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Abstract

The effect of Ta on glass-forming ability, crystallization behavior and mechanical properties of
Zrs, g Niy 77l sTas bulk metallic glass (BMG) is investigated. The solubility of Ta in the Zr-base BMG alloy
depends on the arc melting conditions. 3.2 at.% Ta dissolve in the alloy inducing an increase of about 20 K in both
glass transition temperature and crystallization temperature of the BMG. However, Ta does not significantly change
the extension of the supercooled liquid region. The remaining Ta particles in the master alloy may induce a composition-
segregation layer around the particles upon subsequent casting. This further induces the crystallization dfatr
deteriorates the ductility of the samples. The compressive strength and ductility of the as-cast 3 mm diameter
Zrs, ,ClUg Nis 75Alg sTas Samples are improved in comparison with thesZusNisAl o BMG alloy. The fracture plane
of the present alloy has an angle of 31=88th respect to the stress axis, which remarkably deviates from the maximum
shear stress plane. The improvement of the mechanical properties and the peculiar fracture feature for the
Zrs, ,«Clg Ni, 75Alg sTas BMG alloy can be attributed to the effect of dispersed Ta patrticles.
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1. Introduction stood [1-3]. The addition of elements into these
BMGs usually changes (often decreases) the glass-
As shown in recent comprehensive studies on forming ability, and can give rise to partial crys-
bulk metallic glasses (BMGs), the glass-forming tallization during solidification [4]. This may be
ability, stability, phase transformations, micro- used to improve the properties of the BMGs if the
structure, deformation mechanisms and mechanicalcrystalline phases are ductile [5] or in nanoscale
properties for Zr-base BMGs are quite well under- [3]. However, some elements additions may lead
to the formation of intrinsically brittle intermetallic
compounds, which in most cases are harmful to the
msponding author. Tek49-351-4659-647: fax+49- ductility of th.e matgrials. Whep the grain size and
351-4659-541. volume fraction of intermetallic phases are larger
E-mail address: guoheifw@hotmail.com (G. He). than a critical value, the material will be very
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brittle, exhibiting low strength and zero plastic
strain [6-11]. For example, V, Cr, Mo, Fe and Co
decrease the glass-forming ability and the crys-
tallization temperature, T,, and narrow the tem-
perature interval of the supercooled liquid, AT,
(AT, = T,—Tg T4 is the glass transition
temperature) [4], thus leading to the formation of
intermetallics during casting. Only few refractory
metals, such as Nb, Ta and Hf form ductile crystal-
line phases with Zr in BMGs according to their
binary phase diagrams [12] in the case of proper
composition and moderate casting conditions [13].
It is expected that the refractory metals can induce
the formation of a dendritic 3-Ti-type crystaline
phase during solidification [5,14]. Such ductile
dendrites dispersed in a glassy matrix can signifi-
cantly improve the plasticity of the BMGs
[5,14,15] by isolating the shear banding (a very
common deformation and fracture behavior in sin-
gle-phase BMGs) in small discrete inter-dendritic
regions [16]. Nb has been used to form dendritic
B-Zr precipitates in a glassy matrix, leading to
about 6% compressive plastic strain in Be-bearing
Zr-base BMGs [5] and about 3% compressive plas-
tic strain in Be-free Zr-base BMGs [14]. Ta has
been added into Zr-base BMG to synthesize a
glass/Ta-rich crystalline phase composite with over
15% compressive plastic strain [17]. However, so
far there are very limited data to reveal the effect
of Ta on the glass transition behavior and the
deformation and fracture mechanisms for Zr-base
BMGs in detail. In this paper, we present samples
with an in situ formed Ta particles/glassy micro-
structure. The effect of Ta on the glass transition
behavior and the mechanical properties is investi-
gated.

