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The effective heat of formation (AH') of any compound can be calculated as a function of the concentration of its components.
By using this concept in conjunction with the lowest eutectic of the Al1-Ni system, first phase formation and phase sequence has
been successfully predicted for Al/Ni, Al/Nis;Al, Ni/NiAl,;, NiAl;/Ni;Al and Al/NiAl/Ni structures.

1. Introduction

There has been considerable interest in the for-
mation of thin-film intermetallic aluminide com-
pounds as aluminium is frequently used in metalli-
zations for integrated circuits. An excellent summary
of research carried out on thin-film aluminides is
given in the thesis by Colgan [1]. The Al-Ni system
in particular has enjoyed considerable interest [2-8].
These investigations show that in thin-film bilayers
of nickel and aluminium, NiAl; is the first com-
pound phase to form at temperatures around 250-
275°C, while marker experiments identify Al as the
dominant diffusing species [7]. In the case of excess
nickel (thin Al on thick Ni) Ni,Al; is the next phase
to form after all the Al has been consumed, followed
by phases increasingly rich in Ni namely NiAl and
Ni3Al [6]. All four of the intermetallic phases given
in the phase diagram thus grow sequentially, unlike
silicide formation where the non-congruent phases
are skipped [9-11]. Colgan et al. [5] tried to pre-
dict initial phase formation and phase sequence in
Al/Ni, Al/NiAl/Ni, Al/Ni;Al, NiAl;/Ni;Al and Ni/
NiAl; thin-film structures, by using thermodynamic
considerations (common tangent rule). These ef-
fects were unsuccessful for all the structures and it
was concluded that the thermodynamic forces seem
unrelated to phase sequence [5].

Recently, the concept of an effective heat of for-
mation (AH') was formulated and used in conjunc-
tion with the lowest eutectic of the binary system to
successfully predict silicide phase sequence in metal—
silicon systems [12,13]. The effective heat of for-
mation rule was also used to explain how the pres-
ence of impurities such as oxygen or small amounts
of Au can alter phase formation sequence during
nickel and cobalt silicide formation respectively [13].
In the present work the effective heat of formation
rule is formulated for the first time for metal-metal
interaction and used for prediction of phase for-
mation sequence in Al-Ni systems.

2. Effective heat of formation concept

The change in enthalpy (or heat of formation) AH°
is a good measure of the change in free energy AG°
because the change in entropy AS° is usually very
small during solid-state interaction. It should thus
therefore be feasible to use heats of formation to pre-
dict phase formation in those cases where activation
or nucleation barriers do not exist as the system
would always want to go to its lowest possible free
energy state. From the heats of formation for the dif-
ferent aluminide phases (see table 1) which can form
in the Al/Ni binary system, it can be seen that Ni,Al;
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Table 1
Standard heats of formation for nickel-aluminide compounds
[14]

Phase AH® AH®
(kJ/g mol) (kJ/gat)
NiAl —152 _38
Ni,Al; —285 —-57
NiAl —118 -59
NisAl —164 —41

has the most negative heat of formation namely
—285 kJ/g mol. Yet, Ni,Al; is not the first phase to
form during Ni-Al solid-state interaction [2-8]. It
is clear that the reason why Ni,Al; has the most neg-
ative heat of formation when expressed as kJ /g mol,
is because it has the most atoms and therefore the
most bonds per empirical formula. This artifact can
be accounted for by expressing heats of formation in
terms of kJ/g at (the heat of formation in kJ/g mol
divided by the number of atoms in the compound),
which is the heat released when the total number of
Ni and Al atoms involved in forming the compound
is equal to Avogadro’s number. The compound NiAl
now has the most negative heat of formation (see
table 1) and its formation would be expected to lead
to the lowest free energy state for the system. This
does however still not agree with experimental ob-
servations and it is clear that other factors have to
be considered.

