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Preparation of Bulky Amorphous Zr-Al-Co-Ni-Cu Alloys by Copper
Mold Casting and Their Thermal and Mechanical Properties

Akihisa Inoue, Tao Zhang and Tsuyoshi Masumoto

Institute for Materials Research, Tohoku University, Sendai 980-77, Japan

Bulky amorphous alloys were found to form in Zr-Al-M (M =Co, Ni, Cu) systems by arc melting on a copper
hearth. The largest thickness for glass formation is 6.1 mm for ZrgAl;yCo;NigCu,q, 6.8 mm for ZrgAl;sCo;sNi;sCus and
6.2 mm for ZrssAl,yCoy; sNi, sCus. The optimum composition for glass-forming ability shifts from the Cu-rich side to
the Co-rich side through the Ni-rich side with increasing Al content from 10 to 20%. The use of a metallic mold casting
process enabled the formation of amorphous cylinders with the largest diameter of 7 mm for the three alloys. The com-
positional effect for the large glass-forming ability has also been discussed by taking the present data into consideration.
The cast amorphous ZrgAl;,Co;NiyCuy, alloy subjected to tensile testing exhibits distinct serrated flow before final frac-
ture. The generation of the serrated flow is noticed because the alloy has a ductile nature which enables the momentary
stop of the shear sliding. The Young’s modulus, tensile fracture strength and fracture elongation are 97 GPa, 1510 MPa
and 2.0%, respectively. The fracture occurs along the maximum shear plane and the fracture surface consists of a well-
developed vein pattern. The size of their veins is about 10 times as large as that for the melt-spun ribbon and hence the
shear deformation region occurs in a much wider region for the cast alloy, indicating the necessity of a larger amount of
energy up to final fracture. The finding of the amorphous alloys with the large glass-forming ability and the extremely
ductile nature is important for the subsequent development of metallic glassy materials.
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I. Introduction

Recently, we have found that amorphous alloys with
large glass-forming ability form in a number of alloy
systems such as Mg-Ln-TM®® Ln-Al-TM®®, Zr-Al-
TM®-? and Ti-Zr-TM?-® etc. (Ln=lanthanide metal,
TM=transition metal). It has subsequently been report-
ed that the large glass-forming ability enables the prepa-
ration of bulky amorphous alloys by using various pre-
paration techniques of metallic mold casting!®"?_ high-
pressure die casting?¥ and water quenching®", The
maximum sample thickness for the formation of an amor-
phous phase reaches about 7 mm for Mg-Cu-Y system,
10 mm for La-Al-Ni-Cu system and 16 mm for Zr-Al-
Ni-Cu system. The largest sample thickness for the Zr-
Al-Ni-Cu amorphous alloys is obtained by quenching
the molten alloy in a quartz tube into water.

Little is known about the preparation of bulk amor-
phous alloys in Zr-Al-TM system by the metallic mold
casting method, presumably because of the difficulty of
casting into copper molds resulting from high viscosity
of the molten alloys. Furthermore, no data on the
mechanical properties including tensile strength have
been obtained for the bulky Zr-Al-TM alloys, though
their properties have been reported®1? for bulky Mg-
Ln-TM and Ln-Al-TM amorphous alloys in which the
formation by metallic mold casting and high-pressure die
casting is easier because of their lower melting tempera-
tures and lower viscosities. It is very important to inves-
tigate the possibility of preparing bulky amorphous Zr-

Al-TM alloys by the metallic mold casting method and to
examine the tensile strength, deformation mode and frac-
ture behavior of the bulky alloys, because of the expecta-
tion that the Zr-based alloys exhibit the highest strength,
the best corrosion resistance and the lowest coefficient of
thermal expansion among the Mg-, Ln- and Zr-based
alloy systems.

This paper aims to present the composition range in
which bulky amorphous alloys in Zr-Al-Co-Ni-Cu pen-
ternary system form by the metallic mold casting
method, the compositional dependence of the maximum
sample thickness for formation of the amorphous phase
and the mechanical properties, deformation mode and
fracture behavior of the bulky amorphous alloys.

