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Abstract

The ignition and propagation mechanism of the self-propagating high-temperature synthesis of several cobalt and niobium aluminides was
investigated. Two propagation mechanisms were identified depending on the stoichiometry of the starting mixture. Al-rich compositions propagate
through a dissolution—precipitation mechanism while Al-poor mixtures require solid state diffusion. The ignition temperatures were measured by
means of microthermocouples in quasi-adiabatic conditions through experiments carried out in thermal explosion mode. Ignition temperatures were
found to be characteristic of each system and to depend strongly on reactants particle size. Ignition energies for all compositions were evaluated

through a mathematical model.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Intermetallic compounds and composite materials based on
them are considered as prospective materials for various high-
temperature and structural applications. In many cases they offer
a unique combination of high-temperature mechanical proper-
ties and low density, even superior to nickel-based superalloys.

Transition metals aluminides exhibit fairly high melting
points, good resistance to corrosion and oxidation at high tem-
peratures, high mechanical strength, together with good chemi-
cal and thermal expansion compatibility with Al, O3 reinforcing
fibers, that enable the fabrication of light weight and high creep
strength composites [1-3]. Ni—Al is the most investigated sys-
tem. Fewer studies have been devoted to the synthesis and
characterization of other promising aluminides, such as the inter-
metallics in the Nb—Al [4-8] and Co—Al [9-13] systems.

Niobium aluminides are among the most refractory ones
[14]: NbAl3 melts at 1680 °C, while Nb3Al and Nb, Al decom-
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pose according to a peritectic reaction at 2060 and 1940 °C,
respectively. NbAls has a potential application as turbine blade
material in aircraft engines and stationary gas turbine [15],
thanks to its relatively low density (4.54 g/cm?) and very good
resistance to oxidation processes. Nb3zAl shows superconduct-
ing properties and has broad potential for alloying with tran-
sition metals as V, providing an opportunity for significant
improvements of mechanical properties of NbzAl-based alloys
[16].

Among the four Co—Al intermetallic compounds [17] only
CoAl melts congruently (mp 1645 °C), while CoyAlg, CosAl;3,
and Co, Als decompose according to peritectic reactions at tem-
peratures ranging between 943 and 1170 °C. Cobalt aluminides
are under investigation for their potential applications as metal-
lization layers in III-V semiconductors devices [13]. Moreover,
information about the solid—solid and solid-liquid reactivity
between Co and Al and about the kinetics of formation of the
Co-Al intermetallics would be particularly helpful in under-
standing the performance of tunnel junctions based on Co/Al, O3
interfaces used in electronic devices and of Co—Al multilayers
used in magnetic recording heads and magnetic random access
memories [10].
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In general, conventional processing techniques used to syn-
thesize high-temperature alloys, such as melting and casting
methods, powder metallurgy, or more complex combinations
of casting, powder grinding and consolidation by hot-pressing,
have often faced problems for the fabrication of the intermetal-
lic compounds due to the large differences in the melting points
and in the densities between Al and the transition metals [18].

Some alternative processing techniques have been proposed,
including mechanical alloying [19,20], single crystal growth
[21] and combustion synthesis (also known as self-propagating
high-temperature synthesis or SHS). Since the early 1970s, sev-
eral transition metal aluminides [22], such as the ones in the
Ni—Al [23,24] and Ti—Al [25,26] systems, have been obtained
with this fast and low cost technique, thanks to the exothermic-
ity of their formation reactions. To the authors’ knowledge, only
few papers deal with an investigation of the SHS processes in
the Nb—Al system [27-29], while no works are devoted to the
Co-Al ones.

The adiabatic combustion temperature (7T5q) is known only
for the formation reaction of the phases NbAls and CoAl. In
both cases it is equal to the melting points Ty, of the corre-
sponding aluminide [24,30]. According to Maslov et al. [29],
preheating of the starting mixture, prior to ignition, was nec-
essary in order to react all the Nb—Al compositions. Only the
phase NbAlj3 could be obtained in pure form starting from the
corresponding Nb:Al=1:3 mixture, while the other two com-
positions (Nb:Al=1:2 and Nb:Al=3:1) produced a mixture of
NbyAl, NbAI; and unreacted Nb. The Nb3Al phase was never
observed in the products [27,29].

