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Abstract

The mechanically activated self-propagating high-temperature synthesis (MASHS) technique and the mechanically activated
annealing process (M2AP) were used to produce NbAl3 intermetallic compound. The MASHS process results from the
combination of two steps: first, a mechanical activation of the Nb+3Al powders mixture; second, a self-propagating high-temper-
ature synthesis (SHS). The M2AP process also results from the combination of two steps: the first is the same; the second consists
of the annealing of as-milled powders. Based on X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM) and
X-ray energy dispersive spectroscopy (EDXS), the as-milled powders, MASHS, and M2AP end-products were characterized.
Various process controlling parameters such as mechanical activation milling conditions have been studied. © 1999 Elsevier
Science S.A. All rights reserved.
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1. Introduction

Intermetallic compounds occupy a prominent posi-
tion among advanced materials owing to their excep-
tional properties. These include high melting point,
ordered nature which imparts high specific strengths at
high homologous temperature. These properties make
them attractive candidates for many applications, espe-
cially, in the aerospace and chemical industries. In
addition, many of these ordered intermetallic com-
pounds have a positive temperature coefficient of yield
strength, i.e. their strength increases with increasing
temperature, at least over a wide temperature range
which makes them more attractive for high temperature
applications.

Niobium aluminides are of considerable interest as
candidate materials exhibiting good resistance to both

high temperature sulfidation and oxidation, since they
are expected to form protective scales such as niobium
sulfide scales by sulfidation and alumina scales by oxi-
dation [1]. Moreover, these aluminides appear to have
the potential for high temperature structural applica-
tions because of their relatively high melting point, low
density and large ductility or toughness. However, cold
working of these materials is limited because they are
brittle, will fracture and have low ductility at room
temperature [2]. So, their processing is quite difficult
and has restricted their commercial exploitation to a
large extent. Nevertheless, in recent years, studies on
nanocrystalline materials have shown that ceramics
which are usually brittle, become ductile in nanocrys-
talline state. Thus the formability of intermetallic com-
pounds is expected to improve greatly if they are
produced in the nanocrystalline state.

Three methods are generally used to produce nio-
bium aluminides: conventional melting/casting [3], pow-
der metallurgy [4,5] and combustion synthesis [6]. The
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synthesis of intermetallic compounds by the conven-
tional ingot metallurgy route, in many cases, has faced
problems due to the large differences in the melting
points and densities of their constituent elements and
also due to the stoichiometry. Recent studies [4,5] have
shown that these problems can be overcome by synthe-
sizing these compounds using a mechanical alloying
technique in which elemental or prealloyed powders are
milled in high energy ball mills. This is a solid state
process which is suitable for the production of segrega-
tion free materials with a very fine microstructure. Peng
et al. [4] have successfully synthesized niobium alu-
minides using ball milling from elemental niobium and
aluminum powders. However, such powders are quite
abrasive materials and the long duration milling leads
to contamination of the end-product by the mill and
balls. Due to the limitations of these classical synthesis,
some other methods have been investigated to produce
Nb–Al intermetallic compounds.

Recently, an alternative method to synthesize molyb-
denum disilicide powders, named the mechanically acti-
vated annealing process (M2AP) was proposed by
Gaffet et al. [7]. Such a solid state process combines a
short duration high energy ball milling and a relatively
low temperature isothermal annealing. Gaffet et al. [8]
reported on the possibility to obtain pure nanocrys-
talline MoSi2 after 2 h of mechanical treatment fol-
lowed by an annealing of 2 h at 800°C. An other well
known route to produce massive niobium aluminides
[6] consists in using the exothermicity of their formation
reaction (−33BDH298B−19 kJ mol−1 depending on
the niobium aluminide concerned [4]). This technique
has received a wide attention and is called self-propa-
gating high-temperature synthesis (SHS). The exother-
mic reaction between reactant powders is initiated by
an external heat source and becomes self-sustaining to
yield the final product, without requiring additional
energy. The SHS process saves time and energy since
this processing time technique is in seconds or minutes
compared with hours or days for conventional or pow-
der metallurgy routes. Recently, a new variation of the
SHS process was proposed by Gaffet et al. [9,10]: the
mechanically activated self-propagating high-tempera-
ture synthesis (MASHS). This process is the combina-
tion of two steps: the first is a mechanical activation
where pure elemental powders are co-milled for a short
time at given energy and frequency of shocks; second is
a SHS reaction. This process was firstly applied with
success to elaborate nanocrystalline (30–35 nm) bulk
FeAl intermetallic with a relative density close to 80%
[10].

