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Effect of multiple alloying elements on the glass-forming ability, thermal stability, and
crystallization behavior of Zr-based glass-forming alloys were studied in the present work. We
investigated the effect of complete or partial substitution of Ti and Ni with similar early and late
transition metals, respectively, on the glass-forming ability and crystallization behavior of the
Zr50Ti10Cu20Ni10Al10 alloy. Poor correlation was observed between different parameters
indicating the glass-forming ability and the critical size of the obtained glassy samples.
Importance of the width of the crystallization interval is emphasized. The kinetics of primary
crystallization, i.e., the rate of nucleation and rate of growth of the nuclei of primary crystals is
very different from that of the eutectic alloys. Thus, it is difficult to estimate the glass-forming
ability only on the basis of the empirical parameters not taking into account the crystallization
behavior and the crystallization interval.
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I. INTRODUCTION

METALLIC glasses are non-crystalline materials
with a disordered arrangement of the constituent atoms.
They possess an interesting combination of high
strength, good corrosion resistance, and useful magnetic
properties. Metallic glasses (or amorphous solids) were
first synthesized in thin-film form by vapor deposi-
tion[1,2] and later by rapid solidification from the liquid
state at high rates of about 105 to 106 K/s.[3,4] Subse-
quently, bulk metallic glasses (BMGs), in large section
sizes, were obtained by slow cooling from the liquid
state, as in a casting process.[5] BMGs also show a good
combination of physical,[5] mechanical,[6–9] mag-
netic,[10,11] and chemical[12] properties and exhibit high
strength, hardness, wear resistance, and large elastic
deformation.[13] The largest diameter of the glassy rod
with a diameter of 80 mm has been produced in a
Pd-based alloy.[14]

The glass-forming ability (GFA) of an alloy is an
important parameter that helps in identifying appropri-
ate compositions to achieve glass formation in a wide
composition range and also in larger diameters. Several
criteria have been proposed to estimate and/or establish
GFA of alloys and these are based on either thermo-
dynamic parameters, glass transformation temperatures,
or modeling studies. There have been successes with
some parameters in some alloy systems and it has been
shown that not all the criteria proposed satisfactorily
explain the GFA of all alloy systems.[15] Table I lists the
different criteria that have been proposed and com-
monly used in evaluating the GFA of alloys.[16–28]

The GFA of an alloy is determined not only by the
composition of the base alloy, purity of the constituent
elements, and the atmosphere in which it is cast, but also
by the nature of the alloying additions made.[29–31] The
atomic size difference between the base metal and the
alloying element, their chemical interactions, and ther-
modynamic properties determine the effectiveness of the
alloying element in enhancing the GFA of the alloy
system.
Zr-based metallic glasses have been investigated for a

long time[32] owing to their good GFA and also their
mechanical properties.[33] Starting from thin ribbons
obtained by rapid solidification processing,[34] Zr-based
alloys have been cast as bulk metallic glasses by slow
solidification processes up to about 30 mm in diame-
ter,[35] and currently the maximum diameter reported for
a Zr-based glassy alloy is 73 mm.[36] A binary Zr50Cu50
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alloy (all compositions are given in atomic percent as
subscripts) was produced as a BMG with a critical
diameter of 2-mm-diameter rod by suction casting.[37]

The element Cu was partially replaced by Al to
synthesize Zr-Cu-Al glasses with a high GFA and a
critical diameter of 8 mm in a Zr50Cu40Al10 alloy.[38]

Similarly, a hypoeutectic Zr60Cu30Al10 BMG alloy
showed good GFA[39] and high resistance to fatigue
even after complete structural relaxation.[38] By addi-
tional alloying with Ni, an element further enhancing
the GFA of Zr-Cu-Al alloys,[17] Zr60Cu20Ni10Al10 alloy
exhibiting a high resistance to structural relaxation-in-
duced embrittlement was produced. The addition of Ti
was found to further improve the GFA of these alloys
by enhancing the icosahedral short-range order in the
Zr62�xTixCu20Ni8Al10 liquid alloys.[40]

During the last decade or so, research on multicom-
ponent alloys has received lot of attention.[41–43] These
alloys contain either equiatomic proportions of a large
number of elements (5 or more), each with a concen-
tration of 5 to 35 at. pct, or multicomponent alloys with
one major element and all the others with equal atomic
percentages. Such alloys can be called multiprincipal
element alloys but are more commonly referred to as
high-entropy alloys (HEAs). Bulk metallic glasses have
also been produced in such multicomponent alloys, e.g.,
Ti20Zr20Hf20Ni20Cu20.

