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ABSTRACT

Interest on the AI-Ni equilibrium diagram along the latest years is associated with the attractive
properties of its intermetallic phases, such as high thermal stability, high corrosion resistance and high
strength to density ratio. The Transient Liquid Phase Bonding (TLPB) is a technological process which can
be applied to manufacture new pieces and to perform reparations. Morphology, composition profiles,
growth kinetic and hardness as a function of temperature and composition of the Intermetallic Layers
(ILs) were analyzed, especially focused on solid-solid interactions during isothermal annealing in
reactive diffusion couples Ni/Al (800-1170 °C). The study yields to the following association of the
Al-Ni Intermetallic Phases (IPs) to the ILs: L; (Al5Ni), L, (Al3Niy), L3 (Ni-poor AINi), L4 (Ni-rich AINi) and Ls
(AINi3). The composition ranges of L3 and L, are 36-46 and 53-58 at% Al, respectively. Martensitic
transformation was found in the half thickness of Ly (Lgy and Lgs) at 1170 °C. Kinetics show diffusion
controlled growth for L, and Ls and interface reaction control for L4 at 800-1170 °C, while L3 revealed a
mixed kinetic behavior: parabolic at 800-1000 °C and linear at 1170 °C. The growth rate constants
presented temperature dependence according to the Arrhenius model. Vickers microhardness values
decrease with annealing temperature and Ni concentration for ILs, and put in evidence different

mechanical properties of Ls, Ly and Lys.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Interest on the Al-Ni equilibrium diagram [1] along the latest
years is associated with the attractive properties of its Interme-
tallic Phases (IPs), such as high thermal stability, high corrosion
resistance and high strength to density ratio. They have a wide
range of engineering applications, from high temperature envir-
onmental corrosion resistant coatings to structural material for
turbine blades [2]. Processes involving Ni-base superalloys require
thorough thermodynamic and kinetic descriptions to make possi-
ble its prediction and design. Even though Al-Ni is often men-
tioned as a “well characterized” system, we still face challenges
related to comprehension of basic atomic mechanisms which
control phase transformations involved in technological applica-
tions, mostly far from the equilibrium [2].

The remarkable amount of basic information, available on
Al-Ni, turns it into a prototype system in several areas of
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investigation. Synergy between experimental data and computa-
tional modeling will certainly contribute to a better understanding
of this system. Ab initio as well as CALPHAD are essential modeling
techniques to understand kinetics and thermodynamic behavior.
The thermodynamic assessment of the AI-Ni system was per-
formed [3]. Recently, thermodynamic parameters were converted
to the four sublattice model [4], becoming more complex models
with the evolution of technology.

Reactive diffusion couple experiments are usually used to study
IPs growth. The phase growing sequence depends on the tem-
perature, reaction time, composition gradients, interfacial surface
energies, Gibbs free energies, and other phases [5]. Equilibrium IPs
have been reported, as well as the presence of IPs not predicted in
the equilibrium diagram [5-11]. Furthermore, special attention is
drawn to the central portion of the Al-Ni equilibrium diagram, i.e.
from 36 to 56 at%Al where AINi phase exists with B2 (CsCI type)
structure. One of the main features of this IP is the complex defect
structure which extends from stoichiometric composition. Hence
alloys on this side of the stoichiometric composition contain an
unusually large number of lattice vacancies. It was found a strong
influence of composition on formation enthalpies, thermal con-
ductivity, molar volume, lattice parameters, densities and diffusion
coefficient, leading to split phases in two regions of different
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compositions [12-16]. Another important characteristic observed
nearby the central portion of the AI-Ni system, enhancing the
technological interest, is the martensitic transformation in diffu-
sion couples experiences after quenching and the martensitic
structure L1g [9,17-19] with thermoelastic properties.