In this work, we have focused on the NbAl3 com-
pound synthesis. This intermetallic compound, with a
melting point of 1680°C, might be suitable for use at
temperatures around 1300°C and, its relatively low
density (4.54 g cm−3) makes it advantageous over

superalloys and intermetallics of comparable melting
temperatures. NbAl3 is one of the three compounds in
the Nb/Al system [11]. We have used both MASHS and
M2AP processes to synthesize this niobium aluminide.
The MASHS process leads to bulk, but porous NbAl3,
which might exhibit good mechanical properties due to
the nanometric grain size resulting from the mechanical
activation step. On the contrary, the M2AP process
produces microcrystalline NbAl3 powder. Various
parameters of the MASHS process have been studied:
1. The mechanical activation effect: a comparison be-

tween Nb/Al powder just blended in a mixer or
mechanically activated was performed.

2. The mechanical activation conditions: two milling
conditions have been selected, the friction mode or
direct shock mode.

The mechanical activation conditions were also studied
for NbAl3 synthesis by M2AP process and results were
compared.

2. Experimental procedure

2.1. First step: mechanical acti6ation

Two Nb+3Al mixture preparation modes were per-
formed to study the ball milling influence on the SHS
process:
1. Nb+3Al non-activated powder mixture, but just

blended in a Turbula® mixer1 for 4 h;
2. Nb+3Al powder mechanically activated in the fol-

lowing conditions: pure elemental niobium (325
mesh) and aluminum (325 mesh) powders were
sealed in 45 ml stainless steel vials with four stain-
less steel balls (15 mm in diameter, 14 g in weight)
under enclosed air. The ball to powder mass ratio
was 6:1. Mechanical activation treatment was per-
formed using a specially designed planetary ball mill
(called G5) which allows shock frequency and shock
energy to be selected independently [12]. The physi-
cal parameters [13] of this machine are as follows:
vials are fixed onto a rotating disc (rotation speed
V) and rotate in the opposite direction to the disc
with a speed v. The V and v values are checked and
controlled by an ultrasonic tachometer. The milling
duration process over the range 1–4 h was chosen
to avoid the formation of some intermetallic frac-
tions, but to allow the formation of a chemical
gradient at a nanoscale. Hereafter, mechanically
activated powders will be labeled G5/V/v/milling
time. Two milling conditions were selected, the first
one G5/150/200/4 h corresponding to direct shock
mode and the other G5/150/400/4 h to a friction
mode.

1 TurbulaR, Schatz system made by W.A. Bachofen firm, Basel
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2.2. Second step: reacti6e annealing or SHS reaction

2.2.1. Reacti6e annealing
The particles resulting from 2 and 4 h ball milling,

both corresponding to friction and direct shock mode,
were annealed at T=600°C under vacuum (P(O2)=
4×10−4 Pa), for one week. The annealing temperature
is below the aluminum melting point allowing a solid–
solid state reaction.

2.2.2. Self-propagating high-temperature synthesis
reaction

After extraction from milling vials, powder mixtures
have been cold-compacted into cylindrical vials using
an uniaxial charge of 250 MPa for 30 s. After com-
paction, samples were brittle and measured 8 mm in
diameter. Their density was evaluated from weight and
geometric measurements. Then, these cylindrical green
materials were placed on a heating sample holder to
initiate the SHS intermetallic phase formation reaction.
Depending on the sample milling conditions, the tem-
perature of the heating substrate has been increased
from 800 to 1050°C to initiate the SHS reaction. Ther-
mal analyses were carried out using a chromel–alumel
thermocouple which had been embedded during com-
paction of the Nb/Al samples.

