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We have studied a number of binary metal-metal and metalloid a11oy systems made by a single
vapor-quench method under very consistent conditions. In each case, amorphous alloys are found in
one continuous composition range (x;„&x &x,„) regardless of the number of eutectic points in
the equilibrium phase diagrams. It is found that the atomic size difference is the single most impor-
tant factor in the quantitative determination of the composition range.

Through efforts spanning over two decades, amorphous
alloys have been produced in many systems, but not at ar-
bitrary compositions. ' The formation and the stability of
the amorphous state are questions of fundamental and
technological importance. The relevant question of in-
terest is the stability of the amorphous state at a finite
temperature. In particular, what is the concentration
range or ranges in which the amorphous state exists at a
finite temperature (e.g. , 400 K)? For many years fabrica-
tion techniques have been dominated by liquid-quenching
methods, such as melt spinning and splat cooling, in
which generally only the eutectic compositions are
quenchable. ' In the case of transition-metal —(T) metal-
loid (M) systems, alloys of eutectic composition
Tp spMp 2p (e.g. , Fep spBp 2p) are the most well-known ex-
amples. The apparent stability of the eutectic composi-

tions has prompted many theoretical predictions and
models. The role of the valence-electron concentration
and various structure models in which the smaller metal-
loid atoms fill up the Bernal holes ' have been extensively
discussed.

During the last few years, various vapor-quenching
methods (e.g., evaporation, sputtering ) and the newly
discovered method of solid-state reaction have been
developed or improved. These methods have inherently
higher quenching rates and avoid the liquid state altogeth-
er. Consequently, the amorphous state can now be
achieved in many more alloy systems with vastly extended
composition ranges. Fe„8i „(0&x & 0.90), Fe„Tii
(0.30&x & 0.80), and others listed in Table I are such ex-
amples. It is now clear that the eutectic compositions are
only of importance to liquid-quench methods which rely

TABLE I. The constituent atomic radii (r„rb), ratio (z), and composition range (x;„&x&x,„) of
vapor-quenched binary amorphous alloys. The theoretical predictions [(x;„),& x & (x,„),)] are shown
in the last column.
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Theory
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Fe-Ti
Fe-Zr
Fe-Hf
Fe-Ta
Fe-Mo
Fe-8
Fe-Cu
Fe-Nb
Ni-Nb
CU-Nb

1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.27

1.46
1.58
1.67
1.49
1.39
0.78
1.27
1.46
1.46
1.46

1.14
1.234
1.30S
1.164
1.086
0.609
1.007
1.14
1.14
1.14

0.30
0.20
0.20
0.20
0.40
0.0

0.25
0.20
0.20

0.80
0.93
0.94
0.90
0.80
0.90

0.85
0.80
0.80

0.28
0.19
0.16
0.24
0.41
0.03

0.27
0.27
0.26

0.85
0.92
0.94
0.88
0.75
0.91

0.85
0.85
0.86
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on the depressed melting point. The stability of an amor-
phous alloy has no bearing on whether it is liquid-
quenchable. The amorphous alloys of eutectic composi-
tion do not generally constitute systems of exceptional sta-
bility either. For example, the highest crystallization tem-
perature of amorphous Fe Bt „has been found at
x=0.65 and not at x =0.80. ' In the case of Fe-Zr, the
eutectic compositions (Feo»Zro 09 and Fe024Zro 76), near
the limits of the composition range for amorphous alloys
(Table I), are essentially the least stable amorphous alloys
having the lowest crystallization temperatures. Thus, the
experimental results and models obtained from liquid-
quenched samples cannot be profitably used to address the
question of composition range for amorphous alloys.

The above discussion illustrates the difficulties in ad-
dressing the problem of composition range in amorphous
alloy systems. The comparisons between experimental
findings and theoretical predictions are severely compli-
cated and often misled by the fact that widely varied
quenching methods (e.g. , liquid quench, evaporation,
sputtering) and conditions (e.g. , deposition rates, substrate
temperature) have been used to obtain various amorphous
alloys. We have, in recent years, studied a large number
of alloy systems made by a single vapor-quenching
method under very consistent conditions. We have stud-
ied only binary alloys for which actual calculations can be
easily performed. By varying the alloy composition we
have determined, for each binary system chosen, the com-
position range (x;„&x &x,„) within which the amor-
phous state can be formed. We show in this work that the
atomic size difference is the single most important factor
in the determination of the amorphous composition range
(x,„&x&x,„). The values of x;„and x,„are shown
to depend primarily on the atomic sizes of the constituent
elements. Simple formulas provide excellent approxima-
tions for the prediction of the composition range of the
amorphous alloys.