[44] The process of glass forma-
tion, thermal stability, mechanical properties, and

corrosion resistance of a number of multicomponent
bulk glassy alloys such as Zr55Al10Fe6Co6Ni6Cu6Pd6Ag5
have also been studied recently.[45]

In this publication, we report our results on the
synthesis, GFA, and crystallization behavior of a
number of glassy alloys based on the Zr50Ti10Cu20
Ni10Al10 alloy. Here, Ti and Ni have been replaced with
similar early (V, Mo, Nb, Ta) and late (Fe, Ag, Co)
transition metals, respectively. We have also evaluated
the GFA of these alloys in terms of the known GFA
parameters listed in Table I.

II. EXPERIMENTAL PROCEDURE

The multicomponent alloys with the nominal atomic
compositions listed in Table II were chosen for the
present study. Master alloys were prepared by melting
the mixture of pure metals with purities exceeding 99.9
mass. pct in a Ti-getter argon atmosphere. From these
ingots, glassy alloy ribbons of around 20 lm in thickness
and 2 mm in width were produced by melt spinning on a
single copper roller, while bulk samples were cast into a
pyramidal-shape mold having 5 mm base. This helped
us in determining the maximum diameter at which
glasses have formed by visual observation and later
confirmed by X-ray diffraction (XRD) studies.

Table I. Different Criteria Proposed to Understand and Evaluate the GFA of Alloys

Criterion Formula References

Trg Trg = Tg/Tm 16
DTx DTx = Tx � Tg 17
a a = Tx/Tl 18
b b = (Tx/Tg) + (Tg/Tl) = 1+ a 18
New b new b = (Tx 9 Tg)/(Tl � Tx)

2 19
c c = Tx/(Tg + Tl) 20
cm cm = (2Tx � Tg)/Tl 21
d d = Tx/(Tl � Tg) 22
x x = (Tg/Tx) � [2Tg/(Tg + Tl)] 23
xm xm= (2Tx � Tg)/(Tl + Tx) 24
/ / = Trg (DTx/Tg)

0.143 25
f f = (Tg/Tl) + (DTx/Tx) 26
Kgl Kgl = (Tx� Tg)/(Tm� Tx) 27
Modified Trg modified Trg =(Te � Tg)/(Tl � Tg)Æ(Tg/Tl) 28

Table II. Chemical Compositions (the Subscripts Represent the Atomic Percentage of the Elements) of the Alloys Used in the Present
Investigation as Well as from the Literature and Their Thermal Properties (Characteristic Temperatures, Tg Glass Transition Temperature,

Tx Crystallization Temperature, T*s Approximate Solidus Temperature, T*l Approximate Liquidus Temperature, DTx Width

of the Supercooled Liquid Region, and DTs the solidification interval) and the Full Width at Half Maximum (FWHM) of the

Different Alloys Investigated

Alloy Designation Alloy Composition Tg (K) Tx (K) T*s (K) T*l (K) DTx (K) DTs (K) FWHM (Deg)

ZHE1 Zr50Ti10Cu20Ni10Al10 (base alloy) 679 702 1090 1087 23 0 6.1 ± 0.04
ZHE2 Zr50(Ti,V)10Cu20(Ni,Fe)10Al10 711 749 1109 1224 38 115 6.59 ± 0.06
ZHE3 Zr50(Ti,V,Mo,Nb)10Cu20(Ni,Fe)10Al10 690 749 1105 1140 59 35 5.97 ± 0.06
ZHE4 Zr50(Ti,V,Mo,Nb,Ta)10Cu20(Ni,Fe,Ag,Co)10Al10 685 739 1104 1296 54 192 6.03 ± 0.04
ZHE5 Zr50V10Cu20Ni10Al10 741 755 1100 1219 14 119 6.52 ± 0.04
ZHE6 Zr50Ti10Cu20Co10Al10 669 686 1101 1180 17 79 6.17 ± 0.05
ZHE7 Zr50Ti10Cu20Fe10Al10 658 697 1113 1258 39 145 5.8 ± 0.04
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The structure of the as-solidified and crystalized
samples was examined by XRD analysis using a Bruker
D8 Advanced diffractometer with Cu Ka radiation. The
thermal properties of the glassy alloys were measured
using a Setaram Labsys differential scanning calorimetry
(DSC) instrument under an Ar gas flow. The samples
were also heated to the corresponding crystallization
temperatures (Tx) to study the early stages of the
crystallization process.

