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Abstract

The synthesis of AINi from thermally activated equimolar powder mixtures of aluminium and nickel was monitored in situ and
acquired diffraction patterns every 2 s or less. The analysis of diffraction patterns (1= 1.3112 A} permitted establishment of its kinetics,
which could be modeled according to an equation expressed as & = [2/(1 — 2)]**. From 1530 to = 600 °C an activation energy of
9+ 2kImol ™" was estimated. Also, the crystallite size evolution on cooling was established to vary from = 14nm at 1530 °C to
= 28 nm at 180 °C. Finally, the reaction was found to cccur through the melting of aluminium and the subsequent dissolving of nickel

to form the polycrystalline single-phase product, AINi.

Kevwerds: Nickel aluminides; Neutron diffraction: Nucleation and growth; Themmodiffraction

1. Introduction

Nickel aluminides appear to have very good properties
that make them eligible for the development of new materi-
als. They have excellent oxidation resistance, thermal stabil-
ity and strength at high temperature. The most promising
phase is AINL; it has a melting point of 1638 °C, relatively
low density (5910 kg m_3], excellent corrosion resistance
and good thermal conductivity (75 W m~'K~!). These prop-
erties make it useful for a wide range of engineering applica-
tions that involve coating of materials such as surface
catalysts, semiconductors or other materials to make them
corrosion-resistant. They are also widely employed for struc-
tural applications such as turbine blades and vanes in the
automotive or aeronautical industry, where lightweight
components are in high demand [1,2]

Concerning their production, the main routes used for
other intermetallics, such as casting, rapid solidification,
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mechanical alloying and powder processing, are also appli-
cable to nickel aluminides. However, there is an interesting
route that has been recently explored with very good results:
Self-propagating High-temperature Synthesis (SHS). The
recycling of the energy released from highly exothermic reac-
tions provides the advantage of sustaining a process as a
combustion or reaction wave. The main characteristics of
this process are its low processing cost and the energy- and
time efficiency savings, and these have made SHS a very
attractive route for the production of a very wide range of
materials. Examples of industrial compounds produced by
this method are: refractories (carbides, nitrides, silicides,
borides), complex oxides, hydrides, chalcogenides andinter-
metallics [3-11]

Usually, the reaction is initiated by a triggering heat
source, which is in contact with the reactive powder mixture.
The energy released from the exothermic reaction makes self-
propagation possible through the whole sample [10]. When
the process is not very favoured, there are several ways to
activate the process, like mechanical alloying SHS, which
is based in the activation of the reactant mixture through
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energetic milling [10,12,13], or chemical activation SHS,
based on the use of a secondary reaction to supply the neces-
sary energy for the self-sustaining process [10,14].

Regarding the production of nickel aluminides, SHS has
received considerable attention because the reactions are
highly exothermic and very favoured, it thus being possible
to produce them with relative ease. At this point, it is neces-
sary to point out the differences between SHS and thermal
explosion routes. In SHS mode, the reaction starts with the
help of a small burst of energy and propagates as a wave
front from one initial point to the rest of the reactive mixture.
The temperature gradients created as the wave advances are
very steep, the cooling is faster than in thermal explosion
mode, the diffusion processes are slower and the system is
very far from equilibrium. Consequently, the product con-
tains a number of intermediates, and the crystallites are smal-
ler. In contrast, in the case of a thermal explosion synthesis,
the whole reactive mixture is heated and the reaction takes
eventually place as a sudden mild explosion. This way,
although still not in equilibrium, is closer to it than is the case
with SHS. The final product cools down more slowly and is
more homogeneous, and the crystallites are larger. The
energy consumption is quite different as well — it is higher
in thermal explosion mode. Finally, the ancillary for the
SHS is simpler; only a closed recipient to control the gases
surrounding the reactants suflices, while for thermal explo-
sion a specially designed furnace is necessary.