Most of the diffusion couples experiments reported for this
system consist in annealing Ni in contact with Ni-Al intermetallics
or two Al-Ni intermetallics by solid/solid interaction, then one or
two phases start to grow in between. Unfortunately, these cases
are sometimes far away from the technological process, where
various processes run simultaneously, influencing each other.
The Transient Liquid Phase Bonding (TLPB) is a technological
process which can be applied to manufacture new pieces and
to perform reparations [20]. The TLPB applied to this system, can
be understood partially as a reactive diffusion couple Ni/Al, where
IPs are formed isothermally in the interconnection zone (IZ) by
liquid/solid and solid/solid interactions, which may occur simul-
taneously or sequentially [8,21]. Therefore, the properties of this
intermetallic layers (ILs) formed in the IZ are responsible for the
bond reliability.

The aim of this work is to characterize in detail morphology,
composition profiles, growth kinetic parameters, and hardness of
ILs as a function of process temperature and composition for the
phases developed in the technological process TLPB for a wide
temperature range (800, 900, 1000 and 1170 °C). The complete
phase growing sequence, starting from Al richest phases to
Ni richest ones, and the influence of simultaneous/competitive
growing will be analyzed. The study will be focused especially in
the composition range of 40-60 at% Al, in order to evaluate the
technological implications (microstructure, kinetic, hardness, etc.)
of the NiAl splitting effect.

2. Methodology

Reactive diffusion couples were assembled with Ni substrates
and Al as filler material, both polycrystalline materials of high
purity (4 N). Rectangular sections of Ni sheets of 1 mm thickness
and mirror like surface finishing were obtained by using a high
precision diamond saw (Struers) and diamond paste down to
15 um. Al foils ranging from 200 to 500 pm thick were located
between Ni sheets using a fastening system. Quartz slips were
used as inert markers between Al and Ni, to indicate the original
interface and to ensure constant thickness in the IZ. The assembly
was placed in a quartz tube under an Ar controlled atmosphere to
avoid oxidation reactions. Several isothermal annealing were
carried out at selected temperatures: 800, 900, 1000 and 1170 °C,
varying the annealing time in the subsequent stages. Cold water
was used to stop each annealing stage to obtain a high cooling
rate. Cross-sections of the reactive diffusion couples were pre-
pared by using 0.25 pm diamond paste as the last polishing step.
Chemical etching solution 20% HCI, 20% H,0 and 60% HNOs was
used to reveal the microstructure of the IZ.

Morphologic analyses as well as kinetic measurements were
performed using an optical microscope (Nikon 80i) with polarized
light linked to digital image analyzer software (NIS Elements).
Thickness of the ILs was determined as average value of at least
five measurements for each layer and annealing time. Microhard-
ness determinations for each IL in the IZ were performed using a
Vickers microhardness tester (Wolpert) from an average of at least
five indentations. Different loads were used to avoid distortion
effects produced by deformations close to interfaces or other
indentations. Concentration profiles of the ILs were analyzed using
electron microscopy techniques SEM-EDS (Philips) and SEM-WDS
(Cameca).

3. Results and discussion
3.1. Intermetallic layers identification

A layered morphology for the IZ was obtained after reactive
diffusion couple experiment (or TLPB process) at all annealing
temperatures (800, 900, 1000, 1170 °C) and times. A typical multi-
layer sequence is shown in Fig. 1 on a chemical etched IZ cross
section obtained after 1:45h under 800 °C. According to the
appearance sequence, the ILs were named from L; to Ls. The first
IL formed is L;, which cannot be seen in the micrograph (due to
scale reasons). Both L; and L, were previously characterized [21].
L, reveals faceted morphology (liquid-solid interaction) whereas
L, grows as homogeneous layer with smooth interfaces (solid-
solid interaction). Previous WDS chemical analyses on L; and L,
revealed that these ILs, in agreement with the phase diagram [1],
correspond to the equilibrium IPs: AlsNi and AlsNi,, respectively.
The next layers, L3 to Ls, developed with smooth interfaces (solid—
solid interaction), which are stable over a wide range of tem-
peratures (800-1170 °C). At temperature range 900-1000 °C the
first IL which forms between the Ni and Al is L,, with a lobular
morphology at L,/Al (liquid-solid interaction) and a smooth
morphology at interface L3/L, (solid-solid interaction). Finally, L3
developed in contact with molten Al at 1170 °C as the first IL.