The GFA of the different alloys was also evaluated in
terms of the parameters proposed by different
authors[16–28] and correlations were made between the
alloy characteristics and the GFA parameters.

III. RESULTS AND DISCUSSION

A. Structure and Transformation Temperatures

Figure 1(a) presents the XRD patterns, while Table II
lists the full width at half maximum (FWHM) and
thermal properties of the different multicomponent alloy
ribbons studied in this work. All the alloys showed
broad and diffuse diffraction peaks, suggesting forma-
tion of an amorphous phase. The alloying elements
exhibited a strong effect on the FWHM values of the
alloys. Analysis of the XRD patterns showed that the
FWHM observed was the lowest for the Zr50Ti10Cu20
Fe10Al10 alloy (ZHE1). While the FWHM for the base
amorphous alloy was 6.1 ± 0.04 deg, complete replace-
ment of Ti by V led to a slight increase in the FWHM
value. Substitution of nickel by iron and titanium by
vanadium increased the FWHM of the alloys by ~ 0.5
degree. Together, addition of V, Ni, Mo, and Nb slightly
decreased the FWHM of the alloy. The largest value of
6.59 ± 0.06 deg for the FWHM was observed for the
(ZHE2). But, complete replacement of Ni by Fe reduced
this value to a minimum level of 5.8 ± 0.04 deg (ZHE7).
In other cases, full or partial replacement of elements
didn’t have high effect. These results allow us to make
some guesses about the stability of the amorphous
phases.

Figure 1(b) presents a HRTEM image and a diffrac-
tion pattern of ZHE3 alloy in the as-cast state. A diffuse
diffraction ring can be observed in the diffraction
pattern. Also, no crystalline planes are detected in the
HRTEM image which indicates formation of the amor-
phous single phase.

Figure 2 presents a typical DSC trace, while Table II
also lists the characteristic temperatures of the different
alloy ribbons studied. Analysis of the DSC results
showed that the multicomponent alloy Zr50(Ti,V,
Mo,Nb)10Cu20(Ni,Fe)10Al10 (ZHE3) has the maximum
interval of supercooled liquid region (Table II). Full
replacement of titanium by vanadium led to a substan-
tial increase in both Tg (from 679 K to 741 K) and Tx

(from 702 K to 755 K). On the other hand, partial
replacement increased only Tx, but did not change Tg

(except for ZHE2), thereby increasing the interval of the
supercooled liquid region from 23 K to 59 K. Replace-
ment of nickel by cobalt or iron led to a slight decrease
in both Tg and Tx, but a slight increase in Tl. Partial

replacement of titanium and nickel by vanadium and
iron, respectively, led to an increase in the interval of the
supercooled liquid region. These changes in the charac-
teristic temperatures lead to different GFA values of the
alloys, to be described later.
The above results can be rationalized as follows. The

thermal stability of the glass and its transformation
behavior are determined by the Tg and Tx temperatures.
By looking at the effect of the different solute elements
on these parameters, described above, it becomes clear
that the transformation temperatures are significantly
increased when the structure or the atomic size (or both)
of the alloying element is significantly different from the
element it is replacing. On the other hand, when the
structure is similar and the atomic size is also similar,
then the alloying element will not have any measurable
effect on the transformation temperatures.
Replacement of nickel for iron (ZHE1 and ZHE7

alloys) increases the intervals of the supercooled liquid

Fig. 1—X-ray diffraction patterns of the as-solidified ribbons (a), a
HRTEM image (b), and diffraction pattern (inset) of ZHE3 alloy.
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and the crystallization interval, that is, the thermal
stability of the supercooled liquid increases, but at the
same time the critical cooling rate necessary for obtain-
ing the amorphous state increases, since we move away
from the eutectic point. The replacement of titanium
with vanadium (ZHE1 and ZHE5) and nickel by cobalt
(ZHE1 and ZHE6) reduces the thermal stability of the
supercooled liquid, and also deteriorates formation of
the amorphous phase during casting due to the increase
in the crystallization interval. Partial replacement of
titanium and nickel perfectly stabilizes the supercooled
liquid; however, in all alloys except for ZHE3 the
crystallization interval increases dramatically, which
makes it difficult to obtain BMGs in these alloys.