II. Experimental Procedure

Ternary, quaternary and penternary alloys with
alloy compositions of ZreAlzMaso, ZreAl;sMys and
ZrssAl,yMys (M=Co, Ni and Cu) were prepared by arc
melting mixtures of pure Zr, Al and M metals in an argon
atmosphere. The alloys in the range of 10 to 20%Al were
chosen because they had the widest supercooled liquid
region before crystallization and the largest glass-form-
ing ability®©9 The arc-melted ingots were used for the
determination of a critical sample thickness for forma-
tion of an amorphous phase. The determination was
made through the examination of a cross sectional struc-
ture in the central region by optical microscopy (OM)
and X-ray diffractometry. The OM observation was
made after etching for 60 s with a 10% hydrofluoric acid-
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distilled water solution at 298 K. For the alloys with large
critical thicknesses for formation of an amorphous
phase, bulky cylindrical samples with a constant length
of 50 mm and different diameters were prepared by injec-
tion casting of the melt into copper molds. The injection
pressure was fixed to be 0.15 MPa. For comparison, an
amorphous ribbon with a cross section of about 0.02 X 8
mm? was also produced by the single roller melt spinning
method in an argon atmosphere. The amorphicity of the
as-cast samples was examined by X-ray diffractometry,
optical microscopy and differential scanning calorimetry
(DSC). Yield and fracture strength values in tensile and
compressive applied loads were measured at strain rates
of 5.5x107* and 1.1x1073 respectively, by using an
Instron-type tensile testing machine. The shapes and di-
mensions for the specimens are a cylinder with a gauge
diameter of 2.0 mm and a gauge length of 10 mm for
the tensile specimen and a cylinder with a diameter of
2.5mm and a height of 5.0 mm for the compressive
specimen. The tensile and compressive specimens were
prepared by mechanical polishing the cast cylinders with
a diameter of 7mm. The deformation mode, fracture
behavior and fracture surface appearance were examined
by scanning electron microscopy.

III. Results

1. Compositional dependence of glass-forming
ability
Figures 1 to 3 show the compositional dependence of
the maximum sample thickness for formation of an amor-
phous phase for arc-melted ZrgAlo(Co, Ni, Cu)s,
ZI's()Alls(CO, NI, Cu)zs and ersAlzo(CO, Nl, Cu)ZS alloys,
respectively. It is seen that the large glass-forming ability

Zr60A110(C0NiCU)30

at.%Ni

Fig. 1 Compositional dependence of the maximum sample thickness

(%) for formation of an amorphous phase in ZrgAl;o(Co, Ni, Cu)s,

alloys prepared by arc melting.
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with the critical sample thickness above 5.0 mm is
obtained in the composition range of 0 to 5%Co, 5 to
12%Ni and 15 to 22%Cu for the ZrgAl, Mso alloys,
0 to 7%Co, 8 to 23%Ni and 2 to 13%Cu for the
ZrgAlisMps alloys, and 0 to 7%Co, 14 to 24%Ni and 0
to 14%Cu for the ZrssAlxyM,s alloys. Furthermore, the
largest thickness for formation of the amorphous phase
in each alloy system is 6.1 mm for ZrgAl;;Co3NigCuys,
6.8mm for ZrgpAl;sCosNi;sCus and 6.2mm for
ZrssAlyCoy7.5Niy sCus, indicating that the glass-forming

Zr60A115(C0NiCu)25

at.%Ni
Fig. 2 Compositional dependence of the maximum sample thickness

(t.) for formation of an amorphous phase in ZrgAl;5(Co, Ni, Cu),s
alloys prepared by arc melting.

Zxss Alzo(CONlCU)z 5

at.%Co

Fig. 3 Compositional dependence of the maximum sample thickness
(t.) for formation of an amorphous phase in Zrs;Al,o(Co, Ni, Cu),s
alloys prepared by arc melting.
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Fig. 4 Relation between 7, and the temperature interval of the super-
cooled liquid region, AT,(=T,—T,) for amorphous ZrgAl;,(Co,
Ni, Cu)sy, ZrgAl;s(Co, Ni, Cu),s and Zrss Alyy(Co, Ni, Cu),s alloys.