2.3. Structural and morphological characterization

X-ray diffraction (XRD) analyses were performed
using a diffractometer fitted out with a curve detector
(INEL CPS 120). Monochromatic CuKa1

X-ray (l=
0.15406 nm) was focused with a Ge monochromator.
Pattern decomposition was carried out by means of the
profile-fitting program PROFILE2 to obtain parameters
defining the position, height, area, integral breadth and
shape of individual Bragg reflections.

Particles size and microstructure of as-milled pow-
ders and M2AP end-products were studied by scanning
electron microscopy (SEM) and local phase composi-
tion was determined by energy dispersive X-ray spec-
trometry (EDXS). A back scattered electron (BSE)
study has also been performed to determine the element
distribution: the white areas corresponding to a high
average atomic number were identified as niobium ar-
eas whereas the black ones were related to aluminum
rich zones. These experiments were conducted using a
JEOL 6400F scanning electron microscope fitted with
LINK OXFORD energy dispersive X-ray analyzer.
Moreover, a krypton BET method was used to deter-
mine the specific area of G5/150/200/1, 2, 4 h mechani-
cally activated mixtures. The porosity of the different
MASHS end-products has also been measured by He
and Hg pycnometry.

3. Results and discussion

3.1. Characterization of non-acti6ated and as-milled
powder mixtures

The microstructure of as-milled powders in terms of
crystallite size and morphology (size of a region over
which the diffraction is coherent) and imperfections
(microstrains, staking faults, etc.) was studied using the
XRD profile analysis described by Langford [14]. The
procedure for carrying out this, by means of the Voigt
function, is as follows: (i) check that the Voigt function
is appropriate to analyse peak breadths, then examine
the shape factor to determine the Lorentzian/Gaussian
character, (ii) correct data from instrumental effects,
(iii) make Williamson–Hall plot (b*=bcosu/l is plot-
ted as a function of d*=2sinu/l) to be certain of the
nature of the sample broadening and to precise the [hkl ]
dependence of peak breadths, (iv) carry out a detailed
analysis of peak breadths in accordance with the infor-
mation from step (i).

From Williamson–Hall aluminum plots, it was evi-
dent that the peak broadening was essentially isotropic.
On the contrary, the niobium integral breadths had a
[hkl ] dependence of both size broadening (irregular
shape and size distribution among crystallites) and
strain broadening.

Concerning aluminum, profiles were modeled by the
symmetric pseudo-Voigt function. For most of these
profiles, the mixing factor was smaller than 1 (corre-
sponding to the Lorentzian limit of the pseudo-Voigt
function) indicating that the profile shape was mainly
Voigtian. Therefore, Halder–Wagner plots [15] were
used to determine the mean apparent crystallite size
and lattice strains. The Turbula mixture exhibits an
anisotropic size and strain broadening; moreover, the
aluminum crystallite size is higher than the XRD detec-
tion limit (\400 nm). Thus, neither strain level nor
crystallite size evaluation were achieved by the Halder–
Wagner method. Mechanically activated powders evi-
denced an isotropic behavior allowing to obtain the
aluminum average crystallite size and distortion level by
the Halder–Wagner method. Various short duration
millings (1, 2, 4 h) were investigated both for friction
and shock modes, to be sure there was no NbAl3
formation by direct mechanical alloying. Whatever the
mechanically activated conditions, milling time and ac-
tivation mode, no intermetallic compound was de-
tected. Fig. 1 shows the XRD pattern of the Nb+3Al
mixture milled in shock mode for different milling
times. As it can be seen on Fig. 2a, the aluminum
crystallite size is decreasing for the both milling modes,
when the milling time increases from 1 to 4 h. After 4
h of milling, aluminum crystallite size is about 83 and
90 nm for shock and friction modes, respectively. Inde-
pendent of the milling conditions, the aluminum strain
level is very weak, about 6×10−4.