B. Crystallization Process

All the alloys were subjected to a short crystallization
treatment of a 10-minute anneal at the crystallization
temperature, Tx, and the resulting XRD patterns are
presented in Figure 3. The XRD patterns of the alloys
with the highest Ti content (ZHE1, ZHE6, and ZHE7)
are very similar to the as-solidified alloys, but with
minor differences. For example, a trace amount of the
ZrO2 phase is present owing to surface oxidation.
Further, the broad maxima are slightly sharper than in
the as-solidified condition (Figure 3). The FWHM of
the diffraction peaks have decreased to 4.50 (ZHE1),
4.79 (ZHE6), and 5.05 (ZHE7) degrees indicating that
nanocrystallization has occurred in these alloys. A
similar effect was found earlier in Cu-Zr-Ti alloys.
While the primary crystals during crystallization of
glassy Cu-Zr alloys are usually large,[46] they are much
finer (i.e., nanocrystallization of the primary phase
occurs) with the addition of Ti.[47]

All alloys with low titanium content (ZHE2, ZHE3,
and ZHE4) exhibit a similar crystallization process.
Crystals of Zr2Cu (I4/mmm) and ZrAl3 (Fm�3m) phases
grow from the amorphous matrix at the first stage of
crystallization process, likely by a eutectic reaction. In
the titanium-free alloy (ZHE5), the crystallization pro-
cess started with the formation of the Zr2Ni (I4/mcm)

phase. Based on these results, we can say that even
though titanium decreases the thermal stability of these
alloys (decreasing Tx), it also causes nanocrystallization.
Also, despite the fact that the heating of samples was
carried out under an argon atmosphere, the surface was
oxidized and the ZrO2 peaks are present in the XRD
patterns. Table III shows the crystallization and melting
enthalpies of the studied alloys. Correlations between
the obtained values are shown in Figure 4.

C. Glass-Forming Ability

It was mentioned in the Introduction that a large
number of criteria were developed to predict the GFA of
alloys. Since the present series of alloys can also be
considered multicomponent (high-entropy) alloys, let us
first see if the GFA of these alloys can be rationalized in
terms of the criteria developed for HEAs.
Majority of the HEAs are expected to form solid

solution phases.[41–43] Depending on the atomic size
difference, d, and the thermodynamic properties (en-
tropy of mixing, DSmix, and enthalpy of mixing, DHmix)
of the constituent elements, it was reported[48] that a
solid solution phase forms when d is small and the value
of DHmix is near zero (not negative enough to form
intermetallic compounds). On the other hand, large
values of d and more negative DHmix values were noted
to promote glass formation. These arguments were
further extended by Yang and Zhang,[49] who intro-
duced the X parameter to determine if solid solutions
form in these multicomponent alloys or not.
Calculation of X also makes use of the parameters Tm,

the melting temperature of the n-element alloy, DSmix,
and DHmix, and the X parameter is defined as

X ¼ TmDSmix

DHmixj j ;

where Tm ¼
Pn

i¼1

ciðTmÞi, where (Tm)i is the melting point

of the ith component of the alloy, DSmix ¼
�R

Pn

i¼1

ðci ln ciÞ is the entropy of mixing of an n-element

regular solution, and DHmix ¼
Pn

i¼1;i6¼j

Xijcicj is the

enthalpy of mixing for the multicomponent alloy system
with n elements, where Xij ¼ 4DHmix

AB :
The prediction of a solid solution or a bulk metallic

glass was made by considering both the d and X values.
It was shown that a solid solution forms if the d values
are small (£ 6.6 pct) and X is ‡ 1.1. On the other hand,
BMGs are expected to form if the value of d is larger
and the X value is smaller. These thermodynamic
parameters have been calculated by most authors on
the basis of a regular solution model, even though such
an assumption was questioned recently.[50]

The results of our calculations of d and X for the
different alloys studied are shown in Table IV. A few
points are of interest. Firstly, all the alloys have the
same d value, 9.9 pct, which is> 6.6 pct. Secondly, the
value of DHmix is negative, but quite small. Thirdly, the