ability is larger for the ZrgAl;sMas system than for the
other two alloy systems. In the comparison among these
figures, one can notice an interesting tendency that the
composition range in which the large glass-forming abil-
ity is obtained changes from the Cu-rich side to the Co-
rich side through the Ni-rich side with increasing Al con-
tent. The change is consistent with the previous result
that the largest glass-forming ability for each Zr-Al-M
ternary system is obtained for Cu-rich ZrgsAlysCuy;5©,
Ni-rich ZrgAlsNiys® and Co-rich ZrssAlyyCoys™ alloys.
All the amorphous alloys in Figs. 1 to 3 prepared by arc
melting exhibit the distinct glass transition combined
with a wide supercooled liquid region before crystalliza-
tion. Figure 4 shows the relation between the critical sam-
ple thickness for formation of the amorphous phase by
arc melting (z.) and the temperature interval of the super-
cooled liquid region defined by the difference between the
glass transition temperature (7,) and the onset tempera-
ture of crystallization (7%), AT(=Ty—T,) for the Zr-
Al-Co-Ni-Cu alloys. The weight of each alloy ingot used
in the test was fixed to be 10 g. Although rather sig-
nificant scatterings are seen, one can notice a tendency
for £, to increase with increasing ATy, in agreement
with that for Pd-Cu-Si, Pd-Ni-P and Pt-Ni-P glassy
alloys"®. The rather significant scatterings are presumed
to reflect the scattering of 7. resulting from the heteroge-
neous nucleation of a crystalline phase. In any event, it
is to be noticed that the bulky Zr-Al-Co-Ni-Cu ingot
with the large thickness of about 7 mm can be vitrified by
arc melting on a copper hearth cooled with water.
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2. Thermal and mechanical properties of Zr-Al-Co-
Ni-Cu amorphous alloys prepared by metallic
mold casting

The application of the metallic mold casting process to
the Zr-Al-Co-Ni-Cu alloys is expected to enable the
formation of amorphous alloys with larger thicknesses
as compared with those obtained by arc melting, when
the heterogeneous nucleation is suppressed. In the
subsequent study, it was clarified that the maximum
diameter for formation of the amorphous cylinder by
the metallic mold casting method reached about 7 mm
for the ZrmAlloC03Ni9Cll13, ZrepAl;sCosNijsCus and
Zrss Al Coy7.5Ni, sCus alloys with the largest £, values in
each Zr-Al-TM system. As an example, the temperature
dependence of the apparent specific heat C, 4 for the cast
ZreAligCo3NisCuys cylinder with a diameter of 5 mm is
shown in Fig. 5, where the data of the melt-spun ribbon
are also shown for comparison. The C, s curve represents
the specific heat of the sample which was once heated
to the supercooled liquid region at 700 K. The heat of
structural relaxation (AHr) defined by AHr=
JAC,(=Cys—C,0)AT is 147 J/mol for the cylindrical
sample and 683 J/mol for the melt-spun ribbon, indicat-
ing that the cylindrical sample has a much relaxed struc-
ture as compared with that for the melt-spun ribbon, be-
cause of a much lower cooling rate in the metallic mold
casting process. The much smaller A Hr values were ob-
tained for all the cast samples. However, no appreciable
difference in T,, T, and AT is seen between the cast cylin-
der and the melt-spun ribbon, as seen in Fig. 5.

The cylindrical amorphous alloys prepared by the
metallic mold casting method are thought to be formed
at different cooling rates in the inner and outer surface
regions. The different cooling rates are expected to cause
the difference in mechanical properties, though no ap-
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Fig. 5 The thermograms of amorphous ZrsAl,Co;NigCuyg cylinders
with diameters of 5 and 7 mm. The data of the melt-spun ribbon are
also shown for comparison.
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Fig. 6 Vickers hardness number as a function of the distance for the
central point in the transverse cross section of amorphous
Zrg Al Co;NigCuyg cylinders with diameters of 5 and 7 mm prepared
by copper mold casting. The data of the melt-spun amorphous rib-
bon with a thickness of 20 um are also shown for comparison.

preciable difference is detected for T;, 7T and ATy. Figure
6 shows the Vickers microhardness number as a function
of the distance from the central point in the transverse
cross-section for the cylindrical ZrgAlioCo;3;NisCu;s
amorphous alloys with the diameters of 5 and 7 mm,
along with the data as a function of the distance from the
central point along the width direction for the corre-
sponding melt-spun ribbon. The average H, value is eval-
uated to be about 470 for the 5 mm cylinder and 475 for
the 7 mm cylinder, in agreement with that (460) for the
melt-spun ribbon. Furthermore, one cannot see any sys-
tematic change in H, with the distance from the central
point. These results indicate that the amorphous struc-
ture is independent of the distance from the central
point, namely, the cooling rate. The formation of the
nearly same amorphous structure is presumably because
the cooling rate achieved by the metallic mold casting
process is much larger than the critical cooling rate for
formation of the amorphous phase.