Considerable efforts have been devoted to understanding
the mechanism of SHS and to determine the different stages
occurring during these reactions. The main difficulties in
achieving such understanding are related to the high rate
of reactions, the high temperatures at which reactions take
place and the lack of direct experimental methods with which
to study them [15]. A common attempt to overcome these
limitations consists of stopping the reaction by quenching
and then examining the existing phases at each stage
[16,17]) However, this approach has a severe limitation since
it is very difficult to control the time. A more effective
approach is to use in situ measurement techniques, which
permit the phases involved in the reaction to be monitoring
as they form or react, without external interference. Two
of the most widely used techniques are X-ray and neutron
diffraction. Time-resolved X-ray diffraction has been used
mainly with high-energy synchrotron radiation due to its
superior resolution [8]. It has been used mainly on thin sam-
ples or on the surface of bulk samples [18,19]. Neutron radi-
ation has the advantage of having superior penetration, so
diffraction data can be acquired from thicker specimens.
Although, in the past, longer acquisition times were neces-
sary to get diffraction data comparable to the ones obtained
by synchrotron X-ray, today some neutron instruments can
provide diffraction patterns with 1 ps time resolution. In situ
time-resolved neutron diffraction (TRND) has been used,
for instance, to study the mechanism of synthesis of titanium
silicon carbides [20-23].

The nickel-aluminium combustion synthesis mechanism
was studied by Varma et al. [24] using in situ diffraction

techniques. They concluded that the reaction was triggered
by the melting of aluminium, then an intermediate phase
appeared and finally the product formed at approximately
20 s after the passage of the front. Evidence of the presence
of intermediates during the reaction was confirmed by Cur-
fs et al. [25], also by using synchrotron radiation, but AINi
was the first phase to appear, followed by the secondary
phases AINi;, Al;Ni, and Al;Nis. Despite the importance
of this system, as explained earlier, no experiments study-
ing the reaction mechanism using TRND have been
reported. The objective of this paper is to report in situ
neutron diffraction studies of the thermally activated com-
bustion synthesis of AINi from its elements.

2. Experimental
2.1. Starting materials and sample preparation

The following starting materials were used; (1) carbonyl
nickel-powder Type 123 > 99% (William Rowland Ltd.,
UK), with particle size ds = 5 pm and specific surface
S, =04m*g! and (i) Al powder > 99% (Alcoa, USA),
with particle size ds = 55 um, S, =0.72m? g~'.

The products were weighed out, mixed thoroughly
according to a 1:1 stoichiometry in a porcelain mortar
and axially pressed in a 15mm diameter stainless steel
die. A pressure of 20 MPa was applied to obtain 15 mm
thickness cylindrical pellets of approximately 6 g.

2.2. Time-resolved neutron diffraction experiments

Neutron diffraction patterns were acquired at the instru-
ment D20 of the Institut Max von Laue-Paul Langevin
(Grenoble, France), operating a High Flux Reactor at
58 MW thermal power. D20 is a high-flux medium-resolu-
tion powder diffractometer of 1536 cells that allows fast
data acquisition up to a 20 of 155° [27]. A neutron wave-
length of 1.3112 A was selected, using a copper (200)
monochromator at a take-off angle of 42°. The precise
wavelength was determined by refining the diffraction pat-
tern of a NBS 8i standard. The neutron beam was colli-
mated for a rectangular section of 40 x 14 mm.

Pressed powders were piled up in the centre of a silica
tube of 16 mm of inner diameter with a 1.5 mm thick wall,
The tube was placed inside a niobium eylindric furnace and
insulated from the base, as described elsewhere [22.26]

Specimens were set under high-vacuoum and heated up at
linear rates ranging from 10 to 15 °C min~' until the reac-
tion started and propagated, while recording a diffraction
pattern every 421 ms in some experiments and every
2.21 s in others to get better diffraction statistics but with
poorer time resolution. Once the reaction was initiated,
the heating element was turned off and the system was
allowed to cool while diffraction patterns were acquired
at same pace as before. Before heating and after cooling,
diffraction patterns were recorded for 2 min to help identify
reactants and produects.



2.3. Characterization by scanning electron microscopy { SEM )

Products were crushed and embedded in epoxy resin
under vacuum. Polishing was done on a lapping disk with
silicon carbide paper down to P2500 size, then with dia-
mond powder down to 3 ym size. The polished surface
was then cleaned with isopropyl alcohol, dried and coated
by gold sputtering for examination by field emission SEM
(HITACHI $-4700 microscope, Japan).