Fig. 2—DSC curve of the ZHE1 alloy.
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value of DSmix is high. Lastly, the calculated weighted
average melting temperature of the alloys is significantly
different from the measured liquidus temperature, owing
to the formation of low-temperature eutectics in the real
alloys. This leads to a large difference in the X value for
the different alloys, but is still< 1.1. Thus, according to
Reference 49, these values clearly suggest that all alloys
should form BMGs. But, the values are not able to
indicate which alloy is a better glass former than the
other(s). Therefore, we have analyzed our results in
terms of the different GFA parameters described for
BMGs.

As mentioned earlier, a number of different criteria
were proposed to estimate/predict the GFA of alloys.
These approaches achieved limited success in the sense
that not all criteria could correctly predict the GFA of
all the glasses studied in all the systems.[15] In spite of
this, these criteria have been helpful in providing a
reasonable estimate of the GFA in several instances.
Table V lists the values of these different criteria for all
the alloys studied in this investigation along with the
values for some base alloys.

It is clear from the values listed in Table V that the
ZHE3 alloy shows the highest GFA criteria/indicators
(see also Figure 5) though its critical sample thickness is
not high. Additionally, the alloys with the best GFA

(including the base alloys) also show the largest value of
the width of the supercooled liquid region (DTx).
However, no correlation was found between the best
glass formers and the Trg values. Alloys which show
larger values of Trg did not exhibit the best predicted
GFA according to other criteria. Similarly, the GFA
predicted by the criteria and the critical diameter also do
not show any direct correlation. For example, ZHE2 has
a critical diameter of 0.5 mm and ZHE4 1.0 mm, while
ZHE6 and ZHE7 have critical diameters of 2.0 mm. In
this context, it may be important to remember that
several intrinsic and extrinsic parameters could actually
limit the critical diameter of the fully glassy rod.[51]

Also, none of the parameters of the GFA, except for
Reference 28, takes into account the width of the
crystallization interval. And the ability to stabilize the
supercooled liquid and to suppress the primary crystal-
lization required for glass formation is best ensured only
for the eutectic alloys. The kinetics of primary crystal-
lization, i.e., the rate of nucleation and rate of growth of
nuclei of primary crystals[46,52] is very different from that
of the eutectic alloys. In this connection, we can speak
about the impossibility of estimating the glass-forming
ability only on the basis of the entropy of the alloy and
the size factor of the atoms. The parameters of the GFA
should have mutual correlation only for the eutectic
alloys. Therefore, it is not necessary to expect correla-
tions with the critical diameter from alloys with different
types of crystallization,[53] which is observed.
Recently, Blyskun et al.[24] analyzed the relationship

between the critical diameter and GFA of four different
Zr-based alloys and came to the conclusion that
satisfying correlations were achieved between GFA
and c, cm, b (a), and f, even though they had proposed
another criterion xm, which showed a slightly better
correlation with the GFA than the other parameters.
But, these authors had also shown that DTx showed the
weakest correlation with the GFA. There are also
several other instances in the literature for such a
behavior.[5]

Since the different GFA indicators are showing a
good correlation with the DTx values and the compo-
sitions for the best glass formers were identified, it
should be possible to theoretically calculate the maxi-
mum diameter that could be expected to be fully glassy.
This is possible because the authors of some of the
criteria provided equations relating the critical diameter

Fig. 3—XRD patterns of the alloys after annealing for 10 min at Tx

temperature.

Table III. Crystallization and Melting Enthalpies (DH) of the Studied Alloys (J/g)

Peaks, Glass Crystallization

Total
Melting

Peaks, Melt Crystallization

Total1 2 3 Total 1 2 3

ZHE1 11.3 6.1 7.4 24.9 � 77.3 96.7 96.7
ZHE2 12.2 1.0 12.6 25.8 � 59.1 77.6 77.6
ZHE3 14.4 1.1 11.7 27.1 � 54.8 78.1 78.1
ZHE4 4.3 13.5 14.8 32.6 � 56.0 56.5 56.5
ZHE5 10.6 1.5 4.2 16.4 � 30.8 11.6 6.9 8.6 27.2
ZHE6 6.3 1.5 13.0 20.9 � 55.5 37.4 37.4
ZHE7 4.4 4.9 18.7 28.0 � 35.1 5.0 40.8 45.9
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and the critical cooling rate to the GFA parameter.
Using these equations, the values of a, b, and c, and the
critical cooling rate required to obtain 1-, 10-, and
100-mm-diameter rods are calculated and the results are
presented in Table VI.[5] Interpolating the GFA param-
eters that were obtained for our alloys, it becomes clear
that it should be possible to produce the ZHE3 alloy as
a fully glassy rod with a diameter of at least 5 mm.

