vol-
ume fraction of the second phase was present. In
fact, the study of Lee et al. [2] further showed,
by varying the volume fraction of reinforcement,
that a volume fraction above a critical level was
required to achieve improved plasticity (possibly
owing to percolation of the second phase).

(i) In both studies, the reinforcement phases were
inherently ductile crystalline metal phases (nearly
pure La in Ref. [2], and a body-centered cubic
Zr-Ti-Nb phase in Refs. [1,9]).

Because both of the above BMGMCs contained a
ductile reinforcement and involved a high volume frac-
tion, it is not clear whether one or both of these proper-
ties are required to improve plasticity in the composites.
Our purpose in this letter is to isolate these two variables
by examining a different composite-forming system, and
to show that whereas a percolating ductile phase may
“ductilize” a BMGMUC, reinforcement percolation must
be avoided if the second phase is inherently brittle.

Seven different alloy compositions were used in this
work: ZryoCuysAlg is a bulk glass former and
ZrsoCuso_ Al (with x = 8,10,12,13,14,16) are a series
of in situ BMGMCs with different volume fractions of
reinforcement. Some processing and characterization
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details of similar alloys are available in Ref. [10], and we
have used similar procedures here. All the alloys were
prepared by arc-melting a mixture of Zr (99.9% purity),
Cu (99.99%) and Al (99.9%) in an Ar atmosphere, and
casting into a copper mold to produce rods 5 mm in
diameter and 56 mm in length. As depicted in Figure
1, the different alloys contain various volume fractions,
/. of second phase dendrites formed in situ during cast-
ing. Quantitative image analysis revealed that fincreases
with Al content. Unlike prior studies that systematically
vary fin in situ BMGMC s [2,4,7,11], the alloys in this
work span the full range of /= 0-100% (cf. Fig. 1).
Polished cross-sections of the as-cast rods were exam-
ined by conventional X-ray diffractometry (XRD), using
a Bruker analytical X-ray system, as shown in Figure 2.
As the reinforcement volume fraction increases from
f=0% upwards, crystalline peaks for the 13
(Zrs51Cus9Alyy) phase gradually come to dominate the
pattern, replacing the amorphous halo of the base glass
composition. In the sample with /= 100%, not only is
the 73 phase present, but there is also some indication
that two additional crystalline phases — ZrCu and 75
(Zr(CuAl),) — are present in smaller quantities. In the
latter alloy there is no obvious evidence for any amor-
phous content. It is important to note that the dominant
reinforcement phase in these BMGMC:s is the interme-
tallic 3 phase, which is expected to be hard and brittle.
The experimental alloys were characterized by differ-
ential scanning calorimetry (DSC), using a TA instru-
ments 2920 modulated DSC, with a heating rate of
20 Kmin~'. The onset glass transition temperature
(ng’““t) and heat of crystallization (AH,) are shown in
Table 1. T g“s"t increases slightly as the volume percent-
age increases (in line with a report for similar Zr-based
BMGMC s [11]), while AH,, decreases as f increases.
We have used two mechanical tests which provide
qualitative indications about the strength and brittleness
of these BMGMCs. First, we used standard Vicker’s
indentations made by a Zwick/Roell Indentec appara-
tus, applying 30 and 10 kgf loads on polished cross-
sections of each alloy; these loads produced impressions
substantially larger than the characteristic size of the
reinforcements shown in Figure 1, insuring that each
measurement properly sampled the composite properties
and not those of a single phase. In addition to measuring
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Figure 2. X-ray diffraction patterns of the monolithic amorphous alloy
(f=0) and bulk metallic glass matrix composites.

Table 1. Composition, reinforcement volume fraction and thermal
analysis results for monolithic amorphous alloy (f'=0%) and com-
posites with f'= 5%, 11%, 18%, 35%, 76% and 100%

Composition f T g“s‘“ T E“d T, AH,
(%) (K) (K) (K) dgh

Zr49CuysAlg 0 694 709 755 58
Zr50Cu42Alg 5 695 711 768 49
Zrs59CugoAlyg 11 703 720 770 41
Zr50CU3gA112 18 705 725 773 40
Zrs50CuszsAly3 35 706 728 718 38
Zr50CU36A114 76 711 726 771 18
ZI'50CL134A116 100 n.a. n.a. n.a. 0

the hardness value, we also examined the resulting
impressions in a scanning electron microscope (SEM),
to ascertain whether tensile cracks formed around the
indentation. Second, we performed standard compres-
sion testing, using polished cylindrical specimens cut
from the as-cast rods with lengths of about 10 mm and
diameters of about 5 mm; an applied engineering strain
rate of 10~*s~! was used.

