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Abstract: The formation mechanisms and growth kinetics of ALzNi and Al;Ni, in Ni—Al diffusion couple prepared by
electrodeposition of Ni on Al substrate were investigated. The nickel coating with 20 um thickness was applied on 6061 aluminum
alloy by direct current electroplating. The samples were then heat-treated for different durations at 450, 500 and 550 °C under argon
atmosphere. The intermetallic phases were identified by means of scanning electron microscopy (SEM), energy dispersive
spectrometry (EDS) and X-ray diffraction (XRD). The results showed that the formation of intermetallic phases consisted of two
important steps. The first step was the lateral growth of intermetallic phase from separate sites, resulting in the formation of a
continuous layer. The second step was the growth of the continuous intermetallic layer in the direction perpendicular to the interface.
However, excessive increase in thickness of intermetallic phases led to the detachment of reaction products, i.e., Al;Ni and Al3Ni,,
from the substrate. It was also observed that aluminum was the dominant diffusing element during Al;Ni growth, while nickel

diffusion was dominant during Al3Ni, growth. The growth kinetics of both Al;Ni and Al3Ni, phases obeyed a parabolic law.
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1 Introduction

Nickel aluminade compounds due to their low
density, good corrosion resistance and high electrical and
thermal conductivities are promising materials for
industrial applications as bulk or coating [1,2]. Hence,
the formation sequences and growth kinetics of nickel
aluminade phases including Al3Ni, Al;Nip, AINi, Al;Nis
and AINi; [3] have been extensively studied by using
diffusion couples [1,4—8]. Based on Gibbs free energy
(AG), AlN:i is the preferred phase while the initial phase
observed experimentally is AL3Ni [9]. Therefore, many
attempts have been performed to present a good rule
predicting the formation of the first phase [10].
PRETORIUS et al [11] used the effective heat of
formation concept for prediction of first phase formation.
In fact, the phase with the most negative effective heat of
formation is the first intermetallic phase which is formed
during interaction of metal-metal couple. The effective
heat of formation can be obtained by the multiplication

of a coefficient in heat of formation. This coefficient is
calculated by dividing the concentration of the limiting
element of the compound which has the lowest eutectic
temperature in the binary system to the concentration of
the limiting element in the compound to be formed.

It has been reported that some factors such as type
of diffusion couple (e.g., AI-Ni, AINi—Ni, Al;Ni—Ni),
thickness of reacted zones, temperature and time of heat
treatment can affect the formation of Al-Ni
intermetallics. For example, in the study of bulk
diffusion, where the thickness of reacted zones could
reach 100 um, four intermetallic phases including Al;Ni,
Al3Ni,, AINi and AINi; were observed after heat
treatment of Al-Ni couple at 600 °C for 340 h [12].
Nevertheless, thin film reactions studies indicated that
only AI3Ni phase with thickness of 100 nm was formed
by annealing of AI-Ni couple at 300 °C [9]. This
difference in the number of growing phases between bulk
and thin film reactions, resulting from reaction
temperature and thickness of reacted zones, led to
the development of lateral diffusion couple. Due to
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unlimited supply of atoms from Al—Ni lateral couple and
the other growing phase in the thin film, the thickness of
reacted zone could reach 10 pm and more than one
phase can grow. Therefore, lateral diffusion couple has a
combination characteristic of both thin film and bulk
diffusion couples [7]. LIU et al [13] observed that in
lateral diffusion couples, ALNi and AlNi, phases
simultaneously grew from 350 to 425 °C.

There are some inconsistencies in the data on
growth kinetics of intermetallic phases. According to
JUNG et al [4], the growth kinetic of AL3Ni phase does
not obey the parabolic law, whereas MICHAELSEN and
BARMAK [14] have reported that the growth of AI;Ni
phase shows a parabolic dependence on the annealing
time. Furthermore, the dominant diffusing element
during the formation of intermetallic phases is still not
entirely clear. Some researchers believe that nickel is the
dominant diffusing element during formation of Al;Ni
and ALNi, [15], while according to LIU et al [7],
diffusion of aluminum is dominant during the formation
of the same intermetallic phases. Therefore, a more
detailed examination of the formation mechanisms of
intermetallic phases can be interesting and the aim of this
work was to investigate the formation mechanisms and
growth kinetics of intermetallic phases in Ni—Al
diffusion couple prepared by electrodeposition of nickel
on 6061 Al alloy.