The aim of this work is to further our understanding of the
fundamental aspects of the self-propagating synthesis of the
intermetallics in the binary systems Co—Al and Nb—Al with par-
ticular focus on the ignition of the combustion reaction.

2. Experimental procedure

Elemental powders of the reactants (Table 1) were dry mixed in stoichiomet-
ric ratios corresponding to the following intermetallic phases: CoAl, CoyAls,
CoyAlg, Nb3zAl, NbyAl, and NbAl3. The powder mixtures were then cold-
pressed to form cylindrical pellets with a diameter of 10 mm and a height of
10—15 mm. The experiments were carried out in a stainless steel vacuum reactor
under a high purity argon atmosphere (99.998%). Ignition of the reaction was
accomplished by heat radiated from an electrically heated tungsten coil placed
1 mm away from one end of the sample. More details on the experimental appa-
ratus are reported elsewhere [31].

When necessary, samples were preheated at 400 °C before ignition by using
a Ni—Cr cylindrical wound-wire furnace, 25 mm in diameter and 30 mm high,
placed around the pellets.

Table 1

Starting materials characteristics

Element  Supplier  Catalogno.  Grain size Stated
purity (%)

Co Aldrich 26,663-9 <2 pm 99.8

Co Aldrich 26,664-7 —100mesh (<149 um)  >99.9

Nb Aldrich 26,272-2 —325mesh (<44 wm) 99.8

Nb Aldrich 26,274-9 —60mesh (<250 pwm) 99.8

Al Aldrich 21,475-2 —200mesh (<74 wm) 99

Temperature profiles were measured with a two-color pyrometer, with a res-
olution time of 0.01 s, focused on the middle of the sample, while the combustion
wave velocities were determined from video recordings of the front displacement
using a time code generator.

The analysis of the ignition process was carried out to determine the exper-
imental parameters assuring the possibility to reach the ignition condition. The
temperature history of the heated pellets was determined using small powder
compacts, 6 mm in diameter and less than 1 mm high, with density values rang-
ing from 2.5 to 4.5 g/cm? for the Co—Al system and from 3.5 to 5.5 g/cm? for the
Nb-Al one. The size and the density of the pellets were chosen in order to obtain
temperature homogeneity in the whole sample during the heating transient.

Pellets were heated by a CO; laser system, set to different powers, and the
laser beam was focused on the upper face of the pellet in order to deposit the
radiant energy on the whole surface.

Temperature profiles were acquired with a type S thermocouple (bead size
of 50 wm, 10 ms response time) placed in the middle of the pellet and pressed
with the reactant powders. The pellet was suspended (no holder in touch with
the sample) in a reaction chamber by the thermocouple wires to reduce the heat
loss by conduction. More details are given in [32].

Structural and microstructural characterization of reactants and products
were made by scanning electron microscopy (SEM), energy dispersion electron
microprobe (EDS), and powder X-ray diffraction (XRPD). A Zeiss Axioplan
optical microscope and a Cambridge SEM Stereoscan 200 operated at 30 kV
and equipped with a back-scattered electron detector and a Link microprobe
were used. XRPD analysis was performed using a diffractometer Philips 1710
equipped with a copper anode (operated at 40kV and 35 mA), graphite curved
monochromator on the diffracted beam, and a proportional counter.

3. Results and discussion
3.1. Combustion synthesis

The combustion mode for the reactions of the Nb—Al sys-
tem depends strongly on the Nb/Al ratio. The composition
Nb:Al=1:3 reacted in a stationary mode for both the Nb
grain sizes (Table 1) with a combustion front temperature
approximately equal to the NbAl3 melting point (1680 °C). On
the contrary, the compositions richer in Nb (Nb:Al=2:1 and
Nb:Al=3:1) required pre-heating in order to ignite and propa-
gate. The measured peak temperatures were, respectively, 1510
and 1480°C, when a pre-heating temperature of 400 °C was
used.