Vickers hardness values for all of the experimental
alloys are shown in Figure 3. The hardness of the amor-
phous alloy (f=0) is ~4.8 GPa, which is in line with
expectations [12,13] based on its compressive strength,
which we measured to be in the range 1.2-1.5 GPa. As
the volume percentage of reinforcements increases, the
hardness climbs as high as 6.3 GPa at f= 100%; this

Figure 1. SEM micrographs of (a) the monolithic bulk metallic glass (f= 0%) and the bulk metallic glass matrix composites with (b) f'= 11%, (c)

£=18%, (d) f=35%, (¢) /= 76% and (f) f= 100%.
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Figure 3. Variation in Vickers hardness with different reinforcement
volume fractions, using both 30 and 10 kgf loads.

confirms our expectation that the intermetallic rein-
forcement phase is hard, even in comparison with the
amorphous matrix. Referring to the SEM images of
30 kgf indents shown in Figure 4, we can also see a tran-
sition in the toughness of these specimens. For the
monolithic amorphous alloy as well as the dilute com-
posites at f< 18%, the indents were clean, exhibited
pile-up around the edges, and no cracks could be found
near or around the impression site; these results are typ-
ical for indentation of BMGs [14,15], and demonstrate
plastic flow without cracking. However, beginning at
f=35%, small cracks can be found emanating from
corners of the indentations. At f= 35%, these cracks
are quite small, as shown in the inset to Figure 4d, but
as f increases the cracks become consistently larger
(Fig. 4e). At f=100% (fully crystalline intermetallic),
large cracks are clearly evident at all four corners of
the indent. For brittle materials, the lengths of the ten-
sile corner cracks around an indentation are directly re-
lated to toughness [16,17]. Longer cracks correlate with
lower fracture toughness, so the images in Figure 4 dem-
onstrate that at higher reinforcement volume fractions,
the present BMGMCs become more brittle.

Further evidence supporting the transition to more
brittle behavior of high-f composites is shown in Figure

5, where we present SEM micrographs of a few selected
compression specimens. In Figure 5a, a dilute composite
with f= 11% is shown, exhibiting a characteristic shear
failure at an inclined angle to the compression axis. The
inset in Figure 5a also shows the fracture surface, on
which the typical shear vein pattern is observed. The
result in Figure S5a is representative of all the dilute
composites (f'< 18%), which failed via localized plastic
(shear) flow. On the other hand, at high volume
fractions (e.g. f= 76% as shown in Fig. 5c), the com-
pression samples all failed in a clearly brittle fashion.
The sample in Figure 5¢ exemplifies a catastrophic com-
pressive fragmentation typical of the highest reinforce-
ment volume fractions. At an intermediate volume
fraction of f'= 35%, the failed specimens tended to exhi-
bit elements of both plastic shear flow and brittle frac-
ture. Figure S5Sb illustrates both a region of shear
failure, with inset (i) reflecting a shear vein pattern, as
well as a transverse tensile crack, with a fracture surface
in inset (ii) that is very rough and populated with
microcracks.

The general trends observed in Figure 5 match those
from Figure 4, and complement those from Figure 3; the
second phase in these composites is a hard and brittle
intermetallic. Increasing the volume fraction of the
brittle second phase does not mitigate the tendency for
shear localization in the glassy matrix, except by induc-
ing the transition to a genuinely brittle fracture mode.
When this result is compared with the results of Szuecs
et al. [1] and Lee et al. [2] described earlier, the key dif-
ference is that in the present BMGMCs the reinforce-
ment is brittle, while in those studies it was ductile;
whereas those authors observed improved ductility in
their composites, we see a clearly opposite trend in ours.
In fact, the present results are more reminiscent of par-
tially devitrified metallic glasses [18-22], in which precip-
itated intermetallic phases (often of nanometer-scale)
lead to hardening and embrittlement. However, to our
knowledge the present results are the first to demon-
strate a similar volume-fraction dependence for in situ
BMGMCs with brittle micrometer-scale dendrite
reinforcements.

Figure 4. SEM images of Vickers indents made using 30 kgf for specimens at different reinforcement volume fractions: (a) f'= 0%, (b) f'=11%, (c)
f=18%, (d) f=35%, (e) f="76% and (f) f=100%. The inset to (d) shows an enlargement of one of the corners of the indent where a crack was
observed, and the black arrows in (d) and (e) point to indentation-induced tensile cracks.
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Figure 5. SEM images of selected compression samples for (a)
f=11%, where the inset shows the fracture surface; (b) f'= 35%,
where the two insets show the fracture surface from two different
regions; and (c) /= 76%.

A final issue worth discussing is the possibility of per-
colation transitions in BMGMCs. As noted earlier, Lee
et al. [2] found a threshold in f'in a ductile-phase rein-
forced BMGMC, above which ductility was observed
and below which it was not. In a complementary way,
our results in Figures 4 and 5 suggest that there may
be a similar threshold in f for the transition to brittle
behavior; BMGMCs with f below 35% exhibited no
signs of a brittle fracture mode, while those above this
value all did. The f'= 35% composites do appear to be
near a percolation condition (cf. Fig. 1d), and this value

of f'is quite close to the threshold of ~40% identified by
Lee et al. The present results are thus similar to those of
Lee et al., in the sense that a critical volume fraction of
second phase apparently does suppress failure by shear
localization. Unfortunately, with a brittle reinforcement
the alternative to shear localization is the even more det-
rimental brittle fracture. The present results thus suggest
that for BMGMCs with micrometer-scale reinforce-
ments, second-phase percolation is beneficial to plastic-
ity only if the reinforcement is inherently ductile.
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