At 800 °C the AI-Ni equilibrium phase diagram predicts the
existence of Al3Ni, AlsNi,, AINi and AlNis, i.e. 4 equilibrium IPs.
However 5 ILs can be clearly distinguished in the IZ cross section
of Fig. 1 at the same temperature. This experimental fact may
indicate a contradiction with the equilibrium phase diagram,
suggesting the presence of an additional IL. However, this fact
could be probably explained due to the well known AINi phase
splitting because of its excess of defect structural phenomena [13].
The thickness of L3 corresponds to a single grain which grows as a
column with grain boundaries perpendicular to the original bond
interface, as can be seen in Fig. 2 for a chemical etched IZ cross
section obtained after 10 min under 1170 °C. Some amount of L,
can also be seen in Fig. 2, even Al3Ni, should not form at 1170 °C
according to the phase diagram. However it precipitates during
cooling because the molten Al was supersaturated in Ni at 1170 °C.
The different grain orientations in both L3 and L, are exposed.
The grain boundaries of Ly continue their trajectory along Ls/L4
interface setting the grain limits on the growing L. Smooth solid-
solid interfaces L3/L; and L4/Ls are also evident in the optical
micrograph. Here is also evident a distinctive yellow intensity
inside L, parallel to the original interfaces. By longer annealing

.. 800°C  1h 45min
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Fig. 1. Optical micrograph of an IZ obtained after 1:45 h under 800 °C showing four
ILs (L,-Ls).



110 A. Urrutia et al. / CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 44 (2014) 108-113

147/0°C

10 min

Fig. 2. Optical micrograph of a chemical etched IZ annealed at 1170 °C during
10 min indicating grain orientations and interfaces for both L; and L,.

1170°C 80min

Fig. 3. Optical micrograph of an IZ obtained after 80 min of annealing at 1170 °C, L,
shows two types of morphologies, smooth Lys and martensitic L.

times (80 min, 1170 °C), became more evident when two different
morphologies, i.e. smooth (Lss) and striped (Ly4y) appear in the 1Z
(Fig. 3). The L4y microstructure may correspond to the typical
martensitic morphology, which was reported previously for this
system [9,17-19]. It is worth noting that the martensitic micro-
structure strictly appears close to the Ls and only covers half of the
total thickness of L4, which is very attractive for technological
applications due to the typical martensitic thermoelastic nature.
Further structural characterization as a function of annealing
temperature and cooling rate is required to be conclusive about
this transformation (Lss—Lap).

Chemical composition profiles were performed on several sam-
ples to characterize each IL at different annealing temperatures.
The chemical profile and the SEM-BSE micrograph indicating the
scanning zone for an IZ after 20 min of annealing at 1170 °C is
presented in Fig. 4. Starting the line scan from Ni side, it can be seen
that the average composition for Ls, Ly, Lys and Ly was 30, 37, 42 and
54 at%Al, respectively. It is important to notice that L;s shows a
composition gradient instead of a constant composition step ten-
dency like the other ILs. All experimental values are overlapped on
the Al-Ni phase diagram in Fig. 5. Dashed lines denote the annealing
temperatures used in this work, black circles represent the WDS
results and rhombs the EDS results. It is noteworthy that L; is
associated to the Ni-poor AINi phase, whereas L, is related to the
Ni-rich AINi phase [9,13]. However, there is evidence of the existence
of the phase Al4Nis (spatial group Ia3d) within the Ni-poor NiAl
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Fig. 4. Chemical composition profile by SEM-WDS for an IZ obtained after 10 min
under 1170 °C.
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Fig. 5. Equilibrium phase diagram Al-Ni [1] indicating the experimental chemical
composition values for each IL at different annealing temperatures.

region, which was identified at 530 °C by powder diffraction [7]. The
crystallographic structure corresponds to GasNiz prototype [22],
which can be converted to B, type (AINi structure) by adding Ni
atoms in the sites (16b) of the spatial group la3d. Further structural
determinations on Lz will confirm these associations.