Melting of Al was visually observable for all compositions
as it caused the expulsion from the pellet surface of some lig-
uid spherical drops. Melting of Al shortly precedes the passage
of the reactive front that causes the re-absorption of the Al
droplets from the pellet surface. By XRPD analysis it was possi-
ble to verify that no conversion of reactants into products takes
place after Al melting before the passage of the combustion
front.

XRPD analyses performed on the fully reacted samples indi-
cated that Nb:Al=1:3 blends produced a single phase (NbAl3z)
product, independently of Nb grain size. On the contrary,
Nb:Al=2:1 and Nb:Al=3:1 compositions produced polypha-
sic products where NbyAl is the most conspicuous phase but
also NbAl3 and traces of Nb3zAl are present, together with unre-
acted Al and Nb (Table 2). Smaller amounts of secondary phases
were obtained using finer Nb powders.

To investigate the chemical mechanism responsible for the
combustion process some reactions were quenched when the
combustion front had propagated halfway through the sample.
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Table 2
Phase composition of the products obtained using starting compositions corre-
sponding to all compounds present in the Nb—Al phase diagram

Phases in product Starting mixture stoichiometry Nb:Al

1:3 2:1 3:1
Al - m m
NbAI; M m m
Nby Al - M M
NbsAl - t t
Nb - M M

Relative abundance: M, major; m, minor; t, trace.

This was accomplished by dropping the partially reacted pel-
let in water. Although the reaction cannot be instantaneously
frozen, such experiments provide useful information on the
phase evolution during the passage of the reaction front and on
the microscopic mechanism of the SHS process. The quenched
samples were prepared using the coarser Nb powders to facilitate
SEM/EMPA analyses of the product phases.

Fig. 1a shows a back scattered electrons (BSE) low mag-
nification image of the zone across the quenched front for the
Nb:Al=1:3 composition. The arrow indicates the direction of
propagation of the combustion front quenched at the position
indicated by the dashed line. In the region ahead of the reaction
front (Fig. 1b) the dark Al grains and the light Nb grains can
be clearly discerned. No indication of any interaction between
the grains of the reactants can be detected. At the position cor-
responding to the quenched reaction front, the dark Al grains
disappear abruptly as a result of melting. The molten Al spreads
and covers the Nb grains and the reaction proceeds with the dis-
solution of solid Nb in the Al liquid matrix and the subsequent
precipitation of NbAlj, in the form of small spherical precip-
itates (diameter <5 pm) disposed all around the unreacted Nb
grain cores (Fig. 1c). Moving away from the front, inside the
product region, (Fig. 1d), only small amounts of residual Nb

Fig. 2. High magnification of a Nb partially reacted grain obtained from a
Nb:Al=3:1 starting composition (BSE image).

and Al can be found between the NbAls precipitates, that in
turn increased in diameter and agglomerated. The final product
is composed only by the phase NbAl3, as confirmed also by the
XRPD analysis.

The SEM micrograph in Fig. 2 shows an high magnifica-
tion image of the morphology of the combustion front zone for
a composition much richer in Nb (Nb:Al=3:1). Also in this
case, the molten phase spreads around the Nb grains and the
dissolution—precipitation mechanism produces the formation of
NbAl; precipitates around the Nb grain cores. For this com-
position the consumption of liquid Al to form NbAl3 occurs
when a large amount of unreacted solid Nb is still present. The
reaction then must proceed through the interaction between the
primarily formed NbAl3 and the residual niobium in order to
form the Nb-rich phases. In agreement with the above, a layer
of a Nb-rich phase (identified as NbyAl) between the primarily
formed NbAIl3 and the residual Nb can be observed in Fig. 2.
As confirmed by XRPD results (Table 2) the reaction cannot be
completed, and Nb: Al =3:1 composition, as well as Nb: Al =2:1

Fig. 1. Microstructure of the quenched product obtained from a Nb:Al=1:3 starting composition: (a) low magnification image of the quenched front, the arrow
indicates the front direction and (b—d) high magnification images of three sample zones. Zone 1: reactants; zone 2: combustion front, zone 3: products. SEM

back-scattered image on polished surfaces.
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Fig. 3. Microstructure resulting from the reaction between Nb and liquid Al in
isothermic conditions: 950 °C, 400 s.

one, give polyphasic products. It is particularly interesting to
note as the morphologies observed in the partially reacted sam-
ples resemble very closely the microstructure observed when
the reaction between solid Nb and liquid Al is conducted in
isothermal conditions (Fig. 3).