A11 of our samples, 6—24 pm thick, were deposited on
liquid-nitrogen-cooled substrates by a high-rate sputtering
device using homogeneously mixed composite targets. '

The composition ranges of the amorphous alloys, listed
in Table I, are those for which the crystallization tempera-
ture is at least 400 K, which serves as an operational cri-
terion. Obviously, the range would be smaller or larger if
a higher or lower temperature were chosen. The composi-
tion range was determined by x-ray diffraction and com-
plemented by Mossbauer spectroscopy, magnetic measure-
ment, and other techniques which are sensitive to struc-
ture. As an example, x-ray diffraction and Mossbauer
spectroscopy results for vapor-quenched Fe-Ti alloys
within 1 at. %%uoof x„=0.8Oar eshow n inFig . 1 . The
sample of Feo 82Tio &8 is crystalline bcc and strongly fer-
romagnetic, Feo 8OTio 2o is amorphous and not magnetic at
300 K, and Feo 8& Tio &9 is found to be a mixture of the two
phases. The value of x;„ is less accurately known than
that of x,„. Since the samples were prepared in steps of
5 at. %, the actual value of x;„in some systems could be
up to 5 at. % less than that listed in Table I. The compo-
sition ranges of some of these vapor-quenched alloy sys-
tems have also been studied by other researchers with
good general agreement. ' The differences are probably a
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FKx. l. (a) Energy dispersive x-ray diffraction and {b)
Mossbauer spectra at 300 K of vapor-quenched Fe-Ti alloys
near x,„=0.80.

reflection of the fabrication conditions, such as substrate
temperature.

As shown in Table I, vapor-quenched amorphous alloys
exist in very wide composition ranges which encompass
all the liquid-quenchable compositions and those made by
solid-state reaction. In each system, there is a single con-
tinuous composition range for the amorphous state, re-
gardless of whether there is one eutectic point (e.g. , Fe-B)
or two (e.g. , Fe-Zr) in the phase diagram. " It is noted
that the width of the composition range (x,„—x;„) of
the amorphous state of each alloy system is closely corre-
lated with the size difference of the constituent atomic
species. As will be shown below, the expressions that
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quantitatively describe the experimental results for an
amorphous alloy system of the form A„B

&
„are

AV

Vg

bV (2)

1 —y+ 1— 2

1+z

3

where Vz and V~ are the atomic volumes,

~

b, V~ =
~

V„—Vz ~, and A. , is a parameter. These two
expressions depend only on the geometrical factors of the
atomic species.

Egami and Waseda recently developed an atomic scale
elasticity theory which led to the stress criteria for the to-
pological instability of a solid solution. ' According to
this model, the amorphous alloys are stabilized because
the solid solutions of the corresponding compositions are
topologically unstable. For an alloy system of A„B&
the minimum solute concentration necessary to obtain a
stable amorphous phase by rapid quenching has been indi-
cated to be

further than predicted. This is due to the covalent bond-
ing which has not been included in the model. Similar sit-
uations occur in amorphous alloys based on Si and Ge. '

It should be emphasized that although only atomic
sizes appear in Eqs. (1) and (2), effects far beyond geome-
trical differences are indirectly incorporated. This is be-
cause the atomic size difference is intimately related to
the heat of formation, ' the electronic structure, the com-
peting equilibrium crystal structures, ' etc., all of which
are known to be important in the stability of the amor-
phous state. However, these models have not been able to
successfully predict the composition range of the amor-
phous alloys, to a degree comparable with the present
model. For example, the heat of formation of amorphous
alloys (for that matter, crystalline alloys as well) is gen-
erally large and negative. But there are many exceptions
in which the heat of formation is only slightly negative or
even positive. '

The importance of the atomic size difference has been
recognized previously. It has been empirically found that
for most liquid-quenched samples the atomic sizes differ
by at least 10%, i.e., the 10% size difference rule. ' How-
ever, this rule does not address the composition-range
question. As a matter of fact, one can use the present

where z = rz /I"z ——1+6 is the ratio of the atomic radii,
and

3
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0. 30-
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is the volume ratio of deformed A and B atoms and A,
&

is
a parameter to be determined. Because of the small values
of 6 and A, ~, which is of the order of 0.05, x, can be ap-
proximated as

x

J

x,= 1—
3

A J=2 [1+0(6 )]1+z z3 0. 10

after simple manipulations. Since z = Vz /Vz is the
atomic volume ratio, Eq. (5) leads to Eqs. (1) and (2), ac-
curate to order O(6 ).