2. Experimental

An dloy with nominal composition of
Zrs5.25CUpg NIy 75Al0 s Tas Was designed by adding
5 at.% Tainto awell known ZrssCusoNisAl,, aloy,
which was reported to exhibit large glass forming
ability [18]. A master alloy ingot was prepared by
arc melting the mixture of pure Zr, Cu, Ni, Al and
Ta under a Ti-gettered argon atmosphere. Then,
cast cylinders with 3 and 5 mm in diameter and

50 mm in length were prepared by induction melt-
ing and then injection casting into a copper mold
in a purified argon atmosphere. For comparison,
thin ribbons with a thickness of about 40 pum of
the same aloy were prepared by single copper
wheel melt spinning. All the ribbons and cylinders
were investigated by using a Perkin-Elmer 7 differ-
ential scanning calorimetry (DSC) at a constant
heating rate of 20 K/min in aflowing argon atmos-
phere. The DSC was also used for annealing treat-
ment of the samples. The structure of as-cast and
annealed samples was analyzed by using a Philips
X-ray diffraction (XRD) with CuKa radiation.
Room-temperature uniaxial compression tests were
carried out by using an Instron 8562 testing
machine at a strain rate of 1 x 10~%/s. The samples
with an aspect ratio of 2:1 were prepared for the
compressive testing. A JEOL-JSM6400 scanning
electron microscope (SEM) was used for the analy-
sis of the as-cast morphologies and fracture fea-
tures. SEM electron microprobe analysis was used
to determine the average compositions of the
main phases.

3. Results

3.1. Influence of the melting procedure on Ta-
distribution

Due to its much higher melting temperature, Ta
is difficult to mix with the Zr-base BMG alloy. For
getting a homogeneous master alloy, different arc
melting procedures are applied for the present
study. One is directly arc melting the mixture of
pure Zr, Cu, Ni, Al and Ta, and the other one is
arc melting pure Zr and Tain afirst step to produce
a supersaturated intermediate binary Zr-Ta aloy,
followed by arc melting the mixture of the inter-
mediate alloy and the other pure metals. We have
compared the master alloys prepared by the differ-
ent procedures and found no differencein Tadistri-
bution. However, repeated arc melting significantly
affects the size and the distribution of the remain-
ing Ta particles in the master alloys. Fig. 1 shows
the size and the distribution of Ta (white particles,
as confirmed by electron microprobe analysis) in
the master aloy. After three times arc melting, Ta
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Fig. 1. Distributions of Tain as-cast Zrs 5Cusg sNis75Alg 5T a5
master alloys subjected to different melting conditions: (a) after
arc melting; remelting 3 times, (b) remelting 5 times and (c)
inhomogeneously dispersed Ta after remelting 5 times.

particles with a size of about 5~20 um are visible
(Fig. 1(a)). After five times arc melting, the Ta par-
ticle size is reduced to about 0.5~1 um (Fig. 1(b)).
Some larger Ta particles can be observed in the
bottom of the ingot near the water-cooled copper
hearth (Fig. 1(c)). This inhomogeneous Ta-distri-

bution can be avoided by cutting the button into
pieces between each arc melting procedure. Once
the Ta particles remain in the master aloy, their
size and distribution keeps unchanged in melt-spun
ribbons or cast bulk samples because the sub-
sequent induction melting cannot re-melt the Ta
particles.

3.2. Glass-forming ability and phase
transformation

The master alloy used for producing the melt-
spun ribbons was determined to contain 3.2 at.%
Tadissolved in the matrix. The remaining Taexists
in form of particles (micrograph not shown) in the
as-quenched ribbons, which is indexed in the XRD
pattern shown in Fig. 2(a). DSC analysis indicates
that the glass transition occurs at about 705 K, and
crystallization starts at about 785 K for the as-
quenched ribbon, thus AT, = 80 K (Fig. 3(a)).
Compared to the ZrssCugNisAl,; BMG [18] (its
data are aso listed in Table 1), dissolution of 3.2
at.% Tain the glass does not change AT,.. Ta, how-
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Fig.2. XRD patterns of asquenched and anneaed
Zrs 25CUzssNi 4 75Alg s Tas alloys.
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Fig.3. DSC curves of ascast and asquenched

Zrs325CUp55Ni4 75Al0 5 Tas samples.