In the Co-Al system all the reactions developed a stable
self-propagating front that proceeded through the entire sample
whatever was the Co grain size. The measured combustion front
temperature was equal to 1620, 1200, and 1100 °C, respectively,
for the compositions Co:Al=1:1, 2:5, and 2:9. X-ray diffrac-
tion analyses performed on the reacted samples indicated that
only the combustion of the Co:Al=1:1 blends produced a single
phase (CoAl) product. For the other two compositions investi-
gated (Co:Al=2:5 and Co:Al =2:9) the products contain, as the
most conspicuous phase, the intermetallic having the same sto-
ichiometry of the green mixture (Table 3) together with small
amounts of CoAl and unreacted Al.

Also for the Co—Al system the reaction mechanism was inves-
tigated through quenching experiments. Differently from the
Nb-Al system, all three compositions are quite rich in alu-
minum. Al melting occurs as the first step and the reaction
is controlled by a dissolution—precipitation mechanism with a
phase evolution similar to that described for the Nb:Al=1:3
reaction.

According to the above results, the possibility of synthesiz-
ing a given aluminide by SHS can be discussed on the basis
of the corresponding phase diagram and of the reaction tem-
perature. Among the various compositions investigated, only

Table 3
Phase composition of the products obtained using starting compositions corre-
sponding to a Co—Al ratio of 2:9, 2:5, and 1:1, respectively

Phases in product Starting mixture stoichiometry Co:Al

2:9 2:5 1:1
Al t t -
CoyAlg M - -
CoyAls - M -
CoAl t t M
Co - - -

Relative abundance: M, major; m, minor; t, trace.

Nb:Al=1:3 and Co:Al=1:1 resulted in a single phase product;
all the other compositions invariably produced a mixture of alu-
minides (for the Co—Al system) or a mixture of aluminides plus
variable amounts of unreacted elements (for the Nb—Al system).
Two causes can be invoked to explain lack of completion of some
compositions. The first one is the incongruent melting of some
compounds, such as CopAls and CoyAlg, that must therefore be
formed through peritectic reactions, generally considered too
slow to be completed in the short times involved in SHS pro-
cesses. More important is the role played by the liquid phase
in the reaction mechanism. Since combustion processes require
very high chemical reaction kinetics in order to obtain a steady
state propagation, only mechanisms involving liquid phases are
generally involved. As a result the kinetic and thermodynamics
of the interaction of the solid grain of the transition metal with
liquid Al play the main role in controlling the reaction mecha-
nism. The relatively low solubility of the transition metal into
the liquid Al (and Si) has already been proven to be respon-
sible for the difficulty of synthesizing various aluminides and
silicides with stoichiometries rich in the high melting compo-
nent [27,33-36]. When reacting aluminum-rich compositions,
the dissolution of the transition metal can generally be completed
before the saturation of the liquid being obtained and the synthe-
sis of the desired phase can be obtained in one single step charac-
terized by intrinsically fast kinetics. On the contrary, transition
metal-rich compositions rapidly saturate the liquid phase caus-
ing the precipitation of some Al-rich phase and the consumption
of all the liquid phase when large amounts of solid metal grains
are still present. Any further advancement of the combustion
process requires, per force, the reaction between the primarily
precipitated phase and the unreacted metal; this reactions gen-
erally involves solid state diffusion (for example solid state dif-
fusion through the Nby Al layer in Fig. 2) to be completed. Solid
state processes are generally slower than solid—liquid ones and
moreover they must be completed in the zone behind the reaction
front, where temperature is rapidly decreasing. As a result, Al-
poor compositions can be reacted only with great difficulty. SHS
processes of this type were shown to be completed only when
some form of activation was employed either in the form of an
applied electric field [33,34] or through mechanical activation
by ball milling of the reactants [35,36]. Both these methods have
the scope of reducing the time required for the solid state process
to be completed, the first by increasing the reaction temperature
and the second by reducing the diffusion distances.