3.2. Intermetallic layers growth kinetics

In order to model the growth of a homogeneous IL, the
following general exponential law can be used [23]:

Ax = kt" (1)

Its equivalent logarithmic form is more adequate for experimental
data fitting, since by using linear regression it is possible to obtain
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n and k parameters:
log (Ax) =n log (t)+log (k) )

where Ax= layer thickness; t= annealing time; k= growth rate
constant; n= exponential factor.

The exponential factor n is associated with the controlling
mechanism of the IL growing process. Values tending to 0.5 are
indicative of diffusion control, whereas values tending to 1 reveal
interface reaction control.

The measured thicknesses of each IL after each annealing stage
were fitted using Eq. (2) for all temperatures. In this way n
parameters were obtained and after their evaluation, i.e. compared
with 0.5 or 1, the experimental data were forced to fit Eq. (1) using
n=0.5 or 1 in order to obtain a growth rate constant k for diffusion
or reaction control, respectively. It is important to notice that the
IL can present different behaviors, i.e. sequential growth, simulta-
neous growth and IL decreasing through decomposition. The last
fact was observed for the whole temperature range, where the
Ni-poorest IL starts to be consumed at expense of the other ILs
when the Al source of the reactive diffusion couples disappears. It
can be seen in Fig. 6 for a reactive diffusion couple, how Lz grows

Ni-rich) behave as they were different IPs. The temperature
influence on the growth rate constant follows the Arrhenius
phenomenological model as the good fitting in Fig. 7 shows. The
k value for Lz at 1170 °C was not considered for the fitting because
of the already mentioned growth mechanism change.

3.3. Microhardness

The average Vickers microhardness values are summarized in
Table 2 as a function of annealing temperature and ILs. On one
side, the temperature increase has a softening effect on the
hardness values for each IL. On the other side, the Ni content
increase also produces softening at all annealing temperatures. It
was found that the annealing time has a negligible influence on
the hardness values. These findings are depicted in Fig. 8 for all the
ILs present in an IZ annealed at 1170 °C. These values put in
evidence the different mechanical properties of L3, Lsyy and Lys.
The presence of two microstructures L, is reflected as different
indentation areas shown in Fig. 9, where L4y, is around 14% softer