2.4. Data processing

Visual analysis of the phase transformations and the
reaction mechanism was performed using the large-array
manipulation program Transform [28]. Data conditioning
and global fit to Gaussian were carried out with the help
of code written in IDL [29]. General plotting and data fit-
ting was done with Origin 8.0 [30]. Rietveld refinements
were accomplished with Fullprof [31] and the Reflex mod-
ule of Materials Studio 4.3 [32]. With this latter package,
Pawley refinements were also done. Thermodynamic calcu-
lations were made with the package HSC [33] by the Gibbs
energy minimization method. Various enhancements, cor-
rections, tracing and quantifications on SEM photographs
were done with the help of Image Pro [34].

3. Results and discussion
3.1. Thermodynamic predictions

The Al-Ni phase diagram [35] (Fig. 1) shows five stoi-
chiometric species: Al;Ni, Al;Ni,, Al;Nis, AINi; and AINi.
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Fig. 1. The phase diagram of AI-Ni. It is an adaptation of the original
published by Nash et al. [35].
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Fig. 2. Diagram of the thermodynamic relationships between the different
pliases existing within the AI-Ni system. calculated with the help of HSC
[33).

AINI melts congruently and is the most favoured species to
be formed. This was confirmed in two ways. First, thermo-
dynamic calculations made with HSC software (Fig. 2),
based on Gibbs energy function calculations, indicated that
AlNi is the most favoured phase, followed by ALNI and
the metals at a higher temperature. Secondly, when another
thermodynamical criterion is used to evaluate whether or
not a combustion reaction is favoured, such as the adia-
batic temperature (the temperature that a system would
reach if it had no energy exchange with the exterior), the
same conclusion is reached.

The results published by Curfs et al. [25] confirmed these
calculations and the presence of Al3Nis in the diffraction
patterns of final products. Both Al;Ni; and Al;Nis are next
to AINi formation zone, which explains why they appear so
easily.

Other authors empirically established that the reaction
would be self-sustaining if the adiabatic temperature was
higher than 1800 K [36]. According to those data, the adi-
abatic temperature for AINI is 1910 K [24], while for the
other species it is lower than 1600 K.

3.2. In situ neutron diffraction experiments

One of the experiments is shown in Fig. 3. The graph
consists of a sequence of 6682 diffraction patterns. Each
one 18 acquired after 0.2 s of counting with a dead time of
0.22 5. They are displayed as a three-dimensional map (on
top) and its projection (on bottom) as a contour map in
two dimensions. This is a convenient way of showing major
changes such as reactions or phase transitions, or, as in this
case, peak shifts due to thermal expansion. The mixture of
Al and Ni was heated at a rate of 15 °C min~!, and when a
temperature of 660 + 20 *C was reached the reaction sud-
denly took place. This temperature was measured from
the thermal expansion of nickel present in the mixture
and coincides with the Al melting point. It is important to
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Fig. 3. The sequence of the reaction of Al and Ni to form AINi. Top: detail corresponding to the area (highlighted on the bottom) where the reaction takes
place. The inferior part of the contour map corresponds to the three-dimensional representation of the diffraction patterns series. The Miller indices for
gach phase are superimposed; nickel at the bottom. alominium in the middle and AINi at the top.

mention that in all the cases in which this combustion was
monitored - regardless of the heating ramp followed — the
ignition started at temperatures lower than 750 °C,

3.2.1. Identification of phases

Only Al, Ni and AINi were detected. A Rietveld refine-
ment of the diffraction pattern (acquired for 2 min) was
performed at the end of the experiment, when the temper-
ature was stable. Only AINi was present. Fig. 4 shows the
results. The peak shape was fitted to a Thompson—-Cox-
Hastings curve. Asymmetry was fitted to a Bérar-Baldi-
nozzi model and the background to a 20 degree
polynomial.