3.2. Ignition process

The ignition temperature histories for all the investigated
compounds are reported in Figs. 4 and 5 for the Nb—Al sys-
tem and in Figs. 6 and 7 for the Co—Al system, respectively. All
the curves show a plateau at about 645 °C corresponding to the
Al melting. A following sharp increase in temperature indicates
the ignition of the SHS process.

All the samples reacted in this way were analyzed by X-
ray diffraction, scanning electron microscopy, and microprobe
analyses, showing that the product formation is in agreement
with the SHS experiments previously described (Tables 2 and 3).
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Fig. 4. Temperature profiles characteristic respectively for the compositions
Nb:Al=2:1 (a), Nb:Al=3:1 (b), Nb:Al=1:3 (¢) and for a quenching test for the
composition Nb:Al=3:1 (d). Nb grain size = —60 mash.
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Fig. 5. Temperature profiles characteristic respectively for the compositions
Nb:Al=3:1 (a), Nb:Al=2:1 (b), Nb:Al=1:3 (c) and for a quenching test for the
composition Nb:Al=1:3 (d). Nb grain size = —325 mash.

In Fig. 4 the temperature profiles relative to the stoichiome-
tries Nb:Al=2:1 (a), Nb:Al=3:1 (b), and Nb:Al=1:3 (¢) for
samples prepared with the coarser Nb powders are reported.
It must be noted that the combustion process does not start
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Fig. 6. Temperature profiles characteristic for the compositions Co:Al =2:5 (a),
Co:Al=1:1 (b), Co:Al=2:9 (c) and for a quenching test for the composition
Co:Al=1:1 (d). Co grain size = —100 mash.

immediately after the melting of Al, but only when the pellet
temperature approaches the value of 1100 %20 °C (see curves
a—c). This result contrast with the common idea that SHS pro-
cesses in intermetallic systems are triggered by the melting of
one of the components. To further confirm this point some exper-
iments have been performed in such a way that the laser heating
was stopped when the temperature was just above the melting of
Al (Fig. 4, curve d). In this case no ignition was observed. When
the finer Nb powder was used, similar results were obtained
even if the ignition temperatures resulted to be slightly lower
(970 £ 10°C) (Fig. 5). The laser was set at a power of 40 W for
the Nb:Al=3:1 and Nb:Al=2:1 compositions, while a power of
50 W was needed to ignite the powder mixture with composition
Nb:Al=1:3.

These results are in good agreement with previous reports
[27,29]; these authors also found ignition temperatures for
Nb-Al mixtures well above the Al melting point.

Temperature histories for samples of composition
Co:Al=2:5 (a), Co:Al=1:1 (b), and Co:Al=2:9 (c) pre-
pared using the coarser Co powders and ignited at a laser
power of 40 W are reported in Fig. 6. For all stoichiometries
the estimated ignition temperatures are 880+ 10°C. Fig. 7
depicts the results obtained testing pellets with the same three
compositions but prepared using finer Co particles: for these
samples ignition seems to occur just after the Al melting
temperature.

In these experiments, the heating transients of the pressed
powders is mainly featured by the capability of the irradiated
surface to absorb the laser energy and by the pellet heat capac-
ity. For this reason, tests performed on identical compositions
and operative conditions can result in different ignition transient
when the surface absorptivity is varied by using reactants with
different granulometry. This effect is particularly evident for the
Co—Al mixtures, as can be observed by comparing Figs. 6 and 7.
The heating rate for the pellets containing coarser Co are much
lower and the melting plateaus result longer. Numerical simula-
tions of the sample radiant absorptivity () and its dependence
on temperature were carried out for each test. Coarse Co pel-
lets showed an « value that is much lower (from 40% lower for

1000
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Temperature (°C)

200 -

time (s)

Fig. 7. Temperature profiles characteristic for the compositions Co:Al=2:5 (a),
Co:Al=1:1 (b), Co:Al=2:9 (c). Co grain size =<2 pm.
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Table 4
Ignition energies

Starting mixture stoichiometry Co:Al

Starting mixture stoichiometry Nb:Al

2:9 2:5 1:1

1:3 2:1 3:1

Eig (kJ/moly) 26+0.5 25£05 22405

35+1 29.0+1 275+1

Co:Al=1:1 composition to 50% for the Co:Al=2:9 one) than
for the finer Co ones.