2 Experimental

The Ni coatings were electrodeposited from a
modified Watts bath using a direct current at the current
density of 2 A/dm’. The composition of the bath is
presented in Table 1. The pH and temperature of the bath
were fixed at 4 and 50 °C, respectively. During
electrodeposition, the bath was agitated by means of a
magnetic stirrer at 250 r/min. Plates of 6061 aluminum
alloy were used as the cathode. The chemical
composition of the alloy is given in Table 2. The plates
with the dimensions of 2 cm x 3 cm X 0.2 cm were
mechanically ground to 2000 grit SiC papers. The anode
was a nickel plate with 99.9% purity. Prior to
electroplating, the aluminum substrates were firstly

Table 1 Composition of electroplating bath (g/L)

Nickel sulfate Nickel chloride Boric acid Sodium dodecyl

(NiSO4-6H,0) (NiCl,'6H,0)  (H3BOs3)  sulphate (SDS)
300 45 45 0.25

Table 2 Composition of 6061 aluminum alloy used in this

research (mass fraction, %)

Si Fe Cu Mn Mg Cr Zn Ti Al

036 02 001 0.02 052 003 0.01 0.02 Bal

degreased in 50 g/ NaOH solution at 70 °C for 15 s.
They were rinsed with distilled water and dipped in 65%
nitric acid solution for 5 s. They were then cleaned
with distilled water and dipped in a zincate bath (30 g/L
Ni(SOy),, 40 g/L ZnSO,, 106 g/L NaOH, 10 g/L KCN,
40 g/ KHC4H4Og, 5 g/L CuSO4 and 2 g/L FeCly).
Finally, the specimens were placed in the electrolyte for
electrodeposition of Ni coatings. The coated samples
were then heat-treated at 450, 500 and 550 °C in a tube
furnace under argon protective atmosphere. The duration
of heat treating varied from 1 to 24 h depending on
diffusion temperature and then the specimens were
cooled in the furnace to room temperature.

After heat treatment, the specimens were sectioned,
ground and polished using 1 pm diamond paste. Then,
the cross sections of the samples were characterized
using a VegaTescan scanning electron microscope (SEM)
equipped with energy dispersive X-ray spectrometer
(EDS). Phase analysis was carried out by means of X-ray
diffraction (XRD) technique using a Philips Xpert
instrument at 40 kV and 30 mA with Cu K, radiation
(A=1.54056 A ) at a step size of 0.02 (°)/s in the range of
30°-80°.

3 Results and discussion

3.1 Microstructural evolution

Backscattered electrons images of the cross sections
of as-deposited and heat-treated specimens at 450 °C for
various times are presented in Fig. 1. The SEM image of
as-deposited nickel coating (Fig. 1(a)) shows that the
deposited layer is uniform with about 20 um thickness.
The heat treatment of the specimens leads to the
formation of one or two layers between Ni coating and
Al substrate. In fact, there is only one product layer
between the coating and the substrate after 120 min heat
treatment (Fig. 1(c)). By increasing the heat treating time,
two distinct reaction layers are formed (Figs. 1(e) and
()). The EDS results of these layers listed in Table 3
show that the layer adjacent to the Al substrate contains
approximately 25% Ni and 75% Al corresponding to
ALNi phase. The chemical composition of the zone
located between Al;Ni and residual nickel (Zone B in
Fig. 1(e)) is also close to Al;Ni, phase. XRD patterns of
the specimens heat-treated at 450 °C for different time
shown in Fig. 2 confirm the results obtained by EDS
analysis. According to XRD patterns, the specimen heat-
treated at 450 °C for 120 min includes residual Ni, AL;Ni
intermetallics (Fig. 2(a)) whereas after 240 min of heat
treatment or more, it is composed of residual Ni, Al3Ni
and Al;Ni, intermetallics (Fig. 2(b)). Similar results are
also reported for heat treatment of Ni—P coating on
Al-12%Si substrate [15]. The peaks corresponding to Al
substrate are also present in XRD patterns.
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Fig. 1 SEM images of cross-sectioned samples heat-treated at 450 °C for different time: (a) As-deposited; (b) 90 min; (¢) 120 min;

(d) 150 min; (e) 240 min; (f) 480 min

Table 3 EDS analyses results of cross section of heat-treated
specimens at 450 °C for different time

Time/min Region x(AD/% x(N1)/%
A - 100
120 B 74.6 254
C 98.7 -
A - 100
240 B 58.4 41.6
C 74.5 25.5
D 98.9 -

It should be noted that long time heat treatment of
the specimens decreases the adherence of the coating to
the substrate, and consequently, the reaction products are
detached from the substrate as seen in Fig. 1(f). It can be
due to the following reasons:

1) The heat treatment of Ni—Al diffusion couple can
lead to the formation of Kirkendall voids at the interface
between Al;Ni intermetallic and Al substrate. Indeed, the
formation of Kirkendall voids resulting from
coalescence of vacancies at the interface can cause the
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separation of product phases from Al substrate. The
Kirkendall voids were also observed by SEQUEIRA and
AMARAL [16] for Ni—Ti system.

x x— Ni
= — ALNi
. a— ALNi,
«— Al
*
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Fig. 2 XRD patterns of heat-treated specimens at 450 °C for
different time: (a) 120 min; (b) 240 min

