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Mechanical properties of bulk Zr55Ni5Cu30Al10 metallic glass alloy and Zr53Ti5Ni10Cu20Al12 nanocrystalline-
amorphous alloy were measured by compression tests at room temperature. Although no distinct plastic
deformation is recognized in the Zr55Ni5Cu30Al10 metallic glass, the Zr53Ti5Ni10Cu20Al12 as-quenched alloy
exhibits significant plastic strain. Moreover, we found that both the strength and plastic strain increased
significantly with increasing volume fraction of nanocrystals, and the plastic strain achieved a maximum in the
early stage of nanocrystallization. High-resolution electron microscopy showed that nanocrystals with average
grain sizes of about 2.0 and 2.5 nm were embedded in the amorphous matrix of the as-quenched bulk
Zr53Ti5Ni10Cu20Al12 alloy and the specimen with the maximum plastic strain, respectively.
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Melt-spun amorphous alloys are known to exhibit bo
high strength and good bending ductility. However, up
annealing-induced crystallization, both properties are ge
ally lost.1 For the last decade of this century, with the dev
opment of techniques making nanostructured material
substantial increase in the strength has been observed
number of nanocrystalline-amorphous alloys prepared
isothermal annealing,2,3 especially in several bulk
nanocrystalline-amorphous alloys.4–7

However, with bulk nanocrystalline-amorphous alloys
decrease in ductility but with a concurrent increase
strength with increasing volume fraction of nanocrystals
observed.5 This behavior was interpreted to be due to t
supposed brittleness of the precipitated nanocrystals.

In the present work we investigated the mechanical pr
erties measured by compression tests and the microstruc
observed by optical and high-resolution electron microsc
in bulk Zr53Ti5Ni10Cu20Al12 nanocrystalline-amorphous a
loy. In contrast to investigations reported hitherto, we fou
that the compressive plastic strain increased with increa
volume fraction of nanocrystals.

Zr53Ti5Ni10Cu20Al12 ingots were initially prepared by ar
melting the mixtures of pure metals in a purified argon
PRB 610163-1829/2000/61~6!/3761~3!/$15.00
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mosphere and cast into a copper mould in vacuum. The a
crystallizes via precipitation of a metastable phase in the
mary crystallization step leading to nanoparticles embed
in an amorphous matrix.7 For comparison, a Zr55Ni5Cu30Al10
amorphous alloy, which shows the typical large gla
forming ability,8 was also prepared. X-ray measureme
were performed on as-cast specimens to check the amorp
ity of the sample. The amorphous alloys were partially cr
tallized by isothermal annealing in the supercooled liqu
region, and the volume fractionVf of nanocrystals was esti
mated by differential scanning calorimetry~DSC! ~i.e., Vf
proportional to the heat release upon partial crystallizatio!.
Microstructures of the specimens were examined by hi
resolution electron microscopy~HREM! ~JEM-3000F, oper-
ated at 300 kV!. The mechanical properties were measur
by compression tests using cylinders of 2.0 mm in diame
and 4.5 mm long at a strain rate of 4.431024 s21 at room
temperature. Young’s modulus was measured by a st
gauge. The shear bands of a sample strained to 0.6% c
pressive plastic strain were investigated by optical micr
copy ~OM!.

Figure 1 shows the compressive stress-strain curves~a!
for bulk Zr55Ni5Cu30Al10 amorphous alloy;~b!, ~c!, and ~d!
for as-quenched and exemplarily for the investigated
R3761 ©2000 The American Physical Society
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nealed bulk Zr53Ti5Ni10Cu20Al12 alloys. The stress-strain re
lation is linear up to about 1.8–2 % compressive strain.
yond this strain plastic deformation sets in as is evident
unloading the specimen. No distinct plastic deformation
observed in the Zr55Ni5Cu30Al10 amorphous alloy, but the T
containing the as-quenched alloy exhibits a plastic strain
ing several times that of Zr55Ni5Cu30Al10, the amorphous
reference, indicating the improved ductility of th
nanocrystal-forming alloy. Furthermore, in the partially cry
tallized Zr53Ti5Ni10Cu20Al12 alloy at Vf516%, the curve
shows a further improved plastic strain being about t
times as large as that of the corresponding as-quenche
loy. In addition, stress decreases considerably after reac
the maximum value. In theVf543% sample, plastic strain i
smaller than that of the as-quenched one but much la
then that of Zr55Ni5Cu30Al10 the amorphous reference.

The mechanical properties of the Zr53Ti5Ni10Cu20Al12 al-
loy with different volume fractions of nanocrystals a
shown in Table I. The plastic strain is 1.4% for the a
quenched one and increases with increasingVf , reaching a
maximum value of 2.5% atVf516%. Upon further increas
ing Vf , the plastic strain starts to decrease again, but is
about 1.0% atVf543%. While the measured strains are
variance with previous results,5 the generally observed in
crease in Young’s modulus, compressive yield strength,
the maximum strength was found in this nanocrystalline
loy as well.

In order to examine the reason of the increased ducti
we have also studied the microstructure of the specim
which showed the maximum value of plastic strain, and
as-quenched one for comparison by HREM. Figure 2 sho

FIG. 1. Compressive stress-strain curves at room tempera
~a! for bulk Zr55Ni5Cu30Al10 amorphous alloy;~b!, ~c!, and~d! for
as-quenched and nanocrystalline bulk Zr53Ti5Ni10Cu20Al12 alloys.

TABLE I. Mechanical properties of Zr53Ti5Ni10Cu20Al12 alloy
with different volume fractions of nanocrystals.