It is expected that the amorphous Zr-Al-M alloys pre-
pared at cooling rates higher than the critical cooling rate
for glass formation exhibit high tensile strength compara-
ble to that for the melt-spun amorphous ribbons, in spite
of their bulky form with thicknesses above 5 mm. Figure
7 shows the outer surface appearance of the amorphous
ZrgAlyCo3NigCuyg alloy which was used for the measure-
ments of tensile strength and elongation. The test speci-
men was made by mechanical polishing from the as-cast
amorphous cylinder with a diameter of Smm and a
length of 50 mm. As seen in Fig. 7, the gauge dimension
has a diameter of 2 mm and a length of 10 mm. The ten-
sile stress-strain curves obtained for the two test speci-
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Fig. 7 Outer surface appearance of an amorphous
ZrgAl)yCo;NigCuyg alloy used for tensile testing.
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Fig. 8 Tensile stress-strain curves of amorphous ZrgAl;,Co;NigCug
cylinders.

mens are shown in Fig. 8. It is seen that the alloy is sub-
jected to elastic deformation, followed by yielding, slight
plastic deformation accompanying a low degree of work
hardening, distinct plastic flow accompanying serration
and then final fracture. The feature of the stress-strain
curve without significant work hardening and plastic elon-
gation is in agreement with that for conventional amor-
phous metallic alloys with good bending ductility.
However, it is particularly to be noticed that the distinct
plastic flow accompanying serration takes place before
final fracture. The observation of the serrated flow
phenomenon during tensile deformation has hitherto
been reported only for noble metal-based amorphous
alloys of Pd- and Pt-based systems®®. The generation of
the serrated flow phenomenon implies that the shear
deformation typical for ductile amorphous alloys does
not occur catastrophically over the whole cross section
and is once stopped at the deformation site. The momen-
tary interupt of the shear deformation also implies the
suppression of the final adiabatic fracture just after the
shear deformation, indicating that the cast amorphous
alloy has a highly ductile nature comparable to that for
the noble-metal base amorphous alloys. The Young’s
modulus, yield stress defined by the deviation from the
proportional relation, elastic elongation, plastic elonga-
tion and fracture stress are 97 GPa, 1390 MPa, 1.6%,
0.4% and 1510 MPa, respectively. It is shown in Fig. 6
that the Vickers hardness of the cast amorphous alloy
is 475. Consequently, the values of ¢,:(=a,/E),
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Fig. 9 Tensile fracture behavior (a) and fracture surface appearance (b) of an amorphous ZrgAl;;Co;NigCu,g cylinder.

&..(=3H,/E) and o1/ H, are 0.14, 0.15 and 3.2, respec-
tively. One can notice a rather good agreement between
&y, and & .. Furthermore, the ratio of a¢ to H, indicates
that the amorphous solid deforms through an ideal elas-
tic-plastic mode without work hardening. These results
indicate that the present cast amorphous alloy has good
ductility and exhibits the tensile deformation and frac-
ture behavior which agrees with that for an ideal elastic-
plastic material without work hardening.