3.2.2. Temperature profiles obtained from diffraction data
The (110), (211), (220) and (310) reflections were fitted
to simple Gaussian peak shapes for all diffraction patterns
acquired on cooling uvsing code written in IDL, as
explained before. The same statistical weighting was attrib-
uted to them all. Although they appear at relatively low
angles and therefore their intrinsic error - linked to the nat-
ure of the Bragg law — is large, their intensity is quite
strong. Their positional accuracy is counterbalanced by
their better statistics for Gaussian fitting. In any case, the
uncertainty associated is lower than that required to esti-
mate the temperatures within an error of £10 °C. The cal-
culations are based on the thermal expansion data quoted
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Fig. 4. Rietveld refinement plot of AINi at the end of the experiment,
displayed in a conventional way. The statistical indicators can be seen at
the top right.

in Ref. [37]. The final temperature at the end of the exper-
iment was measured with a thermocouple (180 °C). From
this value the temperatures were scaled up to obtain a max-
imum temperature of 1530 °C for the first diffraction pat-
tern detected after ignition. The curve profile does not
show any deviation from a model that takes into account
both radiation and convection effects. The experimental
values can be seen along with the fitted data in Fig. 5.
The actual formula used was

ky—T
f=—F————— |
k.T‘—I—kgT+k3 ()

where ki, k», k; and k; are constants to be fitted and ¢
stands for time and T for absolute temperature.

The derivation of this equation can be found in Ref. [8],
where a similar approach was used to fit Ti B, synchrotron
diffraction data while cooling.

3.2.3. Estimation of activation energy for the crystal growth
of AINi

It is quite clear that there is a progressive growth of
reflections of AINi, leading to the complete reaction of
Al and Ni, as shown in Fig. 3. It is also possible to quantify
this growth by measuring the intensities of the reflections.
For this particular task, the (1190) reflection was selected
since it is a single, well-resolved and reasonably intense
reflection (the strongest) to be fitted to a Gaussian shape.
The variation in intensity for this reflection as a function
of time is related to the crystal growth of AINi on cooling.
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Fig. 5. The evolution of temperature from the moment that the reaction
took place. The temperature falls in a regular way and can be fitted
{continuous line) to a theoretical model explained in the text.

It can be seen in a normalized way (scaled to | at the end of
the reaction) in the right-hand projection plane of Fig. 6.
This approach to monitoring the phase formation by mon-
itoring the intensity variation of a single reflection is well
documented. More details about the underlying theory
can be found in the book of Chung et al. [38)] dedicated
to high temperature diffraction analysis. More recently an
illustrative treatment of neutron diffraction data in order
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Fig. 6. Three-dimensional representation of three variables involved in the
experiment. The progress of the reaction {x). the time and the temper-
ature. The projections on the planes represent their dependence by pairs.



to establish the kinetics of a reaction can be found in the
work of Riley et al. [23]

In order to study the kinetics in a solid-state reaction, it
is customary to represent the progress of a reaction by a
dimensionless parameter alpha, going from 0 to 1, when
the reaction is completed. According to this convention,
a generic kinetics model is expressed by the equation

k= f(a) (2)

Different f(«) models have been described for solid-state
reactions. A quite exhaustive list can be found in the book
edited by Bamford et al. [39]. The usual approach to find-
ing the most likely model, when it is totally unknown, is to
try to plot and fit the experimental values for different pos-
sible models. This is valid for reactions taking place at con-
stant temperature. Sometimes this is not possible, or the
temperature is deliberately varied in a controlled way, usu-
ally keeping a linear rate (A7 /At = constant} to obtain
activation energies in a single experiment.

In this particular case, the temperature decreases in a
monotonic way, and fortunately the temperature is known
along the whole experiment, since the cell parameters of
AINi can be measured with adequate precision. Bearing
in mind that the reaction constant follows an Arrhenius
behaviour, the previous Eqg. (2) can be rewritten as

aewp ()= 1) ()

where A4 represents the pre-exponential factor also known
as the frequency factor, £, is the activation energy and R
is the universal gas constant (8.31434 Jmol~! K71).

Basically there are three variables to relate: time, tem-
perature and «. Finding an equation that relates them all
would allow us to determine the activation energy. A
three-dimensional graph of these three variables can be
seen in Fig. 6, where projections on the three planes show
the corresponding two-dimensional dependencies by pairs
of variables,

As explained before, different hypothetical models were
tested - including the popular Avrami-Erofe’ev model -
but most of them either did not fit well or gave meaningless
values such as negative activation energies. Therefore they
were discarded and in the end a simple expression was
used:

kr:( a ),, (4)

1—a

The practical way to fit the data was to take logarithms
in Eq. (4) and to include Eq. (3) to obtain the expression,

& _ln_A_ E, 1000+ln_t 5)
l—a n 1000Rm T )
are defined as

If the wvariables x, y and =
x = 1000/7T,y=Int and z = In{a/{]1 — «)), we can obtain
a simple equation of a plane in three dimensions:

2=z, +ax+ by (6)
where z, = InA4/n,a = £,/1000/R/n and b = 1/n.