till a certain annealing time and then starts to decrease at expense TIK]
of t.he Nl—rlchest ILs. The growth of Lyg aqd IT4M can be also 1200 1100 1000 900 800
distinguished from the global L, growth. Qualitatively, the growth 15—t
rates for Lys and Lyy; are very similar but lower than the one for L. . . Ls
The growth rate constants for the ILs at all temperatures and their 20F - e s B
fitted Arrhenius parameters are gathered in Table 1. There are = L BT o SO L f'
different mechanisms controlling the IL growth. A parabolic - 265" e S A i
behavior was observed for L, and Ls from 800 to 1170 °C, whereas = N
L4 shows a linear thickness increase with annealing time from 800 — 30 F
to 1170 °C. A particular behavior was observed for L; since it L
changes from linear growth to parabolic ones at 1170 °C, i.e. when 35 L & 2 £ —|
L3 changes its growth from solid-solid interaction to liquid-solid
ones. The kinetics show how Lz (NiAl Ni-poor) and L, (NiAl 40 S T S S R S ;
6.8 74 8.0 8.6 9.2x10+4
1T [K1]
200 N 1170°C Fig. 7. Temperature dependence of the growth rate constants fitted by the
L~ Arrhenius model for all ILs. Filled square for L; indicates growth mechanism
/ \-3
[.]' ([ l\ change from linear dependence to parabolic one.
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s 100 + i \ - = Average Vickers microhardness values for the ILs at 800, 900, 1000 and 1170 °C.
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Fig. 6. Layer thickness vs. annealing time at 1170 °C for all ILs present in the IZ.
Table 1
Average growth rate constants for the ILs at 800, 900, 1000 and 1170 °C and Arrhenius parameters.
Growth rate constants, k Arrhenius parameters
Layers 800 °C 900 °C 1000 °C 1170 °C E, [KJ/mol] ko
L, 5.8 x 10~ 2 m?/s 1.2x 10" " m?[s 1.8 x 10~ "' m?/s 64.7 8.5x 1079 m?/s
L3 6.6 x 10719 m/s 2.8x107% m/s 13 x 107 % m/s 1.7 x 10" m?/s? 167.3 8.7x 1072 m/s
Ly 13 %107 m/s 2.5x107"%m/s 81x10"""my/s 1.0x 10~ % m/s 154.7 2.8x10" % m/s
Ls 1.0 x 10~ > m?[s 14 x 10~ m?[s 1.6 x 10~ > m?[s 1.9 x 10~ m?[s 20.9 11x 107" m?/s

@ L3 shows diffusion controlled growth mechanism at 1170 °C.
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Fig. 8. Vickers microhardness profiles vs. annealing time for ILs and Ni substrate
at 1170 °C.
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Fig. 9. Microhardness Vickers indentations using different loads on an etched
IZ obtained after 120 min under 1170 °C, indicating hardness difference for
Lss and Lam.

than the L4s. There is a lack in literature of detailed hardness
information for all the IPs of the AlI-Ni system in order to make
comparison. However, the results for L, are in good agreement
with other work [24].

It is noteworthy that the general mechanical behavior of the
multilayer IZ was quite stable considering the large number of
rapid heating-cooling cycles suffered during the kinetic study,
since no interface defects, cracks or fractures were found in the IZ.
This fact indicates that the residual stresses, which normally
appear at interfaces in multilayer growing systems, are not strong
enough to produce failure, e.g. layer delamination, which is quite
valuable for any technological application.

4. Conclusions

A detailed description of the phase transformations occurring in a
reactive diffusion couple Ni/Al experiment along a wide temperature
range (800-1170°C) was presented. The experimental findings
obtained in this work show evidence of the formation of maximal
five ILs in Al/Ni reactive diffusion couples depending on the anneal-
ing temperature (800-1170 °C). The IL identification study yields to
associate equilibrium Al-Ni IPs with the ILs as follow: L; (AlsNi),
L, (AlsNiy), L3 (Ni-poor AlNi), Ly (Ni-rich AINi) and Ls (AlNiz). The
composition ranges of L3 and L, are 36-46 and 53-58 at%Al,
respectively. Two substantially different morphologies were observed
for Ly at 1170 °C, namely Lys and Lyy, the latter suggests martensitic

transformation. Kinetics show diffusion controlled growth for L, and
Ls and interface reaction for L, in the annealing temperature range
800-1170 °C, while L3 revealed a mixed kinetic behavior: parabolic
at 800-1000 °C and linear at 1170 °C. The growth rate constants
presented temperature dependence according to the Arrhenius
model. Vickers microhardness values decrease with annealing tem-
perature and with Ni concentration for ILs. All microstructure, kinetic
and microhardness results show a quite distinctive behavior for L3
and Ly, which are important for theoretical and technological issues.
Structural investigation by means of diffraction techniques (synchro-
tron or neutron) and especially local characterization, such as TEM or
EBSD, are required in order to be conclusive on phase stability for Ls,
L4 and Lym.
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