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Mechanical properties of bulk ZfNisCusAl 1o metallic glass alloy and ZgTisNi;oCupAl 1, nanocrystalline-
amorphous alloy were measured by compression tests at room temperature. Although no distinct plastic
deformation is recognized in the £ZNisCusoAl ;o metallic glass, the ZgTisNi;(CuyeAl 1, 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
Zrs5TisNioClyAl 45 alloy and the specimen with the maximum plastic strain, respectively.

Melt-spun amorphous alloys are known to exhibit bothmosphere and cast into a copper mould in vacuum. The alloy
high strength and good bending ductility. However, uponcrystallizes via precipitation of a metastable phase in the pri-
annealing-induced crystallization, both properties are genefmary crystallization step leading to nanoparticles embedded
ally lost! For the last decade of this century, with the devel-in an amorphous matriFor comparison, a ZeNisCuseAl 1
opment of techniques making nanostructured materials, @morphous alloy, which shows the typical large glass-

substantial increase in the strength has been observed inv%rrr;nger%br”n?g'd c‘)’;assilzgt gree%?r;%dﬁs?&rggeg(etiseu;nn;?nﬁ‘c_
number of nanocrystalline-amorphous alloys prepared b P b P

isothermal  annealind® especially in several bulk Yty of the sample. The amorphous alloys were partially crys-
all h FI)I G y tallized by isothermal annealing in the supercooled liquid
hanocrystaline-amorphous afloys. region, and the volume fractiovi; of nanocrystals was esti-
However, with bulk nanocrystalline-amorphous alloys a

) - g ) “mated by differential scanning calorimet(ipSC) (i.e., Vs
decrease in ductility but with a concurrent increase iny.on4rtional to the heat release upon partial crystallization
strength with increasing volume fraction of nanocrystals iS\jicrostructures of the specimens were examined by high-
observed. This behavior was interpreted to be due to theresolution electron microscop{REM) (JEM-3000F, oper-
supposed brittleness of the precipitated nanocrystals. ated at 300 kY. The mechanical properties were measured

In the present work we investigated the mechanical proppy compression tests using cylinders of 2.0 mm in diameter
erties measured by compression tests and the microstructurgfid 4.5 mm long at a strain rate of 40 *s ! at room

observed by optical and high-resolution electron microscopyemperature. Young’s modulus was measured by a strain

in bulk Zrs3TisNioCuyeAl, nanocrystalline-amorphous al- gauge. The shear bands of a sample strained to 0.6% com-

loy. In contrast to investigations reported hitherto, we foundpressive plastic strain were investigated by optical micros-

that the compressive plastic strain increased with increasingopy (OM).

volume fraction of nanocrystals. Figure 1 shows the compressive stress-strain curias:
Zrg3TisNi oClppAl 1, ingots were initially prepared by arc for bulk ZrsgNisCuspAl o amorphous alloy(b), (c), and(d)

melting the mixtures of pure metals in a purified argon at-for as-quenched and exemplarily for the investigated an-
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FIG. 1. Compressive stress-strain curves at room temperature:
() for bulk ZrgsNisCugzeAl 1, amorphous alloy(b), (c), and(d) for
as-quenched and nanocrystalline bullsZisNi;(CuypAl 1, alloys.

nealed bulk ZgTisNiiCuypAl 1, alloys. The stress-strain re-
lation is linear up to about 1.8—2 % compressive strain. Be-
yond this strain plastic deformation sets in as is evident by
unloading the specimen. No distinct plastic deformation is
observed in the ZgNisCug0Al o amorphous alloy, but the Ti
containing the as-quenched alloy exhibits a plastic strain be-
ing several times that of ZiNisCuzpAl,, the amorphous

reference, indicating the improved ductiity of the g 2. High-resolution electron microscopy images(af the
nanocrystal-forming alloy. Furthermore, in the partially crys-as-quenched specimen ard) the annealed specimen witt

tallized Zi3TisNi;oClyAl1, alloy at Vi=16%, the curve =16% of the bulk Z;TisNi;CuyeAl 4, alloy. Nanocrystals are in-
shows a further improved plastic strain being about twodicated by arrows.

times as large as that of the corresponding as-quenched al-
loy. In addition, stress decreases considerably after reachirije images ofa) the as-quenched specimen aimwi the an-
the maximum value. In th¥;=43% sample, plastic strain is nhealed specimen withV¢ of 16% of the bulk
smaller than that of the as-quenched one but much largeffssTisNiiClyoAl s, alloy. Although x-ray analysis and con-
then that of Ze-NisCuzAl 10 the amorphous reference. ventional transmission electron microscopy suggest the as-
The mechanical properties of the<ZFiNi;ClyAl 1, al- quenched specimen to be completely amorphous, HREM re-
loy with different volume fractions of nanocrystals are Veals many fine crystal@rrows in Fig. 2 dispersed in the
shown in Table I. The plastic strain is 1.4% for the as-amorphous matrix. The sizes range mainly from 1.5 to 2.5
quenched one and increases with increading reaching a "M and their average value is about 2 nm. The microstruc-
maximum value of 2.5% a¥;=16%. Upon further increas- ture is different from the microstructure of the
ing V;, the plastic strain starts to decrease again, but is stif"ssNisCUgAl 1 alloys, which are purely amorphous. The
about 1.0% aV;=43%. While the measured strains are atMicrograph of theVy=16% shows larger nanocrystals,
variance with previous resultsthe generally observed in- Which is a metastable compound phasepposed to exhibit
crease in Young’s modulus, compressive yield strength, an@ large hardness and brittleness, with main grain sizes of

the maximum strength was found in this nanocrystalline al-&bout 2-3 nmiaverage grain size is about 2.5 nm, and the
loy as well. largest one less than 5 nmin both cases the particles are