2) The difference in the coefficient of thermal
expansion (CTE) of aluminum substrate and the
intermetallics [17] can lead to the detachment of
intermetallic layers from the Al substrate. In fact, the
critical condition to initiate cracking at the intermetallic
layer/Al substrate interface is given as [18]

6 2
31+v) a? Aa

(1

where x is the intermetallic thickness, AT is the
temperature change to initiate cracking and detachment
of layers, Aa is the difference in CTEs of aluminum
substrate and intermetallic, v is the Poisson ratio and a is
the length of crack formed during temperature decrease
at the interface. During a given heat treatment, some
parameters like v, AT and Aa are constants. Therefore,
with increasing the thickness of intermetallic layer, the
crack length is increased.

The heat treatment process was performed at
different temperatures (450, 500 and 550 °C) for various
time (15, 60 and 240 min) to investigate the effect of
heat treating temperature on thickness of intermetallic
layer. The results of these experiments are presented in
Fig. 3. As shown in this figure, the thickness of
intermetallic layers is almost the same. It can therefore
be concluded that 50 °C increase in temperature is
approximately equal to 240 min increase in heat
treatment time.

3.2 Formation mechanisms of Ni—Al intermetallics

To investigate the mechanisms of the formation of
Ni—Al intermetallics during heat treatment, at first, the
dominant diffusing element in the diffusion couple
should be determined. There are contrary reports about
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Fig. 3 SEM images of cross sections of heat-treated specimens:
(a) 450 °C for 240 min; (b) 500 °C for 60 min; (c¢) 550 °C for
15 min

the dominant diffusing species in Ni—Al couple.
COLGAN [19] reported that aluminum was the dominant
diffusing species during the formation of Al;Ni and
Al3Ni,, whereas VOJTECH et al [15] found that nickel
was the dominant diffusing species in Ni—P/Al couple.
To determinate the dominant diffusing species, the
couple of Ni—Al,O3/Al substrate was prepared by
electrodeposition of Ni—Al,O; composite coating on
6061 Al alloy from a modified Watts bath containing
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suspended Al,O; particles. Afterward, the coated samples
were heat-treated at 450 °C for 120 and 240 min,
respectively. Figure 4 shows the cross sections of as-
deposited and heat-treated specimens. As shown in
Fig. 4(a), the Ni—AlL,O; composite coating has a
thickness about 22 um. By annealing the sample at
450 °C for 2 h, the Al;Ni layer is formed between the
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Fig. 4 SEM images of Ni—Al,O; composite coatings:
(a) As-deposited; (b) Heat treated at 450 °C for 120 min;
(c) Heat-treated at 450 °C for 240 min

Ni—Al,O; coating and Al substrate. It is also observed
that the thickness of Ni—Al,O; layer decreases in
comparison with the as- deposited sample (Fig. 4(b)).
Since the AL;Ni intermetallic phase is observed around
the ceramic particles, it can be suggested that the
outward diffusion of Al is dominant during the formation
of this layer. This is in good agreement with the result
reported by CASTLEMAN and SEIGLE [5]. With
increasing the time of heat treatment up to 240 min at the
same temperature, both ALLNi and AI;Ni, phases are
formed while the thickness of residual Ni—Al,O; coating
remains approximately constant. Hence, it can be
proposed that the inward diffusion of Ni is dominant
during the formation of Al;Ni, layer. This finding is
consistent with the results reported by IP et al [20].

The successive steps occurring during heat
treatment of Ni—Al couple are also shown in Fig. 1. As
seen in Fig. 1(b), the formation of Al;Ni is initiated by
nucleation at separate sites. This is in line with the results
obtained by SWAIN et al [21] and QIU and WANG [22]
showing that Al;Ni forms by heterogeneous nucleation at
preferred sites during early stage phase transformation. It
is also observed that more Al;Ni nuclei are located in Al
substrate with respect to nickel coating because
the diffusion coefficient of Ni in Al at 450°C
(5.2x10 "% cm?s) is higher than that of Al in Ni
(3.7<10 '"® cm?/s) [23,24]. After the connection of
discrete sites to each other and the formation of a thin
continuous AL;Ni layer, its subsequent growth occurs in
the direction perpendicular to the interface towards
nickel coating (Fig. 1(c)). When the thickness of AI;Ni
layer reaches a critical value and the AI;Ni—Ni interface
is also saturated from nickel, Al;Ni intermetallic reacts
with nickel to form AI;Ni, phase (Fig. 1(d)). The
nucleation and lateral growth of this phase is the same as
those of ALNi (Fig. 1(e)). The diffusion of nickel
through Al;Ni, layer leads to the increase in the thickness
of Al3Ni, layer (Fig. 1(f)), whereas the thickness of AI;Ni
layer, due to its consumption for the formation of Al;Ni,
layer, remains approximately constant. It is noted that at
the interface of AI3Ni and Al substrate where Kirkendall
voids are coalesced into disk voids, the AL;Ni layer
becomes thinner, because the voids can decrease the rate
of Al supply to the AL;Ni/Al interface. Consequently, the
thickness of AL3Ni layer due to the reaction with nickel
diffused through AI;Ni, layer decreases gradually, while
the thickness of AI3Ni, layer increases until the
consumption of all Al;Ni.