During solid-state interaction in thin-film struc-
tures phase formation at an interface is a non-equi-
librium process. In the case of silicide formation for
instance, it is always found that only one compound
phase forms at a particular interface [9], which is
unlike equilibrium systems where simultaneous for-
mation of a mixture of phases can lead to the lowest
free energy state. In the effective heat of formation
concept single phase formation and the concentra-
tions of the reacting species are taken into account
when considering the free energy change of the sys-
tem during interaction [12,13]. Let us consider for
example the interaction between Ni and Al to form
the phase NiyAl; (Nig4oAlggo). If (for illustration
purposes only) a situation exists where the effective
concentration of Ni at the growth interface is 70 at.%
and Al is 30 at.% (Nig70Alg30), it is clear that Al is
the limiting element. All the Al atoms will react dur-
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ing the formation of Ni,Als, while the excess Ni at-
oms will not. If we consider a total number of Ni and
Al atoms equal to Avogadro’s number N,, the total
amount of heat released by the system will be 28.5
kJ (57 kJx0.30/0.60). All the Al atoms are used up
to form Ni,Al; while (0.70—0.40%0.30/0.60)N,
atoms of Ni will be in “excess”. It should however
be pointed out that phase formation at a growth in-
terface is a dynamic non-equilibrium process and the
“excess’” atoms can be looked upon as being avail-
able for formation of the next increment of com-
pound at the moving interface. It can thus be seen
that the heat released is dictated by the available
concentration of the limiting element and the con-
centration of the limiting element in the compound
to be formed. An effective heat of formation AH’ can
therefore be defined as:

AH' =AH°

effective concentration limiting element
compound concentration limiting element ’

(1)

where AH? is the heat of formation in kJ per g at. By
using this equation the effective heat of formation
(AH") of all the known nickel-aluminide phases can
be calculated as a function of concentration of the
reacting species. The effective heats of formation for
the nickel-aluminium compounds calculated at two
different concentrations are given in table 2. It can
be seen that for an effective concentration of 70 atom
% Ni and 30 atom % Al at a given growth interface
the formation of Ni;Al has the most negative effec-
tive heat of formation namely —38.3 kJ/g at. For-
mation of this phase is thus expected to take place
under these conditions, since by doing so, the system
will be in its lowest free energy state. If a situation
however exists at the growth interface where there is
a much higher concentration of aluminium atoms
(96.5 atom %) we see now from table 2 that the for-
mation of the NiAl; phase will lead to the greatest
free energy change as it has the most negative AH’
namely —5.3 kJ/g at. Such calculations can be rep-
resented graphically and the effective heat of for-
mation diagram for the Ni-Al system, together with
its phase diagram is given in fig. 1. For each phase
the most negative AH’' and thus the release of the
most energy from the system occurs when the Ni and
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Table 2
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The effective heats of formation (AH") of nickel-aluminide compounds, calculated at two different available (effective) concentrations
of the reacting elements. The second set of AH' values are calculated at the composition of the lowest melting eutectic of the Ni-Al binary

system (3.5 atom % Ni, 96.5 atom % Al)

Phase Compound Available concentration
concentration
Nig.700Al0.300 Nig.035Al0.965
limiting AH' limiting AH'
element (kJ/gat) element (kJ/gat)
NiAls (Nig2sAlg.75) Al —15.2 Ni -53
Ni,Aly (Nig.40Alo.60) Al —28.5 Ni -4.9
NiAl (Nig.s0Alo.s0) Al -35.4 Ni —4.1
Ni;Al (Nig.75Alp25) Ni —38.3 Ni —-1.9

Al concentrations match that of the composition of
a particular compound. Then the ratio of the effec-
tive concentration and compound concentration is
unity (see eq. (1)) and AH' is thus equal to AH°.
Effective heats of formation diagrams can thus be
readily constructed by plotting the heats of forma-
tion AH® (expressed in kJ/g at) of each compound
in the binary system at its compositional concentra-
tion and completing the triangulation by connecting
to the end points of the concentration axis.