Figure 9 shows the tensile fracture behavior and the
tensile fracture surface appearance for the cast
ZreAljpCosNigCuyg cylinder. The fracture occurs along
the maximum shear plane which is declined by about 45
degrees to the tensile direction and the fracture surface
consists of a well-developed vein pattern. As is evident
from the comparison with the fracture surface appear-
ance for the melt-spun amorphous ribbon sample with
the same alloy composition shown in Fig. 10, the di-
ameter of their veins is measured to be about 1 to 2 um
for the cast cylinder, being about 10 times as large as that
(about 0.2 um) for the melt-spun ribbon deformed at
room temperature and comparable to that for the ribbon
sample subjected to creep deformation at elevated tem-
peratures near 7. In addition, the SEM image shown in
Fig. 11 reveals the remarkable development of the vein
pattern caused by the adiabatic deformation at the final
fracture stage. The remarkable development of the vein
pattern and the significant increase in the diameter of the
veins suggest that the temperature during the final adia-
batic fracture increases because of the suppression of the
final fracture resulting from the good ductility. Further-
more, the increase in the diameter of the veins also im-
plies the increase in the thickness of the shear deforma-
tion region which causes the increase in the energy
required for plastic deformation and final fracture.

The compressive test method is thought to be more ap-
propriate for the more detailed investigation of the serrat-

ed flow phenomenon and the work-hardening behavior.
Figure 12 shows the compressive stress-strain curves for
the two cast Zrg AljoCo;NiyCuys cylindrical samples with
a diameter of 2.5 mm and a height of 5.0 mm. In com-
parison with those (Fig. 8) obtained by tensile test, one
can notice that the serration generates in a wider strain
region from the yield point to the final fracture stage
while no appreciable difference in the total strain up to
final fracture is seen. Furthermore, the degree of the
work hardening accompanying the serrated flow is slight-
ly larger for the compressive test sample. The further de-
velopment of the serrated flow and the slight increase in
the degree of work hardening are presumably because the
shear deformation bands generate along the whole outer

5um

Fig. 10 Tensile fracture surface appearance of an amorphous
ZrgAljyCo3NigCuyq ribbon prepared by melt spinning.
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Fig. 11 Tensile fracture surface appearance of an amorphous
ZrgAlyCo;NigCuy; cylinder.
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Fig. 12 Compressive stress-strain curves of amorphous
ZrgAl;yCosNigCuyg cylinders.

surface for the compressive sample as shown in Fig. 13
and the massive movement of the constituent atoms in
the shear bands is suppressed by the crossing among the
shear deformation bands. This presumption is also sup-
ported from the contrast result that the shear deforma-
tion bands for the tensile sample generate only along the
one direction as shown in Fig. 9. The inclination for the
generation of the shear deformation bands is presumably
due to the difficulty of the perfect adjustment of the ten-
sile axis in the tensile test because of the scatterings in the
sample shape and the tensile axis in the tensile testing
machine.

IV. Discussion

Firstly, we discuss the reason why the Al content in the
alloys having the largest glass-forming ability and the lar-
gest temperature interval of the supercooled liquid region
decreases in the order of 20% for M=Co, 15% for
M=Ni and then 7.5% for M=Cu. It has previously been
reported™® that the large glass-forming ability and the
wide supercooled liquid region are achieved by the in-
crease in the liquid/solid interfacial energy through the
formation of a highly dense random packed structure.
Furthermore, the increase in the degree of the dense ran-
dom packing is thought to be attributed to appropriate
atomic size ratios among the constituent elements. Based
on the above-described concept on the stability of the
supercooled liquid, the decrease in Al content for the
achievement of the largest glass-forming ability in the
Zr-Al-Cu system may be due to the larger atomic size for
Cu than for Co and Ni. The smaller atomic size ratio be-
tween Al and Cu seems to cause the decrease in an opti-
mum Al content for the achievement of the highest stabil-
ity of the supercooled liquid. Furthermore, it is thought
that the alloy composition of the alloys with the largest
glass-forming ability lies in the pseudo binary Zr,Al-