In

Fig. 7. Three-dimensional representation of the variables involved in the
calculations of the kinetics model. The values represented as spheres are
fitted to the plane represented as a grid.

The experimental tabulated points (x, y, z) can be plotted
in three dimensions and a plane fitted to them. This is shown
in Fig. 7. The regression coefficient was 8> = 0.98 and the
relevant parameters deduced as 4 = 17.6 12 min", E, =
9+ 2kJmol™! and n = 3/240.2. Therefore, the kinetic
model could be formulated in an approximate way by the
equation

b= (= )m (7)

l —

The apparent activation energy for the crystal growth is
defined for a wide temperature interval (from 1330 to
628 °C) for a conversion (x) from 0.29 to 0.90. This value
has to be taken with caution since it is based upon a num-
ber of hypotheses, as mentioned before (Arrhenius behav-
iour and the validity of the model in a wide temperature
range). It only gives an idea of how favoured the formation
of the AINI crystalline phase is. Its low value indicates that
the reaction is indeed very favoured.

3.2.4. Estimation of crvstallite size on cooling

It is well known that powder diffraction patterns contain
information about crystallite size. Basically, the breadth of
the diffraction peaks are related to the size of the crystal
domains by the Scherrer equation,

By = K (8)

Lcos By
where f,,; is the full width at half maximum (FWHM) of
the diffraction peak in radians — due to the particle size
broadening contribution to the peak width — X is a con-
stant that varies with the method of taking the breadth
{0.89 < K < 1}, Ais the wavelength of incident radiation,
B 18 the angle of the peak and L is the crystallite length.
Modern computing crystallography packages use this
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Fig. 8. The AINi crystallite size variation as a function of time while
cooling., determined from the peaks’ breadths. The continuous line
represents the fitted curve.

equation to estimate crystalline sizes using all the diffrac-
tion peaks present in a diffraction pattern.

Unfortunately, in most cases the values obtained this
way are subjected to large systematic errors; they are there-
fore useful in seeing the relative variations in a series of dif-
fraction patterns collected under the same conditions. In
the present case, a Pawley refinement with the Reflex mod-
ule of Materials Studio [32] was performed. First of all,
from the silicon standard diffraction pattern, the instru-
mental broadening was determined assuming that the crys-
tallite size of the silicon powder was sufficiently large to
ignore its contribution to the increase in FWHM.

Diffraction patterns at regular intervals of temperature
were refined according to the Pawley scheme. Instrumental
parameters obtained from a silicon standard refinement
were kept fixed, while the cell parameters and crystalline
broadening were refined. For the peak profile a Thomp-
son-Cox-Hastings function was used. The results are plot-
ted in Fig. 8§, where crystallite size, expressed in nm, is
represented as a function of time. The continuous line rep-
resents the fitted curve. The square root of time dependence
was tested first — consistent with a diffusion process — but it
did not fit very well. Therefore, a more generic equation of
the type ! = k" was used. The data seem to fit reasonably
well (R*=0.988) when £=1243+02 and »=004
£0.006. It could be argued that the physical meaning of
this equation is questionable. This odd behaviour is prob-
ably the consequence of a complex growth, coupled to
the fact that two variables — time and temperature — were
not independently controlled.

As expected, 70% of the total growth takes place over
the first 200 °C, then the size increase slows down, behav-
ing almost linearly.