3. First phase formation

The question now arises, what will the effective
concentrations be of Ni and Al atoms at the reacting
interface of a Ni-Al couple during heating? It is im-
portant first of all to emphasize that unlike the case
for equilibrium phase diagrams, thin-film solid-state
interaction is a non-equilibrium process and the ef-
fective concentrations at the growth interface are in-
dependent of the relative thicknesses of the inter-
acting components. Many factors could influence the
actual number of Ni and Al atoms which are avail-
able to interact. This is why the term effective con-
centration is used in the effective heat of formation
concept. Brown and Ashby [15] have however shown
that the activation energy for solid-state diffusion is
directly proportional to the melting point of the solid,
while it is well known that solid phase sintering in
metallic alloys occurs at the Tamman temperature
[16]. The greatest mobility of the atoms and there-
fore the most effective mixing at the interface upon
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heating, is thus expected to take place at the com-
position of the lowest eutectic of the Ni-Al phase
diagram. We therefore choose the effective concen-
trations of the interacting atoms to be that of the
lowest eutectic, which is also the composition used
in the Walser-Bené phase formation rule [10]. This
composition is indicated by the arrow in the effec-
tive heat of formation diagram for the Ni-Al system
(fig. 1, top). In the last column of table 2 the effec-
tive heats of formation (AH') values of all four of
the compound phases have been calculated at the
lowest eutectic concentration (3.5 atom % Ni, 96.5
atom % Al). The value of —5.3 kJ/g at for NiAl; is
the most negative and it is thus expected to be the
first to form, which is in agreement with experimen-
tal observations [2-8]. A rule for the first phase for-
mation can thus be formulated, which states: The first
compound phase to form during metal-metal inter-
action is the phase with the most negative effective heat
of formation (AH') at the concentration of the lowest
temperature eutectic of the binary system.

4. Phase sequence

For the case of a thin Al film on thick Ni (Al<Ni)
a stage will be reached during interaction where all
the aluminium will be consumed during first phase
NiAl; formation. At this point the effective concen-
tration of Al at the growth interface is expected to
decrease and the relative concentrations move to the
right of the effective heat of formation diagram
reaching a value of about 73 atom % Al and 27 atom
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Fig. 1. The effective heat of formation (AH') diagram for com-
pound phase formation (top) and the phase diagram (bottom)
for the Ni-Al system. Each triangle of the effective heat of for-
mation diagram represents the energy released during formation
of a particular nickel-aluminide compound phase, as a function
of concentration. The most negative effective heat of formation
(AH') occurs when the Ni and Al concentrations match that of
the composition of a particular compound as the ratio of the ef-
fective concentration and compound concentration is unity and
AH’ is thus equal to AH® (seeeq. (1)).

% Ni (see fig. 1) where Ni,Al; formation should lead
to the most negative effective heat of formation. After
transformation of NiAl; to Ni,Al; the effective con-
centration of the atoms at the Ni/Ni,Al; interface
moves further to the right (nickel-rich direction)
until NiAl formation becomes the most likely phase
to form. After complete transformation to NiAl, the
effective concentration again moves to the Ni-rich
direction and Ni;Al starts to form at the Ni/NiAl
interface. After all the NiAl has been transformed to
Ni;Al no further reaction with Ni takes place as no
other phases exist which are more nickel rich. An ef-
fective heat of formation rule for phase sequence can

MATERIALS LETTERS

August 1990

thus be formulated: After first-phase formation in
metal-metal binary systems, the next phase to form
at the interface between the compound phase and re-
maining element is the next phase richer in the un-
reacted element, which has the most negative effective
heat of formation. It has to be pointed out that unlike
metal-silicon systems this rule includes all phases,
because the non-congruent phases are apparently not
skipped in metal-metal systems.

The effective heat of formation rule therefore pre-
dicts that for thin Al films on thick Ni (Al<Ni), the
first phase which forms is NiAl,, followed by Ni,Als,
NiAl and Ni;Al This is in complete agreement with
experiment [6]. For thin films and thick Al (Ni<Al)
NiAl; will again be the first phase to form. When all
the Ni is consumed the effective concentration of Al
will tend to move to values greater than the com-
position of NiAl; but as no further phases richer in
Al exist no interaction is expected to take place and
NiAls is the first and only phase to form.