Fig. 13 Compressive fracture behavior of an amorphous ZrgAl,,Co;NiyCu,g cylinder.
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Z1:M system. From the fact® that the melting (or decom-
position) temperature is about 1523 K for Zr,Al, 1373 K
for Zr,Co, 1423 K for Zr,Ni and 1293 K for Zr,Cu, the
addition of Al into Zr,Cu causes a significant increase in
melting temperature in a high Al concentration range.
On the contrary, the replacement of Co or Ni in Zr,M by
Al does not cause any significant increase in melting tem-
perature even in a high Al concentration range. The
nearly constant melting temperature is favorable for the
dissolution of a larger amount of Al into the Zr,M
alloys, resulting in the maintenance of the large glass-
forming ability. Besides, the decrease in the optimum Al
content in the Zr-Al-Cu system seems to be related to the
significant changes in the type and size of the unit cell be-
tween Zr,Cu and Zr,Co or Zr,Ni®Y. That is, the Zr,Cu
compound has a bct structure with lattice parameters of
a=0.32204 nm and ¢=1.11832 nm while the Zr,Co and
Zr,Ni compounds have a tetragonal structure with lattice
parameters of ¢=0.6336 nm and ¢=0.54690 nm and
a=0.6477 nm and ¢=0.5241 nm, respectively. Consider-
ing that the Zr, Al compound has a tetragonal structure
with ¢=0.4894 nm and ¢=0.5928 nm, the difference in
the unit size is concluded to be less than 11% between
Zr,Al and Zr,Co or Zr,Ni compounds. The similarity of
the lattice parameters may also be one of the factors
which lead to the increase in the optimum Al content for
the achievement of the largest glass-forming ability, as
compared with the lower Al concentration for the Zr-
Al-Cu system where the lattice parameters between
Zr,Al and Zr,Cu are significantly different. Although the
most dominant factor for the difference in the optimum
Al content remains unclear in the present study, the differ-
ence is presumed to result from the combination of the
above-described three factors.

Secondly, we investigate the dominant factor for the
achievement of the large glass-forming ability for the Zr-
Al-Co-Ni-Cu quaternary and penternary alloys. The
reduced glass transition temperature (7,/ T) measured
in the present study is in the rather narrow range of 0.59
to 0.67 and no distinct correspondence is seen between
T,/ Tn and the glass-forming ability evaluated by the
critical sample thickness (z.) for the formation of an
amorphous single phase for the arc-melted ingots. On the
other hand, the 7. values have a close relation to the
temperature interval of supercooled liquid region,
AT, (=T,—T,), as shown in Fig. 4, though significant
scatterings reflecting the ease of the heterogeneous nuclea-
tion of a crystalline phase are seen. The close relation in-
dicates that the large glass-forming ability is dominated
by the stability of the supercooled liquid against crystalli-
zation. In the framework of homogeneous nucleation
and growth theory from liquid, the dominant factors in a
constant supercooled state have been pointed out® to be
viscosity, liquid/solid interfacial energy and the size of a
crystalline nucleus. The theory indicates that there is a
clear tendency for the glass-forming ability to increase
with an increase in the temperature dependence of viscosi-
ty, the liquid/solid interface energy and the size of a crys-
talline nuclei. Among the three factors, the temperature
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dependence of viscosity, #(T), corresponds to T,/ T, and
the larger the #7(T) the higher is the 7,/ T,. It is described
that no linear relation is seen between T,/ Ty, and ¢, for
the present Zr-Al-Co-Ni-Cu alloys. Consequently, it is
thought that the viscosity is not the most dominant fac-
tor for the large glass-forming ability of the present
alloys. The good liner relation between #. and AT indi-
cates that the liquid/solid interface energy is more
dominant because ATy is dominated by the energy. It has
been previously described®1? that the large liquid/solid
interface energy for the present alloys is due to the forma-
tion of a highly dense random packed structure resulting
from the constituent elements with significantly different
atomic sizes and large negative heats of mixing. Further-
more, the striking effect of the multicomponents on the
increase in the glass-forming ability is also attributed to
the increase in the critical size of a crystalline nuclei result-
ing from the formation of multicomponent clusters in
the supercooled liquid, in addition to the increase in the
liquid/ solid interface energy.