Table 1

Summary of glass transition temperature T, crystallization tem-
perature T,, and supercooled temperature region AT, = T,— T,
for different types of Zrs, »5CU,gsNi,75Alg5Tas Samplesin com-
parison with the data for ZrssCusoNisAl,, glass

Composition (at.%) T, (K) Ty (K) AT, (K) Type of

sample

Zrs525CUsg 5Nl 75 705 785 80 Ribbon
AlgsTag

703 780 77 $3 mm

708 778 70 ¢5 mm

ZrssCUusNisAlo [18] 685 765 80 $3 mm

ever, causes a shift of T, and T, to higher tempera-
tures. After heating the ribbons up to 798 and 873
K, respectively, Zr,Cu precipitates predominately
at 798 K asindexed in Fig. 2(b). The stable crystal-
line phases consist of Zr,Cu, Zr,Ni and Zr;Al after
complete crystallization at 873 K as shown in
Fig. 2(c).

3.3. As-cast microstructures
The size and the distribution of the Ta particles

depend on the procedure used for preparation of
the master alloy, and the diameter of the cast rods

only affects the as-solidified matrix. This was con-
firmed for as-cast 3 and 5 mm rods. XRD analysis
indicates that the microstructure contains a glassy
phase and intermetallic Zr,Cu besides Ta particles,
as shown in Fig. 4. Comparing the main peaks of
Zr,Cu for the different samples reveal that the vol-
ume fraction of Zr,Cu in the 3 mm diameter rod
is smaller than in the 5 mm diameter rod. It is
reasonable to assume that large samples (lower
cooling rate during solidification) exhibit more
crystalline precipitates in the glassy matrix.
Because of the different volume fractions of crys-
talline phase formed in the matrix, the residual
glass has a different composition in the 3 and 5
mm rods. This can be further represented in the
DSC curves shown in Fig. 3(b) and (c). The exo-
thermic DSC peak at 786 K for the 3 mm rod shifts
by about 7 K from the peak temperature of 793 K
determined for the ribbon. The exothermic DSC
peak for the 5 mm rod decreases even by about 9
K from the peak temperature of the ribbon, because
more Zr,Cu precipitates in 5 mm rod compared to
the 3 mm rod. The characteristic transition tem-
peratures  for the differently  prepared
Zrs5 5CUyg sNi, 75Alg 5 Tas alloys are summarized in
Table 1, where adso the data [18] for the
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ZrssCugoNisAly, glassy dloy are listed for com-
parison.

Fig. 5(a) shows the as-cast microstructure of the
Zrs;5CULg sNi, 75AlgsTas 5 mm rod. The white Ta
particles dispersed in the matrix originate from the
master aloy. Since the Zr,Cu precipitates are very
fine [19], their morphology and distribution in the
matrix can not be revealed by SEM observation.
On the other hand, an obvious contrast around the
Taparticlesisvisible in the SEM micrographs. The
composition in this area was determined by elec-
tron microprobe analysis. The inset in Fig. 5(a)
shows a magnified image where a Ta particle, the
area around the Ta particle and the matrix are
marked by A, B and C. Electron microprobe analy-
sisindicates that A is pure Ta, the average compo-
sition is Zrs; ¢Cu,7 ¢NisAlissTas o for the area B,

Fig.5. Microstructure of the 5 mm  diameter
Zrs;25CUsg 5N, 75AlgsTas rods: (a) as-cast state and (b) after
annealing at 973 K for 10 min.

and Zrs, sCuygNisAlgTag , for the matrix C. The Ta
particles in master aloy seem to cause the forma
tion of area B during solidification. Upon further
heating the sample up to 973 K and holding there
for 10 min, the Ta particles and their surrounding
area on the micrograph remain unchanged (Fig.
5(b)), but a crystalization occurs in the glassy
matrix (Fig. 4(c)).