Fraction of
nanocrystals
~vol %!

Yield
strength
~MPa!

Maximum
strength
~MPa!

Young’s
modulus
~MPa!

Plastic
strain
~%!

0 1490 1760 81 1.4
10 1530 1770 82 2.2
16 1540 1810 92 2.5
28 1730 1890 95 1.5
43 1820 1950 106 1.0
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the images of~a! the as-quenched specimen and~b! the an-
nealed specimen with Vf of 16% of the bulk
Zr53Ti5Ni10Cu20Al12 alloy. Although x-ray analysis and con
ventional transmission electron microscopy suggest the
quenched specimen to be completely amorphous, HREM
veals many fine crystals~arrows in Fig. 2! dispersed in the
amorphous matrix. The sizes range mainly from 1.5 to
nm and their average value is about 2 nm. The microstr
ture is different from the microstructure of th
Zr55Ni5Cu30Al10 alloys, which are purely amorphous. Th
micrograph of theVf516% shows larger nanocrystal
which is a metastable compound phase7 supposed to exhibit
a large hardness and brittleness, with main grain sizes
about 2–3 nm~average grain size is about 2.5 nm, and t
largest one less than 5 nm!. In both cases the particles ar
spherical and almost no defects are observed within the
ticles. The crystal orientation of each particle appears to
completely randomly distributed as well.

Macroscopic information about the nature of the plas
deformation of the nanocrystalline-amorphous alloys w
obtained by optical microscopy. Figure 3 shows the surf
appearance of an annealed specimen withVf516% strained
to about 0.6% plastic strain. At the early stage of plas
deformation, many localized slip bands marked by arro
are observed and the angle of the slip bands to the comp
sive is approximately 50°. This is different from the one wi
a much largerVf as well as Zr55Ni5Cu30Al10 specimens,
where only few slip bands are found even after fracture
occurred. This suggests that plastic flow takes place m
homogeneously in Zr53Ti5Ni10Cu20Al12 specimens withVf
516%.

Currently, it does not seem properly understood w
mechanisms are responsible for the hardening observe

re:

FIG. 2. High-resolution electron microscopy images of~a! the
as-quenched specimen and~b! the annealed specimen withVf

516% of the bulk Zr53Ti5Ni10Cu20Al12 alloy. Nanocrystals are in-
dicated by arrows.
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partially crystallized alloys. So far, the increase in stren
and concurrent decrease in ductility in partially crystalliz
bulk nanocrystalline-amorphous alloys was attributed to
supposed hardness and brittleness of the nanocrystals.5 Upon
loading, they would not deform and act as obstacles prev
ing shear bands to move. Thus, the yield stress is ra
while at the same time ductility decreases because the s
bands, in which plastic deformation takes place, can
move freely through the material. While this argument m
qualitatively explain the observed increase in strength, it f
to explain the increased ductility in our experiments.

However, our results may be explained if one makes
additional assumption. One could imagine that because
the stress concentration at a~nano-! crystal, shear bands ar
more easily nucleated in its vicinity. If this is the case t
deformation behavior must strongly depend on the size, m
phology, and spatial distribution of these nanocrystals. W
Zr53Ti5Ni10Cu20Al12, the nanocrystals are spherical and on
2.5 nm in size on average and, as seen in the HREM, they
homogeneously distributed. From such an arrangement
would expect that thin shear bands develop atmanypoints in
the material. Thus, the deformation might be restricted
occur within one shear band, but because there are man
them, macroscopically, deformation becomes more homo
neously distributed over the material and, thus, better du
ity is achieved. Vice versa, the model could also explain
vanishing ductility observed with other partially crystallize

FIG. 3. The nature of the plastic deformation of the bu
Zr53Ti5Ni10Cu20Al12 nanocrystalline-amorphous alloy (Vf516%)
with about 0.6% of the plastic strain observed by an optical mic
scope~310!. Localized shear bands are marked by arrows.
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bulk amorphous alloys.9 Here, very often the crystals a
relatively few, dendritic in shape, or large~mm range!.
Hence, shear bands could form only at few sites within
material. Thus, also macroscopically, deformation is in
mogeneous because it would be restricted to the few s
bands and no ductility is measured.

So far we have only discussed the behavior at the e
stages of crystallization. At higher volume fractions
nanocrystals a change in the behavior occurs. Consi
with the observations of Leonhardet al.9 the maximum ten-
sile strength increases while ductility decreases again. F
the above argument one would expect that with increasinVf

deformation becomes macroscopically more and more
mogeneous because more and more shear bands shou
formed. However, with increasingVf the grain size become
larger and more brittle. In addition, the distance betw
nanocrystals becomes very small, making it difficult for
shear band to move through the material. Thus, plastic
formation becomes restricted to the few shear bands tha
move. This in turn renders deformation more inhomo
neous, and macroscopically we observe a decrease in d
ity. This argument is supported by our OM observatio
With increasingVf one should see more shear bands, bu
fact, there are less. Hence, deformation becomes more
centrated again on a few shear bands or, in other wo
more inhomogeneous.

In conclusion, the existence of nanocrystals only a
nanometers in diameter and dispersed in an amorphous
trix was found to lead to an increase of both the strength
the ductility with increasingVf of nanocrystals in early
stages of the nanocrystallization in Zr53Ti5Ni10Cu20Al12. The
increased ductility was explained by the multiplication
shear bands due to the stress concentration in the vicini
the nanocrystals. This multiplication is suggested to lead
macroscopically more homogeneous deformation and, t
to an increase of ductility.
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