Fig. 4—Correlations (a) between the Tl values and the obtained
enthalpies and (b) between the enthalpies themselves.

Table IV. Calculated Values of d, DHmix, DSmix, Tm, and X for the Alloys Studied in this Work

Alloy d (Pct) DHmix (kJ/mol) DSmix (J/K/mol) <Tm> (K) X

ZHE1 9.9 � 31.8 11.3 1793 0.64
ZHE2 9.9 � 27.8 12.5 1808 0.81
ZHE3 9.9 � 26.8 13.0 1847 0.90
ZHE4 9.9 � 25.7 13.8 1851 0.99
ZHE5 9.9 � 30.7 11.3 1815 0.67
ZHE6 9.9 � 25.1 11.3 1801 0.81
ZHE7 9.9 � 29.0 11.3 1797 0.70

Table V. Calculated GFA Parameters for the Different Alloys Studied in this Investigation

Alloy Dc (mm) Trg a New b c cm d x xm / f X Kgl Modified Trg

Zr60Cu30Al10 8 0.58 0.65 3.09 0.41 0.72 1.56 0.16 0.43 0.69 —
Zr60Cu20Ni10Al10 2.5 0.72 0.72 5.62 0.42 0.80 1.94 0.11 0.47 0.75 —
ZHE1 2 0.63 0.65 3.22 0.40 0.67 1.72 0.20 0.41 0.39 0.66 0.64 0.06 0.62
ZHE2 0.5 0.58 0.62 2.36 0.39 0.64 1.46 0.24 0.40 0.38 0.63 0.81 0.08 0.45
ZHE3 0.5 0.61 0.66 3.38 0.41 0.71 1.66 0.17 0.43 0.43 0.68 0.90 0.15 0.59
ZHE4 1 0.53 0.60 1.97 0.39 0.67 1.27 0.19 0.42 0.40 0.65 0.99 0.18 0.36
ZHE5 1 0.61 0.62 2.60 0.40 0.63 1.58 0.23 0.39 0.34 0.63 0.67 0.03 0.46
ZHE6 2 0.57 0.58 1.88 0.37 0.60 1.34 0.25 0.38 0.34 0.59 0.81 0.03 0.48
ZHE7 2 0.52 0.55 1.46 0.36 0.59 1.16 0.26 0.38 0.35 0.58 0.70 0.07 0.40
Ideal value 1.0 1.0 ¥ 0.5 1.0 ¥ 0.0 0.5 0.0 1.0 ¥ 1

Fig. 5—Correlation of the different GFA indicators in the logarithmic
scale with the alloys studied.
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IV. CONCLUSIONS

Metallic glassy samples with the nominal multicom-
ponent composition Zr50Ti10Cu20Ni10Al10, Zr50V10Cu20
Ni10Al10, Zr50Ti10Cu20Fe10Al10, Zr50Ti10Cu20Co10Al10,
Zr50(Ti, V)10Cu20(Ni, Fe)10Al10, Zr50(Ti, V, Mo,
Nb)10Cu20(Ni, Fe)10Al10, Zr50(Ti, V, Mo, Nb,
Ta)10Cu20(Ni, Fe, Ag, Co)10Al10 were produced. Partial
replacement of titanium and nickel by V, Fe, Mo, Nb,
Ta, Ag, and Co leads to an increased interval of the
supercooled liquid region up to 59 K. Alloys with high
Ti content have lower thermal stability but very low
crystal growth rate. A similar effect is caused by Co
addition. Although d and X parameters showed that all
of the multicomponent glassy alloys are in the region of
BMGs, the GFA of the multicomponent alloys is not so
high; likely owing to relatively large solidification
interval. The main problem with finding the multicom-
ponent alloys of high GFA is the difficulty to find the
alloy composition located near the quaternary eutectic
points with a small solidification interval.
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