3.4. Mechanical properties of the as-cast
samples

Fig. 6 shows the room temperature compressive
stress-strain curves of the
Zrs55CUsg sNi, 75AlgsTas samples with 3 and 5
mm diameter at a strain rate of 1 x 107 4s™*. For
comparison, the stress-strain curve of ZrssCuggN-
isAl,o metallic glass sample taken from reference
[18] is aso plotted in the figure. The
Zrs5 5CUyg sNi4 75A 1 5 Tas sample with 5 mm diam-
eter only displays an initia elastic deformation
behavior with amost no plasticity, which is quite
similar to the ZrssCusNisAl,, metallic glass sam-
ple. However, the fracture strength of the present
dloy is somewhat higher than that of the
ZrssCusoNisAl,, metalic glass, indicating a certain
strengthening effect induced by the Ta particles.
For the Zrs,,5Cu,gsNiy7sAlgsTas sample with 3
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Fig. 6. Room temperature compressive stress-strain curves of
Zrs525CUz85Ni 4 75A 19 5Tas samples with 3 and 5mm in diameter
in comparison with data for ZrssCusNisAly,, bulk metallic
glass [18].
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mm diameter, it is interesting to find that the aloy
exhibits some distinct plasticity after elastic defor-
mation. The sample clearly displays a strain hard-
ening behavior and the plastic strain before failure
reaches about 1.2%. Meanwhile, Young's modulus
changes from 70 GPa (ZrssCusoNisAl o) to 90 GPa
(3 mm diameter rod) and 103 GPa (5 mm diameter
rod) for the present aloy. In addition, it is noted
that the fracture strength and the ductility of the
present alloy strongly depend on the sample diam-
eter or cooling conditions, i.e. the larger sample
has a lower ductility. This can be explained by the
difference in the volume fraction of the Zr,Cu pre-
cipitates between the two samples. The uniaxia
compressive properties for
Zrgr 5CUsgsNiy sAlgsTas  are summarized in
Table 2.

3.5. Fracture feature observations

SEM observations show that the fracture of the
present alloy under uniaxial compressive loading
always occurs in a shear mode, as seen in Fig. 7(a)
and (b). The compressive fracture surface is
inclined under an angle 6 to the stress axis and can
be measured as marked in the figures. The fracture
angles 6 between the stress axis and the fracture
surface are equal to 31 and 33° for the two speci-
mens with 3 mm diameter. However, the samples
with 5 mm in diameter fracture to several parts
after compressive test. As shown in Fig. 7(c), the
fracture surface of the sample with 3 mm diameter
is relatively flat and displays a typical shear frac-
ture feature. When the fracture surface is investi-
gated under backscattered electron contrast con-
ditions, it is clearly seen that the white Ta particles
are homogeneously distributed over the whole
fracture surface, which is consistent with the obser-
vations in Fig. 1 and Fig. 5. This observation

Table 2

further proves that the Ta particles in the com-
pressive sample are homogeneously dispersed in
the matrix.

For most metallic glasses, it was reported that
the fracture angle 6 is basically aong the
maximum shear stress plane with an angle of 45°
to the stress axis [18,20]. If the fracture angle 0 is
accurately measured, it was found that 6 is actually
smaller than 45° for the uniaxial compressive test
and greater than 45° for the uniaxial tensile test.
Some available data about the fracture angle 6 for
the uniaxial comparison are listed in Table 3[8,21—
24]. In general, 6 is around 42°, but not 45°. This
indicates that the compressive fracture of the met-
alic glasses does not exactly occur along the plane
of the maximum shear stress and, consequently,
does not follow the von Mises criterion [21]. How-
ever, for the present aloy, it is interesting to find
that the fracture angle is only equal to 31-33°,
which is markedly smaller than the common value
(42°) of the fracture angle in most metallic glasses.

Further observations show that the typical fea
ture on the fracture surfaces is a vein-like structure,
as shown in Fig. 8(a) and (b). This vein-like struc-
ture is consistent with the observations in most
metallic glasses [18-24]. The vein-like structure is
attributed to local softening or melting within the
shear band induced by the high elastic energy upon
instantaneous fracture [20,23]. The soft or molten
metallic glass within the shear bands easily flows
and appears in a vein-like structure feature. How-
ever, in some regions on the fracture surface, we
also observe another fracture feature, as shown in
Fig. 8(c), which is similar to the fractography of
the (nanocrystallinet+glass)/dendritic  crystalline
composites [15] and the nanocrystalline/dendritic
crystalline composites [16]. This may be attributed
to the existence of the micrometer-sized Ta par-
ticles and very fine Zr,Cu precipitates on the glass

