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Abstract

Based on Miedema’s model, the formation enthalpies of both amorphous alloys and solid solutions composed
of a transition metal and a non-transition element have been calculated as a function of composition. The results
were drawn in an atlas. The outcomes for a number of alloy systems were used to predict phase transitions due
to ball milling. These predictions are compared with experimental data.

1. Introduction

By Miedema’s semiempirical model [1], various en-
thalpy effects in alloys and intermetallic compounds
can be estimated. Some years ago the model was used
to estimate the formation enthalpies of both amorphous
alloys and random solid solutions of two transition
metals [2]. Enthalpy diagrams were drawn for the whole
composition range and the diagrams for many alloys
were collected in an atlas [3].

In the present paper we extend the calculations to
alloys consisting of a transition metal and a non-
transition element. The results will be used to discuss
phase transformations in intermetallic compounds under
ball milling.

2. Details of the calculation

In order to obtain formation enthalpies, it was as-
sumed in ref. 2 that for the solid solution there are
three contributions to the total enthalpy:

AHss=AHchcm+AHelss+AHstrucl (1)

The first contribution is of chemical nature: when
element A is solved in an excess of element B, there
will be an enthalpy effect by bringing element A into
contact with element B. This enthalpy effect is denoted
by AH, ;, 5. According to ref. 2, the chemical con-
tribution to the total enthalpy, as a function of com-
position, is given by
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where ¢, is the atomic fraction of element A and ¢y
is the atomic fraction of element B. ¢y’ is the degree
to which A atoms are in contact with B atoms and c,*
is the degree to which B atoms are in contact with A
atoms in the random alloy, which can be expressed as
cgVp?
e A e Q
Values for the enthalpies of solution AH*' are tab-
ulated in ref. 1.
The second contribution is the result of an elastic
mismatch in the solid solution:

AH, *=CaCp(CAEg in ot C8EA in 8) 4)

The elastic mismatch energies E, i, s and Eg ;, 5 are
calculated following Eshelby’s [3] elastic continuum
approach. So the elastic mismatch energy for a dilute
solution of A atoms in a B matrix is

_ 2KAILB(WB“WA)2

E.. o=
ARBT 3K WetdugWa )

where K, is the bulk modulus of element A and ug
is the shear modulus of element B. When a binary
alloy is formed, the atomic volume is usually different
from the volumes of the pure elements. W, and Wy
are the corrected volumes of A and B atoms respectively,
following ref. 2.

For arandom solid solution of two transition elements,
apart from the chemical term and the elastic mismatch
enthalpy, a third contribution is introduced, reflecting
the preference for a solid solution to crystallize in one
of the main crystal structures. However, the structural
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contribution has to do with alloying two transition metals
and is absent in alloying a transition metal with a non-
transition element. So, in the present case,

AI{ss = AI-Ichem + AI—Ielss (6)

In the amorphous alloy, the atoms arrange themselves
in such a way that elastic mismatch is avoided but, in
addition to a chemical term identical with eqn. (2),
there is a topological term due to the amorphous
character. The total formation enthalpy for an amor-
phous alloy is estimated as [2]

AHa = AHchem + 35 (CATm, A + CBTm, B) (7)

where T,, 5 and T,, g are the melting temperature of
elements A and B respectively.

Enthalpy calculations were made on the basis of
eqns. (6) and (7). The results for many alloy systems
were collected in an atlas.

3. Comparison with ball-milling results of
intermetallic compounds

Ball milling of an intermetallic compound may lead
to a phase transformation either to an amorphous
structure or to a different crystal structure, eg. to a
disordered solid solution. In this section we shall discuss
the results of ball-milling experiments on a number of
intermetallic compounds consisting of a transition metal
and a non-transition element. First let us discuss the
reason for such a transformation. Obviously the starting
material (the intermetallic compound) in such exper-
iments has a lower free energy than the final product.The
question is how energy can be stored in the material
by the ball-milling process. In the middle 1980s, it had
already been postulated by Johnson [4] that the internal
energy of the compound is raised by ball milling as a
result of atomic (chemical) disordering in the compound.
It is then suggested that, if the more or less disordered
compound attains a state of higher energy than the
amorphous state, a transformation to the amorphous
state will take place. Disordering as a result of ball
milling was assessed by a number of different techniques:
by measuring the long-range order parameter by means
of loss of intensity of superlattice reflections in the X-
ray diffraction pattern for Nb,Sn [5], for Ni,Al [5, 6]
and for Zr,Al [7]; by measuring the degradation of the
superconducting transition temperature of Nb;Sn [8]
and Nb,Au [9]; by electron microscopy observation for
Mn,,Si,6 etc. [10]; by measuring changes in the magnetic
properties of CoGa [11] and CoAl {12]. In the two
latter materials, so-called triple-defect disorder instead
of the “normal” antisite disorder was observed. So
evidently atomic (chemical) disorder is generated by