2 Available in the Socabim PC software package DIFFRACT-AT
supplied by Siemens.
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Fig. 1. XRD patterns of an Nb+3Al mechanically activated mixture using shock mode for different milling times (1, 2 and 4 h).

Concerning niobium, non-activated and mechanically
activated Nb+3Al powder mixtures showed an an-
isotropic size and a strain broadening. Consequently, it
was not possible to determine the average crystallite
size and strain level using the Halder–Wagner method.
Thus, to overcome this anisotropy problem, we used
the single-line method proposed by De Keijser et al.
[14]: this approach is applied to each line separately in
order to extract information on crystallite size and
microstrain. It is assumed that the Lorentzian contribu-
tion in the pseudo-Voigtian breadth is only due to the
size effect whereas the Gaussian one is attributed to the
strain effect. Niobium anisotropic behavior mentioned
above brings us to investigate each line profile sepa-
rately. In this study, we were interested on the 200 and
211 Bragg reflections. Fig. 2b shows the niobium crys-
tallite sizes resulting from the 200 and 211 peaks using

De Keisjer’s method, for both milling modes at differ-
ent milling times. Firstly, it can be seen that whatever
the milling mode and the Bragg reflection, the longer
the milling time, the smaller the crystallite size; this is in
agreement with the rise of the 200 niobium peak full
width at half maximum (FWHM) as shown on Fig. 1,
observed when the mechanical activation time increases
relative to the shock mode; second, for a definite
milling mode, the crystallite sizes resulting from the 200
reflection is higher than for the 211 and they both
decrease as the milling time increases; third for a defin-
ite Bragg reflection (200 or 211), crystallite size is higher
after 1 h milling with the shock mode activation than
with friction activation. After 4 h of milling, it becomes
equivalent: 30 and 20 nm for the 200 and 211 Bragg
reflections, respectively. In the same time, whatever the
milling mode, the strain level increases versus milling
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Fig. 2. (a) Aluminum crystallite sizes from Halder–Wagner analysis of the XRD patterns: comparison between the mechanical activation modes
for different milling times. (b) Niobium crystallite sizes from 200 and 211 De Keijser analysis of the XRD patterns: comparison between the
mechanical activation modes for different milling times.

time and is about 3×10−3 (instead of 1.5×10−3 for a
non-activated powder) after 4 h of milling. Fig. 3 which
compares an XRD pattern of an activated powder
(G5/150/200/4 h) with an XRD pattern of a non-acti-
vated powder, displays a modification of the peak

intensity and shape in the case of as-milled powders.
This is due to the decrease in crystallite size and the
increase in residual lattice distortion during the me-
chanical activation process. The niobium crystallite
sizes obtained after the Turbula process are about 123
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Fig. 3. Nb+3Al mixture XRD patterns: comparison between mechanically activated mixture and Turbula.

and 71 nm for the 200 and 211 Bragg reflections,
respectively.

Contamination by the milling vials or by the stainless
steel balls used during the mechanical activation pro-
cess, was evaluated by EDX micro-analysis. There was
no contamination since neither chromium nor iron was
detected. Indeed, in the case of such powders which are
quite abrasive materials, the short duration of milling
avoids the contamination of the end-product by the
milling vials and balls.