Summary of the compressive test data: Young's modulus E, yield stress oy, strain at the yield point €, ultimate compression stress

Omax, and plastic strain e,

Composition (at.%) Sample E (GPa) o, (MPa) €, (%) Omax (MP3) €, (%)
Zrs25CUsg sNis 75Al0sTas $3 mm 90 1606 1.99 1909 1.17
¢5 mm 103 1721 1.87 1821 0.16
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Fig. 7. Fractography of the Zrs, ,sCu,ssNis7sAlesTas alloy under compressive loading: (a) and (b) Shear fracture behavior of the
compressive samples with a shear angle of 31 and 33°. (c) Shear fracture surface morphology and (d) homogenous distribution of
Ta particles on the fracture surface of the compressive samples.

Table 3
Comparison of the fracture angle 6 for different BMGs

Investigators Metallic glasses Fracture angle (6)
He et d. [8] Zrs,Ni4 6Al0CU 76 Tis 40-45°

Donovan [21] PdoNi 40P20 419 £ 1.2°
Lowhaphandu et a. [22] Zrgp TioNioCUy, sBes 5 416 + 2.1°
Wright et al. [23] Zr 40Ti14NioCu,,Be,, 42°

Zhang et al. [24] Zr59CUyAl1oNigTi5 43°

Present result Zrs525CUsg 5N 4 75Alg 5 Tag 32+1°

matrix. In most fracture regions, the Ta particles as shown in Fig. 8(e) and (f). This indicates that
(marked by the arrows) can be clearly seen in the the Ta particles can effectively block the shear
backscattered electron image, as shown in Fig. deformation of the metallic glassy matrix, and fur-
8(d). Meanwhile, there are many regions with sev- thermore may improve the strength and possibly
ere plastic deformation induced by the Ta particles, the ductility of the samples.



2390 G. He et al. / Acta Materialia 51 (2003) 2383-2395

Sum

Fig. 8. Fractography of the Zrs, ,sCu,gsNi,7sAlgsTas aloy under compressive loading: (a) and (b) Typica vein-like structure on
the compressive fracture surfaces. (c) Fracture feature without vein-like structure at some fracture regions. (d) Distribution of Ta
particles on the fracture surface. (e) and (f) Interactions of the Ta particles with the matrix glass and the Zr,Cu precipitates under
shear stress.

4. Discussion a crystallization temperature of 785 K at heating
. - rate of 20 K/min. Both characteristic temperatures
?hirr:aflfe;;grl i'{a on glass-forming ability and are about 20 K higher than those of ZrssCusgoN-
y isAl,o metalic glass. About 3.2 a.% Ta causes a

The melt-spun Zrs; ,5CULg sNi, 75Alg5Tag ribbon significant increase in stability of the glassy phase.
exhibits a glass transition temperature of 705 K and The effect of Ta on the stability for this aloy is
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consistent with that of ZrssCu,gNigAloTas [25,26].
Considering that the Ta-content also leads to an
increase in the melting temperature T, of the aloy,
the reduced glass transition temperature T,q = T,
/T, may have a very little change in comparison
with ZrssCusoNisAl,, aloy. On the other hand,
both the Zrs; ,5Cu,g sNi4 75Alg s Tas and ZrssCusoN-
isAl,o aloys exhibit a very similar supercooled
liquid region (AT, = 80 K). This behavior is con-
sistent with that of Zrs;NbsAl,oCu,s 4Ni;, ¢ metallic
glass with addition of Ta particles [27].

For the bulk cast rods, in the case of partialy
precipitating intermetallic Zr,Cu compound in the
glassy matrix due to inadeguate cooling rate or
inhomogeneous nucleation induced by the existing
crystalline particles, both the crystallization tem-
perature, T,, and the extension of the supercooled
liquid region tend to decrease with increasing vol-
ume fraction of Zr,Cu crystals. The lower T, corre-
sponds to a lower thermal stability of the glassy
matrix against crystallization. This can be attri-
buted to the changes of the composition of the
glassy phase and the Zr,Cu precipitates that may
act as nucleation site to induce heterogeneous
nucleation.