In order to examine the reason of the increased ductilitySPherical and almost no defects are observed within the par-

we have also studied the microstructure of the specimeriicles. The crystal orientation of each particle appears to be
which showed the maximum value of plastic strain, and arfompletely randomly distributed as well.

deformation of the nanocrystalline-amorphous alloys was

obtained by optical microscopy. Figure 3 shows the surface
appearance of an annealed specimen With 16% strained

to about 0.6% plastic strain. At the early stage of plastic
deformation, many localized slip bands marked by arrows

TABLE |. Mechanical properties of ZgTisNi;CuyAl 1, alloy
with different volume fractions of nanocrystals.

Fraction of Yield Maximum  Young's Plastic .
nanocrystals  strength  strength  modulus  strain are o_bserved _and the arlgle (.)f _the_sllp bands to the compres-
(vol %) (MPa) (MPa) (MPa) (%) sive is approximately 50°. This is dlfferent from the_one with
a much largerV; as well as ZgNisCugpAl,o Specimens,
0 1490 1760 81 1.4 where only few slip bands are found even after fracture has

10 1530 1770 82 2.2 occurred. This suggests that plastic flow takes place more

16 1540 1810 92 25 homogeneously in ZgTisNi;(CuypAl 1, specimens withV

28 1730 1890 95 1.5 =16%.

43 1820 1950 106 1.0 Currently, it does not seem properly understood what

mechanisms are responsible for the hardening observed in




RAPID COMMUNICATIONS

PRB 61 DEFORMATION BEHAVIOR OF Zr-BASED BULK . .. R3763

bulk amorphous alloy$.Here, very often the crystals are
relatively few, dendritic in shape, or largeum range.
Hence, shear bands could form only at few sites within the
material. Thus, also macroscopically, deformation is inho-
mogeneous because it would be restricted to the few shear
bands and no ductility is measured.

So far we have only discussed the behavior at the early
stages of crystallization. At higher volume fractions of

FIG. 3. The nature of the plastic deformation of the bulk nanocrystals a change in the behavior occurs. Consistent
Zrs3TisNi;ClpoAl;, nanocrystalline-amorphous alloW(=16%)  jith the observations of Leonhagt al® the maximum ten-
with about 0.6% of the plastic strain observed by an optical micro-g;jje strength increases while ductility decreases again. From
scope(x10). Localized shear bands are marked by arrows. the above argument one would expect that with increaging

deformation becomes macroscopically more and more ho-

partially crystallized alloys. So far, the increase in strengthmogeneous because more and more shear bands should be
and concurrent decrease in ductility in partially crystallizedtgrmed. However, with increasing; the grain size becomes
bulk nanocrystalline-amorphous alloys was attributed to thgarger and more brittle. In addition, the distance between
supposed hardness and brittleness of the nanocrystien  nanocrystals becomes very small, making it difficult for the
loading, they would not deform and act as obstacles preveninear pand to move through the material. Thus, plastic de-
ing shear bands to move. Thus, the yield stress is raisegymation becomes restricted to the few shear bands that can
while at the same time ductility decreases because the shegfove. This in turn renders deformation more inhomoge-
bands, in which plastic deformation takes place, cannoheoys, and macroscopically we observe a decrease in ductil-
move freely through the material. While this argument mayity This argument is supported by our OM observations.
qualitatively explain the observed increase in strength, it failsyith increasingv; one should see more shear bands, but in
to explain the increased ductility in our experiments. fact, there are less. Hence, deformation becomes more con-

However, our results may be explained if one makes aRentrated again on a few shear bands or, in other words,
additional assumption. One could imagine that because Gf,ore inhomogeneous.

the stress concentration af{@ano) crystal, shear bands are In conclusion, the existence of nanocrystals only a few
more easily nucleated in its vicinity. If this is the case thepanometers in diameter and dispersed in an amorphous ma-
deformation behavior must strongly depend on the size, Mofyiy was found to lead to an increase of both the strength and
phology, and spatial distribution of these nanocrystals. With,e ductility with increasingV; of nanocrystals in early

ZrsTisNiioClyoAl 1, the nanocrystals are spherical and only siages of the nanocrystallization insgFisNi;CupgAl . The

2.5 nm in size on average and, as seen in the HREM, they afcreased ductility was explained by the multiplication of
homogeneously distributed. From such an arrangement onghear bands due to the stress concentration in the vicinity of
would expect that thin shear bands develomanypoints in  the nanocrystals. This multiplication is suggested to lead to a

the material. Thus, the deformation might be restricted Qyacroscopically more homogeneous deformation and, thus,
occur within one shear band, but because there are many gf an, increase of ductility.

them, macroscopically, deformation becomes more homoge-
neously distributed over the material and, thus, better ductil- C. Fan would like to thank Dr. Zheng Tang at the Institute
ity is achieved. Vice versa, the model could also explain thdor Materials Research of Tohoku University, Sendai, Japan,
vanishing ductility observed with other partially crystallized for useful discussions.
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