SEM observations show that ball milling induces the
formation of aggregates because a fracture-welding
mechanism occurs during the mechanical activation
process. A BSE study was performed on G5/150/200/1,
2, 4 h mixtures (Fig. 4): after 1 h milling (Fig. 4a), we
can observe 50 mm individual niobium and aluminum
particles; the last ones contain small amounts of nio-
bium. After 2 and 4 h milling (Fig. 4b and c, respec-
tively), there are no more elemental niobium and
aluminum particles: niobium particles seem to be lo-
cated as inclusions, inside aluminum aggregates to form
agglomerates including both niobium and aluminum.
This agglomerate size is respectively about 100–200 mm
and 500–600 mm after 2 and 4 h milling. These observa-
tions are in agreement with BET measurements for
which specific surface decreases from 0.111 to 0.036 m2

g−1 as the milling time increases from 2 to 4 h.
Moreover, after 4 h milling, the agglomerates size is
higher for the shock mode (Fig. 4c) than for the friction
one (Fig. 5) and niobium is much more well-distributed
with the shock mode, promoting larger Nb–Al inter-
face areas.

In summary, on the basis of the SEM and XRD
investigations, the structure of as-milled powders may

be considered micrometric agglomerates composed of
niobium and aluminum nanometric crystallites, without
NbAl3 intermetallic compounds formation.

3.2. Characterization of the mechanically acti6ated
annealing process end-products

The end-products relative to the isothermal annealing
corresponding both to the friction and direct shock
modes have been studied by XRD. Concerning G5/150/
400/2 h and G5/150/200/2 h ball-milling conditions, the
annealing treatment induces the formation of NbAl3
traces together with many oxides (niobium and alu-
minum oxides) and it remains unreacted niobium and
aluminum. The annealing time (one week) and temper-
ature (600°C) lead to nearly complete reaction in the
case of G5/150/200/4 h since the main phase detected is
NbAl3. On the contrary, the annealing treatment is less
efficient for the G5/150/400/4 h condition since unre-
acted niobium and aluminum remains beside the NbAl3
phase (Fig. 6).

In order to determine the microstructure of the
NbAl3 obtained by M2AP (in the case of G5/150/200/4
h ball milling condition), the XRD profile analysis
previously described was carried out. Profiles were
modeled by symmetric pseudo-Voigt function and the
Voigt approach was consequently applied for these
compounds. The Halder–Wagner plots indicate that
the size of the coherent diffraction domain is close to
150–200 nm and no significant microstrains were
observed.

The XRD phase identifications are in agreement with
previous SEM observations (Fig. 4c and Fig. 5) exhibit-
ing larger Nb–Al interfaces areas with the shock mode
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Fig. 4. BSE images of as-milled powders for G5/150/200 activation conditions for different milling times: (a) 1 h; (b) 2 h; and (c) 4 h.

and consequently an easier NbAl3 formation. Annealed
particles have been observed by SEM on their surface
and also on their cross-section after embedding in resin
and polishing (Fig. 7). For both milling modes, SEM
observations are in agreement with XRD investigations:
for G5/150/400/4 h annealed particles (Fig. 7a), BSE
images reveal the presence of black, white and gray
areas corresponding respectively to aluminum, niobium
and NbAl3 phases. For G5/150/200/4 h annealed parti-

cles (Fig. 7b), it can be mainly seen gray zones corre-
sponding to the NbAl3 phase. Thus, it can be concluded
that milling conditions, specifically milling time and
mode, are important parameters controlling the anneal-
ing treatment efficiency. Indeed, a mechanical activa-
tion applied to a Nb+3Al powder mixture using the
direct shock mode for 4 h seems to define the best
condition to obtain the NbAl3 single phase after an
isothermal annealing treatment.



V. Gauthier et al. / Materials Science and Engineering A265 (1999) 117–128124

Fig. 5. BSE images of as-milled powders for G5/150/400/4 h activa-
tion conditions.

Fig. 7. BSE images of M2AP end-products for different mechanical
activation conditions: (a) G5/150/400/4 h; (b) G5/150/200/4 h.