4.2. Effect of Ta on the as-cast microstructure
and crystallization during solidification

It seems that the solubility of Ta in Zr-base
BMG adloys is very different for various combi-
nations of constituents in the aloys. Xing et al.
[25] presented a very homogeneous cast micro-
structure for a ZrsgCuygNigAlTas glass-forming
aloy inwhich 5 at.% Ta completely dissolved into
the Zr-base BMG. However, only 4 a.% Ta dis-
solved in the similar Zrs; 4Cuy6 4Nig Al o Tag BMG
when a two step melting procedure was applied
[17]. In present study, it is very clear that the solu-
bility of Tain ZrssCusNisAl,, glass-forming alloy
strongly depends on the arc melting time and the
homogeneity of the master alloy. After each arc
melting cycle, breaking or cutting the alloy button
into pieces before repeated arc melting together
with long arc melting time can significantly
improve the solubility of Ta and the homogeneity
of the master alloy. Ta dissolved in the alloy may
induce the formation of bcc-B-Ti-type solid sol-

ution dendrites during the solidification if the Zr
and Ta contents are large enough. As an example,
one can achieve a dendritic morphology in
Zres.4CUyosNig-AlgTas 4 [28]. However, when the
Zr and Ta contents are lower, e.g., Zr < 60 at.%
and Ta < 6 at.%, Ta does not induce a dendritic
morphology [28]. Though no data so far show the
effect of the dissolved Ta on the crystallization of
BMG dlloys during solidification, the precipitation
of Zr,Cu in the 3 mm-diameter rod in the present
study suggests that Ta may induce crystallization
in ZrssCusoNisAly,, which has a very good glass-
forming ability.

On the other hand, our results show obvious evi-
dence that Ta particles can induce a composition-
segregation around the particles during solidifi-
cation. In contrast to W and ceramic particles [27],
Ta seems to interact with the glassy matrix to gen-
erate alayer around the Ta particle. This layer may
affect the precipitation of Zr,Cu by changing the
composition of the remaining liquid and act as
nucleation sites. A more detailed investigation of
the interfaces between the Ta particles and the
matrix is necessary.

4.3. Fracture mechanism of the Zr-based alloy
with Ta particles

The deformation and fracture mechanisms of
BMGs have been widely investigated in the past
decades [21,29-33]. It was frequently observed
that the fracture of BMGs did not proceed along
the maximum shear plane, no matter whether under
tensile or compressive loading [20-24]. This
phenomenon has been explained by taking the
effect of the normal stressinto account [24]. Under
uniaxial compressive loading, the fracture plane
often has an angle of 42—43° with respect to the
stress axis, as listed in Table 3. However, for the
present BMG composite, the fracture angle (31—
33°) is obviously smaller than the common value
of 42-43°, as shown in Fig. 7(a) and (b). Thisindi-
cates that the fracture mechanism of the present
BMG composite should be different from single-
phase metalic glasses due to the interactions
among the micrometer-sized Ta particles, fine
Zr,Cu precipitates and the glassy matrix. To under-
stand the specia fracture features of such com-
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posites, the normal stress has been considered as
important contribution for the deviation of the frac-
ture angle from the maximum shear stress plane.
Considering the critical shear fracture stress 7. on
the plane under a normal compressive stress o, one
can generaly write [24]:

Tc = Tp T UOp (1)

Here, u is a constant of the material. For a uniaxial
compressive specimen, the normal and shear
stresses o, and 7, on any plane under the uniaxial
compressive loading can be easily calculated from
the following equations:

0y = 0-Sin%(6) (29)
7, = 0-sin(6)-cos(h) (2b)

Here, ¢ isthe uniaxial compressive stress. By sub-
stituting o, and 7y into Eq. (1), one can get the
critical fracture condition as below:

F To

9 =4n(6) [cos(6)—u-sn(9)]