Finally, it is also important to investigate the reason
for the extremely large glass-forming ability by taking ac-
count of the experimental data on the peak temperatures
for nucleation and growth rates in the supercooled
liquid. It has been previously pointed out® that in the re-
lation between (1/T,—1/ T,,) and pre-annealing tempera-
ture (7,), the peak temperature corresponds to the tem-
perature at which the nucleation rate of a crystalline
phase is maximum. Here, T}, and T, represent the temper-
atures at which the exothermic peak on the DSC curve
takes place for the as-quenched sample and the pre-an-
nealed sample, respectively. Furthermore, the tempera-
ture where the exothermic peak on the DSC curve meas-
ured at a heating rate as fast as possible appears can be
regarded as the maximum temperature for the growth
of a crystalline phase. As plotted for Zr;Cuso,
Zr65A17_5Cu27_5 and Zr65Al7_5Ni10Cu17,5 alloys in Flg. 14, a
distinct maximum phenomenon is observed for the Zr-
Al-Cu and Zr-Al-Co-Ni-Cu alloys at 688 and 679 K, re-
spectively, which are lower by 143 K and 152 K, respec-
tively, than the crystallization temperature measured at a
high heating rate of 5.3 K/s. On the other hand, no isolat-
ed peak is seen for the Zr-Cu binary alloy. This result in-
dicates that the maximum nucleation temperature of crys-
talline phase is significantly different from the maximum
growth temperature for the Zr-Al-Cu and Zr-Al-Co-
Ni-Cu alloys with wide supercooled liquid regions before
crystallization while their maximum temperatures lie in
the nearly same temperature range for the Zr-Cu alloy
with the narrow supercooled liquid region. The sig-
nificant difference in the peak temperature between nucle-
ation and growth reactions also plays an important role
in the appearance of the wide supercooled liquid region
before crystallization. The distinct splitting phenomenon
for the nucleation and growth peaks also comes from the
retardation of the growth reaction of a crystalline phase
in the present highly dense random packed structure. The
retardation is due to the difficulty in the atomic rearrange-
ment on a long-range scale in the highly dense random
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Fig. 14 Relation between (1/T,—1/T,,) and pre-annealing tem-
perature (7,) for amorphous Zr,Cus, ZrgAl;sCuys and
ZrgsAl; NiyyCuys 5 alloys. T, and T,, represent the temperatures
at which the exothermic peak on the DSC curve appears for the as-
quenched and pre-annealed states, respectively. The pre-annealing
time at T, was fixed to be 60 s.

packed structure.

In any event, the above-described results and discus-
sion allow us to derive the following concept that a fur-
ther multiplication of alloy components with appropriate
atomic sizes and attractive bonding states enables the
preparation of a new amorphous alloy with larger glass-
forming ability.

VY. Summary

In order to search an appropriate alloy composition
for the preparation of bulky amorphous alloys exhibiting
high tensile strength and good ductility, we examined the
compositional dependence of the critical sample thick-
ness for formation of an amorphous phase in the alloy
iIlgOtS of the ZI‘50A11()M30, Zra)Ahsts and ZI'55A120M25
(M=Co, Ni, Cu) systems prepared by arc melting. The
largest thickness is 6.1 mm for ZrgAl;pCo;NisCuys,
6.8 mm for ZrgAl;sCosNij;sCus and 6.2mm for
ZrssAlyyCoy7.5Niy sCus. The appropriate alloy composi-
tion changes in the order of Cu-rich, Ni-rich and Co-rich
with increasing Al content from 10 to 20%. The applica-
tion of the metallic mold casting method to the three
alloys enabled the formation of amorphous cylinders
with the largest diameter of about 7 mm. The large glass-
forming ability is due to the increase in the liquid/solid
interface energy and in the size of a crystalline nuclei
through the formation of a highly dense random packed
structure resulting from the multiplication of alloy com-
ponents with significantly different atomic sizes. No ap-

preciable difference in T, and T is seen between the cast
alloy with a diameter of 5 mm and the melt-spun ribbon
with a thickness of 20 um, though the heat of structural
relaxation is smaller by about 78% for the cast alloy. The
cylindrical 10%Al alloy subjected to tensile test was
deformed plastically, accompanying the generation of dis-
tinct serrated flow, and the degree of the serrated flow in-
creases by the change to the compressive testing mode.
The generation of the serrated flow phenomenon is due
to the momentary interupt of the shear sliding resulting
from the highly ductile nature of the glassy alloy. The
Young’s modulus, tensile yield strength, fracture
strength and elongation for the 10%Al alloy are 97 GPa,
1390 MPa, 1510 MPa and 2.0%, respectively. The frac-
ture surface consists mainly of a remarkably developed

. vein pattern which reflects the highly ductile nature. The

success of the preparation of the cast amorphous Zr-Al-
M alloys exhibiting high tensile strength and good ductil-
ity is important for the subsequent progress of metallic
glassy materials.
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