The particular experimental setup used in the present study,
that virtually eliminates heat losses by conduction, and the
reduced dimension of the samples, allows to simulate the exper-
imental results and to calculate the ignition energies (Ejg) by the
model reported in [32].

Under the following conditions: (1) the radiant laser energy
is the only source driving the heating transient, (2) the temper-
ature distribution in the sample is uniform, (3) the sample heat
capacity, emissivity and absorbivity are temperature dependent,
(4) melting of the reactants is taking into account, (5) no reaction
occurs before ignition, (6) heat loss through the thermocouple
can be ignored, the ignition energy can be calculated as:

A Hpelt
Atmelt

tig
Eig = / |:Ol]0 — Oconv — Oemiss — dr (1)
t

where t, is the ignition time, « the sample radiant absorptivity,
1o the emitted laser power, Qcony df the heat loss by convection,
QOemiss df the heat loss by radiation, AHpe; the latent heat of
fusion and Atpel; is the melting time.

On the basis of Eq. (1) the Ej; for all the investigated com-
positions (with the finer metal powders) were calculated and the
results are reported in Table 4. For both systems the ignition
energy values vary with composition: this effect is due to the
different amount of aluminum in the green mixture. Since alu-
minum melting is accomplished before ignition, compositions
richer in aluminum require higher energies.

The significative difference in the ignition behavior observed
in the two systems, with the Co—Al mixtures igniting at much
lower temperatures even when coarser powders are used, can
in principle be explained in different ways. Superficial oxida-
tion of the reactants particles and poor wetting of the solid
transition metal by liquid aluminum have been invoked as pos-
sible explanation for the unusually high ignition temperature of
Nb-Al blends [27,29]. Poor wetting is also considered respon-
sible for the aluminum drop expulsion from the reaction pellets,
as described above.

Apart from wettability there is at least another possible expla-
nation for the difference in the ignition behavior that has been
largely overlooked. The two systems, in fact, show a very large
difference in the solubility of the high melting transition metal
into liquid aluminum for temperatures very close to aluminum
melting point [14,17]. At 700 °C, for example, the molar solu-
bility of Co in Al is around 1 mol% while that of Nb far less then
0.01%. As a consequence of this large difference in solubility,
the dissolution rate of Co is expected to be at least one order of
magnitude faster than Nb in the temperature range 700-1000 °C
[37,38]. It is therefore no surprising that a temperature significa-

tively higher than aluminum melting point has to be reached, in
the case of niobium, to generate enough heat of solution to ignite
the SHS process. In this respect the lowering of Ej; observed
when finer Nb particle size is employed would be a consequence
of the increased surface contact area between the reactants that
ultimately produces an increase in dissolution rate [39].

4. Conclusions

In the present work, the self-propagating high-temperature
synthesis of niobium and cobalt aluminides was investigated.
Starting mixtures of stoichiometry corresponding to the follow-
ing intermetallic compounds were considered: CoAl, Co,Als,
CoyAlg, Nb3Al, NbyAl, and NbAl3. Only CoAl and NbAl3 could
be prepared in pure form while all the other compositions pro-
duced polyphasic products. This behavior was addressed to the
incongruent nature of some compounds in the Co—Al system and
to the different reaction mechanism characterizing the reactivity
of rich and poor aluminum mixtures in the Nb—Al system. While
Al-rich mixtures propagate through a dissolution—precipitation
mechanism, Nb-rich ones propagate through solid state steps
leading to incomplete conversion of reactants into products due
to the slow kinetic of the solid state diffusion involved.

Ignition of the above SHS reactions was studied in the thermal
explosion mode, using CO; laser as an external heat source. By
employing a suitable model, ignition energy for all compositions
could be calculated. Nb—Al mixtures required higher ignition
energies than Co—Al ones, also showing ignition temperatures
well above the Al melting point. This effect was addressed to the
different solubility limits of cobalt and niobium in aluminum.
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