It is apparent that the fracture stresses, 6™, depends
on the shear angle 6. There is a minimum value of
the fracture stresses at different shear angles. On
the other hand, the specimens should preferentialy
fracture along a favorable shear plane at the mini-
mum applied stresses. Therefore, the minimum
applied fracture stresses, o, must correspond to
the measured fracture angles (as illustrated by Fig.
9). Thus, the following eguation can be obtained:
o(1/o0" 1 .
% = 2—Te[cos(ze) —u-sin(26)] = 0 4

From the experiments, 8 = 42° for the single-phase
BMGs (as in Table 3), and 6 = 32" for present
samples. Therefore, from Eq. (4), the two con-
stants (g and g, for a single-phase BMGs and
the present BMG composite can be calculated as
follows:

©)

_[cos(20g)\ .

my = (sin(2 9mg)> = ctg84° = 0.11 (59)
_[cos(204)\ L

o = (sin(z ch)> = ctg64” = 0.49 (5b)

e (= 0.49) is obvioudly larger than pig ( =

and c}%)

F
mg

Stresses (G, T, O

0 10 20 30 40 50 60 70 80 90
0 (degree)

Angle between shear plane and stress axis

Fig. 9. Variation of the normal and shear stresses, and the
fracture stresses with the fracture angle for BMG and for the
BMG composite under uniaxial compressive loading.

0.11), therefore, the deviation of the fracture angle
from 45° is more pronounced for the composite
(Bep = 32°) than for the metallic glass (6,,y = 42°).
This indicates that the normal compressive stress
should play a more remarkable role in the fracture
process of the present composite than the fully
glassy specimen. Therefore, we can consider the
two constants /1y, and ., as the structure factors
of the normal stress on the shear fracture of the
two materials. On the other hand, as shown in Fig.
1 and Fig. 8(d)—(f), the interactions among Ta par-
ticles, Zr,Cu precipitates and the glassy matrix
have been observed during shear fracture of the
present composite. These interactions should con-
tribute to the effect of the normal stress on the frac-
ture processes of the specimen. Therefore, from the
viewpoint of the microstructure, the constant pi,
can be regarded as an external reflection of the
interactions among Ta particles, Zr,Cu precipitates
and the glassy matrix during deformation. In turn,
those interactions will affect the deformation
mechanism of the metallic glass composite, fur-
thermore improving its mechanical properties, such
as strength and ductility. Table 4 lists the strength
data for different Zr-based BMGs available so far
[8,14,18,24,25,34-39]. The fracture strength of the
Be-free Zr-based BMGs is only in the range of
1.45-1.80 GPa. Through a partia crystallization
treatment, the fracture strength of some BMGs can
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Table 4
Comparison of fracture strength for different Zr-based BMGs

Investigators

Zr-based metallic glasses

Fracture strength (GPa)

Kawamura et al. [35]
Heilmaier et al. [34]

ZrgsAl1oNizoCuys
Zrs7CUxNigAl o Tig

Xing et al. [36] Zr5;CUyNigAl o Tis
Zhang et a. [24] Zr5gCUzoAl10NigTis

He et a. [8] ZrspsNig 6Al10CU 76Tl
Inoue et a. [37] ZrgsAl7sNiyoCuy sPdyg
Leonhard [18] Zrg5CusoNisAlsg

Fan et al. [38] ZrgoClUzoAl 10Pd;g

Kthn et al. [14] Zrg64CU105Nig7AlgNDg 4
Hirano et a [39] ZrssCugoNisAl g

Xing et a. [25] ZrsgClygNigAl 10T as
Present result Zrs3.25CUz55Ni4 75Al05Tas

145

1.60

1.71 (BMG)

1.82 (Crystallization)
1.69

177

1.64 (BMG)

1.83 (Crystallization)
1.80

1.80

1.80

1.82

1.93 (with 5%ZrC)
2.00 (with 7.5%2ZrC)
2.06 (with 10%ZrC)
2.14 (with 12.5%ZrC)
2.26 (with 15%ZrC)
1.70

191

be improved, but this treatment sometimes results
in the disappearance of ductility [37]. However, the
present BMG composite after adding Ta particles
exhibits a relative high strength aong with an
enhanced plasticity. Combined with the other
results [17,25,27,39-41], it is clear that adding
crystalline particles such as Ta, W, ZrC or strong
fibers into the Zr-base BMGs can change their
deformation and fracture mechanism, and then can
somewhat improve the fracture strength and the
ductility of the BMGs.