ball milling. The next question is, however, whether
or not the energy increase due to ball milling is high
enough to drive the phase transformation. In a recent
review, Koch [5] suggested a number of additional
sources of energy increase, which may lead to amor-
phization: the formation of dislocations, the energy of
which is estimated as 1-2 kJ mol~! and the grain
boundary energy, which should be considered when the
crystallites are reduced to a nanometre size. Cahn [13]
also discussed the problem in a recent review paper.

Let us now discuss the problem on the basis of
concrete examples in the light of our calculations. Here
we have to bear in mind the approximate character of
the calculations: these calculations are only estimates
but, nevertheless, let us examine what can be learned
from these experimental results.

Let us first inspect the Ni-Sn diagram (Fig. 1(a)).
In this diagram the upper curve gives the enthalpy for
the solid solution, and the lower curve the enthalpy
for the amorphous state. The energy of a compound
such as Ni;Sn has an enthalpy below the lower curve.
Now let us introduce atomic disorder by ball milling.
Then, following the idea of Johnson [4], the enthalpy
of the intermetallic compound will increase until finally
it may exceed the enthalpy of the amorphous state and
then the material amorphizes. Amorphization of Ni;Sn
is really observed [14]. The second example is the Al5
structure Nb,Al compound. The diagram is given in
Fig. 1(b). For this system, the enthalpy of the solid
solution (completely disordered state) is below the
enthalpy of the amorphous state for all compositions.
Therefore a transformation to the solid solution of
aluminjum in niobium is expected by ball milling and
this is found [15]. On the basis of the same arguments,
Mn,,Si,6 should not amorphize (Fig. 1(c)), which is in
agreement with experiment [10]. The V-Ga diagram
is represented in Fig. 1(d). On the basis of this diagram,
V;Ga should transform to the solid solution and it
does [16]. For the latter compound the enthalpy dif-
ference between the amorphous state and the solid
solution is rather small. A difference of the same
magnitude is found for the Zr-Al system (Fig. 1(e)).
Electron irradiation is able to destroy the long-range
order completely in Zr;Al [17], but no amorphization
occurs. This is in complete agreement with Fig. 1(e),
where the enthalpy of the solid solution is (somewhat)
below the enthalpy of the amorphous material. Ball-
milling experiments [7] show a reduction in the long-
range order patameter as well, but in contrast the
material amorphizes after prolonged milling. Here it
could well be that other sources of enthalpy increase
as mentioned above supply additional energy high
enough to drive the transformation. Even more con-
vincing in this respect are the compounds Nis;Al and
Nb,Sn. From Fig. 1(f) and Fig. 1(g) we observe a
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Fig. 1. The formation enthalpy of both amorphous alloys and solid solutions vs. composition in the (a) Ni-Sn, (b) Nb-Al, (c) Mn-Si,
(d) V-Ga, (e) Zr-Al, (f) Ni-Al and (g) Nb-Sn systems. The curves of the solid solution are those which start at (0, 0) and end

at (100, 0).

difference in enthalpy between the completely disor-
dered state and the amorphous state of only about 1
kJ mol~!, where the amorphous state has a somewhat
higher energy. Both compounds are reported first to
disorder completely [5, 6]— as they should on the basis
of the diagrams—and then to amorphize. In fact, such
a behaviour is not surprising, because it is very probable
that such a small enthalpy difference between both
states can be overcome by the additional energy con-
tributions discussed above.

The above conclusions seem reasonable. Nevertheless
they should be considered with some caution. In the
first place there is the approximate character of the
present calculations. However, experimental circum-
stance may also play an important role in the outcome

of the investigations; the type of ball mill, the purity
of the atmosphere during the experiment and the ball-
milling periods may also be important factors and it
is imaginable that different investigators could obtain
different results, although the experiments cited above
seem rather decisive.
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