The validity of Eqs. (1) and (2) and the value of the pa-
rameter 2A,

&
can be evaluated by fitting our experimentally

determined values of x;„and x,„ to the theoretical
values of (x;„),and (x,„),. In Fig. 2 we show the plots
of 1 —x,„versus V~ /

~

b, V
~

and x;„versus
Vz/

~

b, V
~

. A slope of 2X& ——0.07 provides a good fit in
both cases but the fit can be slightly improved in x;„by
using 2A,

&
——0.09. Given the uncertainty in x,„and the

likelihood that, as mentioned above, the actual value may
be slightly smaller, a single value of 2X& ——0.07 should suf-
fice. We list in the last column of Table I the calculated
values of (x;„), and (x,„), using 2A,

~
——0.09 and 0.07,

respectively. The agreement between the experimental re-
sults and the theoretical predictions is remarkable. We
know of no other theoretical models which achieve com-
parable success. In the series of Fe-based amorphous al-
loys, good agreements are obtained for larger as well as
smaller alloying elements, and for both metal-metal sys-
tems and metal-metalloid systems. In the case of Fe-B,
the amorphous state can actually be extended to pure B,
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FICy. 2. (a) 1-x,„vs V„/( b, V); (b) x;„vs V~/( hV( of a
number of amorphous A„B& „a11oy systems {see text).
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model to reexamine the minimum size difference below
which no amorphous alloy exists. From Eqs. (1) and (2),
one obtains

~

AV
~

&2k&(V&+ Vtt). Using 2 A,
&

——0.07 one
has (Vz/Vz);„=1. 15, or (r„lrtt);„=1.05. Therefore,
the often quoted 10%%uo difference rule from liquid quench-
ing should be relaxed to 5%. Experimentally, as shown in
Table I, this is confirmed in Fe-Mo where r„lrtt is only
1.086 and amorphous alloys do exist in an extended com-
position range. On the other hand, in the case of Fe-Cu,
the atomic size difference is practically zero. Indeed, ex-
perimentally we have found no amorphous alloy at any
composition. Vapor-quenched Fe Cu& alloys consist
only of new metastable crystalline alloys, bcc (x & 0.70) or
fcc (x (0.70), over the entire composition range. ' Simi-
lar examples are found in vapor-quenched Fe-Ni and Fe-
Mn alloys, all of which are crystalline alloys.

It should be mentioned that atomic sizes have been
known to play an important role in substitutional crystal-
line alloys. For example, one of the Hume-Rothery rules
is on the atomic size difference and one of the coordinates
of the Darken-Gurry maps is atomic size. ' However,
several distinctions should be made. The solubility range
of crystalline alloys does not generally correlate with the
composition range of the amorphous alloys. In the cases

of Fe-based alloys studied here, amorphous alloys of ex-
tensive composition ranges can be achieved regardless of
whether the solubility in crystalline alloys is low (e.g. , B,
Hf in Fe), or extensive (e.g. , Si, Mo in Fe). ' In other
cases, for either high (e.g. , Fe-Ni alloys) or low (e.g. , Fe-
Cu alloys) solubility in the crystalline alloys, no amor-
phous alloy can be found. Indeed, many factors have to
be included to account for the solubility of crystalline al-
loys. In amorphous alloys, however, the atomic size
difference appears to be the dominant factor.

In conclusion, we show in this work that the atomic
size difference is the single most important factor in
determining the composition range of amorphous alloys.
The remarkably simple expressions which depend only on
atomic volumes provide very good agreements with the
experimental results. It serves as an excellent first ap-
proximation for the quantitative prediction of the compo-
sition range of binary amorphous alloys. There is no dis-
cernible difference found between metal-metalloid and
metal-metal amorphous alloys.
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