In the present work, the effect of Taon the phase
transformation and mechanical properties of the
Zr-based BMG can beillustrated asin Fig. 10. The
volume fraction and the grain size of the Zr,Cu
precipitates can be controlled by the cooling con-
ditions. In addition, the volume and the size of the
Ta particles can also be adjusted by the control of
composition and the melting conditions, as dis-
cussed in the sections above. When the specimens
of the composite are subjected to the uniaxial com-
pressive loading, the interactions among Ta par-
ticles, Zr,Cu precipitates and the glassy matrix will
affect the deformation and fracture mechanism in
comparison with the fully glassy aloy. Fig. 8(e)
and (f) show some direct interactions among the

Ta particles, Zr,Cu precipitates and the glassy
matrix, and the consequent change in the fracture
mode can be seen in Fig. 7(a) and (b). This indi-
cates that these interactions have changed the con-
stant u of the composite and, furthermore, affect
the mechanical properties. In essence, the change
in fracture mode reflects the change in the micro-
structure of the composite, which was induced by
the dissolved Ta and the Ta particles during coo-
ling. From the present work and the results of Hir-
ano et al. [39], it issuggested that ZrssCuszoNisAl -
based BMG composites can be developed as a high
strength alloys with a fracture strength of more
than 2 GPa together with good ductility through
the addition of crystalline particles such as Ta or
ZrC under an optimum microstructure condition.

5. Conclusions

1. Refractory Ta is hard to dissolve into Zr-base
BMGs. The solubility of Ta depends on arc
melting conditions when the Ta-content is
below about 5 at.%. To improve the dissolution
of Taand its homogeneity in the Zr-base BMG,
along arc melting time is needed. The size and
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Fig. 10. Effect of Ta on phase transformation and mechanical properties of ZrssCugNisAl, BMG composite.

the volume fraction of Ta particles present in
the master alloy can be controlled by using
appropriate arc melting conditions. These Ta
particles can be withheld upon subsequent cast-
ing and act as a strengthening phase in Zr-
base BMGs.

2. About 3.2 a.% Ta dissolved in the alloy
increase Ty and T, by about 20 K. The Ty/T,,
and AT, values of the Zr-base BMG dloy, how-
ever, do not change significantly. 3.2 at.% Ta
only improve the thermal stability of the Zr-base
BMG matrix, but do not change its glass for-
ming ability significantly.

3. With increasing diameter of as-cast samples, the
volume fraction of Zr,Cu precipitated during
solidification increases, which deteriorates the
ductility of the samples. The precipitation of
Zr,Cu partially depends on the decrease in coo-
ling rate during casting with increasing the sam-
ple diameter. The existing Ta particles can
induce a composition-segregation layer around
the particles, which may further lead to the crys-
tallization of Zr,Cu during solidification.

4. Uniaxial compression tests show that Young's
modulus  increases  from 70 GPa
(ZrssCugoNisAly) to 90 GPa (3 mm diameter
rod) and 103 GPa (5 mm diameter rod) for the
present alloy. The specimen with 3 mm diam-
eter clearly displays strain hardening behavior
and the plastic strain before failure reaches
about 1.2%, which is higher than that of single-

phase ZrssCugNisAl,, BMG. Meanwhile, the
fracture plane of the Zrs; -5CuU,gsNi475AlgsTas
aloy has an angle of only 31-33° with respect
to the stress axis, which is significantly lower
than the typical value of 42-43° observed for
single-phase BMGs. The difference in the
mechanical properties and the fracture mech-
anisms between BMGs and the present BMG
composite can be explained by the interactions
among Ta particles, Zr,Cu precipitates and the
metallic glassy matrix.
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