3.3. Morphological studies
The images obtained by SEM are shown in Fig. 9. The

general image (Fig. 9a) shows an apparently relatively
homogeneous surface. Upon magnification and contrast

Fig. 9. SEM micrograph of AINi obtained after thermal explosion. {a) A
general image, with the scale at the bottom. (b} A magnified and enhanced
image to show microstructural details. (¢) The previous image traced to
view contours of grains.

enhancement followed by a Bell equalization, a more intri-
cate surface full of grains can be seen (Fig. 9b). Further
tracing the contours of the image between grains produces
the sketch seen in Fig. 9¢. This sketch permits quantifica-
tion of the grain sizes. They are of sub-micron order (see
the scale at the bottom). In some cases they are as small
as 100 nm. These observations are not in disagreement with
the erystallite sizes estimated above (Section 3.2.4), assum-
ing that the grains contain twisted domains or are com-
posed of a few crystallites, as happens in phases with low
symmetry. Otherwise, the discrepancy in crystal size could
be attributed to a systematic error of the method used. In
any case, it should be stressed that the relevant feature is
the evolution of crystal size with time — an aspect that



can only be revealed with the aid of an in situ probing
method such as neutron thermodiffractometry.

3.4. Mechanisms of reaction

The experimental data gathered from experiments car-
ried out both in the laboratory and in D20 allow an outline
of the reaction to be established. When the Al melting tem-
perature is reached some nickel starts to react with the
melted aluminium to form the AINi phase, the most ther-
modynamically favoured phase. This exothermic reaction
provokes the increase in temperature and the melting of
the nickel, and also of the AINi. This is the only way to
explain the sudden increase in temperature in the sample,
up to at least 1638 °C. After the reaction has taken place,
the AINi phase precipitates on cooling. This sequence can
be considered as the mechanism under equilibrium condi-
tions. When some authors described the mechanism
[24,25] for normal SHS - without activation — they consid-
ered a non-equilibrium situation since the reaction front
was advancing and losing energy while at the same time
preheating the rest of the sample. For this reason the reac-
tion takes place between a liquid and a solid phase (nickel).
This is why other “intermediate” phases are also present.
Their existence is due to the lack of homogeneity of the
sample, since, when cooled down very quickly, the diffusion
processes are slower and the system cannot reach the state
foreseen by the phase equilibrinm diagram. Furthermore,
since the reaction front is smaller than the X-ray beam,
the diffraction patterns contain information from the react-
ing area as well as from areas before and after the reaction.
In conclusion, the mechanisms described for those experi-
ments under non-equilibrium conditions, such as SHS,
are valid only for propagating mode syntheses.

The mechanism for the thermal explosion can be
described by the steps:

(1) Al melting.

(2) Al(liq) + Ni — AINi + Q.

(3) AINi and molten Ni (Homogeneous liquid).

(4) Precipitation of AINi and any secondary phases.

4. Conclusions

The synthesis of AINi by thermal explosion was studied
with the help of a large-scale facility. The in situ diffraction
data, which provided statistically representative bulk infor-
mation, permitted the measurement of reliable tempera-
tures, within time scale limitations, of the whole process.
Also, the diffraction intensity provided a means to establish
a kinetics model and give a value for the activation energy
of the formation of erystalline AINi on cooling from 1530
to 600°C. Furthermore, the peak diffraction breadths
allowed the estimation of the crystallite sizes of AINI and
its evolution on cooling. The reaction starts with the melt-
ing of aluminium, then some nickel reacts with the melted
aluminium to form the AINi phase. This exothermic reac-

tion causes a temperature rise and the melting of nickel
and any AINi already formed. After reaction, the AINI pre-
cipitates on cooling. As explained in Section 1, the mecha-
nism of this synthesis follows a path closer to equilibrium
conditions, there are no large temperature gradients and
the cooling is slower. In addition, it is independent of the
raw material’s particle size, compactness and other param-
eters. Consequently, at the end of the reaction the product
consists of a single-phase. For this reason, it can be con-
cluded that this thermal explosion synthesis method is suit-
able for the preparation of a homogeneous AINi product.

Finally, from an instrumental point of view, it should be
mentioned that the characteristics of the neutron source
coupled to the acquisition system implemented in D20
allowed us to get from a few thousand diffraction histo-
grams of a single run: (i) the bulk temperature data from
the specimen (based on thermal expansion); (i) quantifica-
tion of the reaction’s progress; (i) the proposal of a kinetic
model that permitted the activation energy to be estimate;
and (iv) an estimation of the crystallite growth on cooling.
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