5. Decomposition

Apart from Ni-Al couples, Colgan et al. also mea-
sured phase formation and decomposition in Al/
Ni;Al, Ni/NiAl;, NiAl;/NisAl and Al/NiAl/Ni
structures [5], the results of which can be used to
test the effective heat of formation rule and see
whether it also holds for these cases. During heating
of the Al/Ni;Al structure, mixing at the interface is
again expected to take place at the concentration of
the lowest eutectic for the Ni-Al binary system (see
fig. 1). At this effective concentration NiAl; is again
expected to be the first phase to form as was the case
for the Ni/Al system. For Ni/NiAl; we have the same
situation as for thin Al on thick Ni, after all the al-
uminium has been consumed during first phase NiAl,;
formation. According to the effective heat of for-
mation rule the phase formed will be the next phase
richer in the unreacted element (Ni), which has the
most negative effective heat of formation. From fig.
1 we see that Ni,Al; is expected to form at the Ni/
NiAl; interface. For the NiAl;/NisAl structure the
effective concentration at the interface is according
to our rule controlled by the lowest eutectic on the
Al side of the phase diagram. No free Al is available
so the next phase more nickel rich than NiAl; will
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form, which is Ni,Al;. When an Al/NiAl/Ni struc-
ture is heated, the lowest eutectic of the Al/Ni sys-
tem being at 96.5 atom % Al will again lead to mix-
ing at this concentration at the Al/NiAl interface
leading to NiAl; formation. At the NiAl/Ni interface
the only phase which can form is Ni;Al, however, its
reaction rate is expected to be much slower, as the
interface composition is further away from the low-
est eutectic and less mobility of the atoms can thus
be expected. In summary, whatever the configura-
tion of a specific sample, mixing at the interface(s)
will always be controlled by the lowest temperature
eutectic of the Ni-Al binary system and the effective
concentrations of Ni and Al will be expected to be
that of the eutectic composition. This is expected to
be so even if the eutectic composition does not lie
between the compositions of the interacting phases.
Phases will always react with each other to form the
most Al-rich phase with a composition lying between
that of the interacting phases. Reaction to form a
phase outside this composition range can only lead
to an increase in free energy, as it leads to less bond
formation.

In table 3 the results are summarized and com-
pared with the experimental measurements of Col-
gan et al. [5]. It can be seen that in every case the
effective heat of formation rule (AH') correctly pre-
dicts the initial phase formation. This is in contrast
to the efforts by Colgan et al., who also used ther-
modynamics to predict phase formation and decom-
position in these structures [S], but in none of the
cases (see second column of table 3) is their pre-
diction successful.

Table 3
Predicted and observed first phase compound formation for var-
ious structures in the Ni-Al binary system *

MATERIALS LETTERS

Sample Predicted Experimentally
observed
Colgan AH'

Ni/Al NiAl NiAl; NiAl,
Al/Ni;Al NiAl NiAl, NiAl;
Ni/NiAls NizAl Ni,Al; Ni,Al;
NiAl;/Ni;Al NiAl Ni,Aly NiAl;
Al/NiAl/Ni Ni,Al NiAl, NiAl;

) Phases predicted by Colgan et al. [5] compared to those pre-

dicted by the effective heat of formation (AH') rule. The ex-

perimentally observed phases are also from ref. [5].
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6. Summary and conclusions

By using the concept of an effective heat of for-
mation (AH'), the thermodynamics of solid-state
interaction can be linked to the concentrations of the
interacting species. This concept in conjunction with
the lowest eutectic of the interacting binary system,
which seems to be the major factor controlling the
concentration of the interacting species, has previ-
ously been successfully used to predict phase for-
mation sequence in metal-silicon systems [12,13].
In this work we have shown for the first time that the
effective heat of formation concept can also be used
to formulate rules for predicting initial phase for-
mation and phase formation sequence in metal-metal
binary systems, such as the Ni-Al system. Phase for-
mation sequence in Ni/Al, Al/Ni;Al, Ni/NiAl,,
NiAl;/NisAl and Al/NiAl/Ni structures has been
successfully predicted. In conclusion it should be
pointed out that although the lowest eutectic seems
to be the most important factor controlling the con-
centrations of the reacting species, other factors such
as diffusing species, atomic mobility through the
growing phase, impurities, etc., could also play a role,
especially in those cases where the lowest eutectic is
not very pronounced. The effective heat of forma-
tion concept therefore provides a link between ther-
modynamics and kinetics.
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