3.3 Growth Kkinetic

According to Fig. 1, the thickness of intermetallic
layers increases by increasing the time of heat treatment.
Similar behavior is observed at all heat treatment
temperatures. In general, the thickness of intermetallic
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layers can be estimated by the parabolic rate law [25]:
x=kt" 2)

where x is the thickness of intermetallic layer, & is the
rate constant, ¢ is the heat treatment time and 7 is the
time exponent. In fact, +=¢—f,, where ¢, and ¢, are the total
heat treatment time and delay time (or the time required
for initiation of intermetallic phases), respectively. It is
empirically found that n takes the value of 0.5 when the
diffusion reaction is controlled by volume diffusion [4].
The variation of intermetallic layer thickness heat-treated
at 450, 500 and 550 °C as a function of heat treatment
time (¢*°) is presented in Fig. 5. As shown in this figure,
for the specimen heat-treated at 550 °C, the linear
relationship is observed between the thicknesses of
intermetallic layers and the square root of heat treatment
time. The linear increasing in the thickness of layers with
square root of heat treatment time indicates a volume
diffusion-controlled process for the growth of both
layers [26]. However, the lines related to the specimens
heat-treated at 450 and 500 °C do not pass from the
experimental values, because the growth of intermetallic
layers at these temperatures is controlled by both volume
and grain boundary diffusions. This observation is in
agreement with results reported by RASHIDI [27].
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Fig. 5 Growth curves of intermetallic layers in Ni—Al couple:
(a) A3Ni; (b) AI;Ni,

The activation energy, which is the energy required
for the solid state diffusion of Ni and/or Al in the
intermetallic layers, is usually determined by Arrhenius
equation [28]:

k =k, exp(%} 3)

where ky is the frequency factor, Q is the activation
energy, R is the gas constant and 7 is the temperature.
From the temperature dependence of the logarithmic
values of rate constants, the values of frequency factor
and activation energy for phase growth were determined
from the intercept and slope of the plot as shown in
Fig. 6. The activation energy (Q) obtained from this
work and the previous studies are listed in Table 4. As
seen in Table 4, in the present work, the activation
energies for the growth of AI;Ni and Al;Ni, phases are
56 and 62 kJ/mol, respectively. These values are lower
than those presented in other researches. Similar trend
has also been reported by TANG et al [30] for the growth
activation energy of CueSns during heat treatment of
Cu—Sn couple prepared by electrodeposition. The
reported activation energy is lower than the values
reported by other researchers. This difference is
attributed to the initial abnormally rapid growth of
Cu¢Sns in the annealed Cu/Sn couples. Furthermore,
other parameters such as preparation method of diffusion
couple can affect the activation energy of the growth of
intermetallic layers. In this research, the Ni—Al couple
was prepared by electrodeposition of Ni on Al substrate
whereas the other researchers used the diffusion couples
produced by hot dipping [12,26,29] or spot welding
procedure [5]. In the first technique, pure nickel sheet is
dipped in an aluminum melt while in the second
technique, aluminum is placed between two nickel disks
and melted by spot welding [5]. It seems that the
microstructure of diffusion couple can influence the
activation energy of the growth of intermetallic phases.
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Fig. 6 Temperature dependence of growth rate constant in

Ni—Al couples
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Table 4 Comparison of activation energy for growth of AL;Ni
and AlNi, phases in present work and other researches
(kJ/mol)

Data source AL;Ni Al;Ni,

Present work 56 62
Ref. [5] 113 129
Ref. [12] - 197
Ref. [26] - 165
Ref. [29] 119 98

The electroplated layers are fine grained, rich in defects
such as vacancies and non-fully dense microstructures
that could encourage the volume and short-circuit
diffusion of metal atoms and improve the interface
reactions [31]. Consequently, the activation energies for
the growth of AL3Ni and Al3Ni, phases are lower than the
values presented in other researches.

4 Conclusions

1) Heat treatment of Ni-coated Al alloy at suitable
time and temperature resulted in the formation of Al;Ni
and AI3Ni,.

2) Excessive increase in thickness of intermetallic
layers led to their detachment from the substrate.

3) The diffusion of aluminum was dominant during
formation of Al;Ni phase, while nickel was the dominant
diffusing element during Al;Ni, formation.

4) The growth kinetics of both intermetallic phases
obeyed the parabolic law.
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