3.3. Characterization of the mechanically acti6ated
self-propagating high-temperature synthesis
end-products

The SHS reaction carried out on the Nb+3Al Tur-
bula mixture, formed NbAl3 together with many oxides
because the exothermic reaction between powder reac-
tants took place in air and was long and difficult to
initiate. SHS reaction applied to the G5/150/400/4 h
(Fig. 8) and G5/150/200/4 h (Fig. 9) as-milled powders
leads to the formation of a majority of NbAl3 and a
small amount of Nb2Al. Nevertheless, it is difficult to
estimate the amount of NbAl3 in comparison with the
amount of Nb2Al because of the preferential orienta-
tion existence. The NbAl3 microstructure characterized
in terms of size and microstrains by XRD according to
the previous procedure shows that the integral breadth
of NbAl3 had a [hkl ] dependence of the size broaden-
ing. In a first approximation, the De Keisjer method

shows three main groups of reflection, namely [00l],
[h00] and [h0l], having different nanometric crystallites
sizes. This suggests a crystallite shape which could be
prismatic since the following order is observed: size
[h00]\size [00l]\size [h0l]. According to the symme-

Fig. 6. Activation mode effect on the M2AP end-products in the same annealing conditions.
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Fig. 8. MASHS end-product XRD pattern relative to an Nb+3Al mixture mechanically activated in friction mode.

try of NbAl3, an average cylindrical shape can reason-
ably be assumed. So, to confirm this result, it will be
essential to determine microstructural parameters using
the Fourier analysis in reference with Loüer et al.
works [16].

Temperature profiles corresponding to the different
milling conditions and obtained during NbAl3 forma-
tion are shown in Fig. 10. These thermograms moni-
tored during NbAl3 synthesis are in agreement with
those which were observed by Kachelmyer et al. [6]. As
the sample is heated, the temperature increases up to
the aluminum melting point (647–650°C). That is indi-
cated by a plateau in the temperature profile. During
this time of melting, heating is continued. After the
aluminum melting completion, samples continue to
heat up to the ignition temperature (793, 842 and
1044°C for 150/400/4 h, 150/200/4 h ball milling condi-
tions, and non-activated powders, respectively), where
the temperature increases sharply to the combustion
temperature. Combustion temperature could not be
evaluated because chromel–alumel thermocouples melt
above 1350°C. Heating is shut off once the samples
ignite. The results related to the different temperature
profiles are summarized in Table 1. From it, different
features can be shown: the mechanical activation step
introduced to the SHS process for both modes signifi-
cantly decreases the melting time, the ignition time and
the ignition temperature (about 200°C) and increases
the heating speed from melting to ignition temperature

in comparison with the classical SHS process (Turbula).
The time between the end of aluminum melting and the
ignition temperature is labelled ‘ignition time’ and is
shown along with the melting time in Fig. 10.

According to Kachelmyer et al. [6], it was found that
the fraction of molten aluminum in the sample after the
melting (i.e. at the end of the temperature plateau) was
approximated by a heat balance given as follows:

dT
dt

mCptm=LmmAlx (1)

where dT/dt is the heating rate, m is the mass of
mixture, Cp is the effective heat capacity of the mixture,
tm is the melting time, Lm is the latent heat of fusion of
Al, mAl is the mass of Al, and x is the fraction of
molten Al. Thus, the shorter melting time, associated to
the mechanically activated (Nb+3Al) pellets can be
attributed to a modification of the thermodynamic situ-
ation by changing the energy in the system before
combustion synthesis. Indeed, some authors [17] re-
ported that the stored enthalpy during ball milling of
iron elemental powders can reach 5–10 kJ mol−1 (15–
20% of DH fusion) due to the increase of interface area
during mechanical activation. Thus, the latent heat of
fusion is decreased by mechanical activation and there-
fore the melting time must decrease to respect the
balance of Eq. (1).

Since the melting time decreased with the mechanical
activation, the subsequent time required to reach the
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Fig. 9. MASHS end-product XRD pattern relative to an Nb+3Al mixture mechanically activated in shock mode.

ignition temperature decreased. Finally, the effect of
milling conditions on grain size and residual stress were
reported to modify the phase transformation kinetics
induced by the final SHS process. Indeed, this lower
ignition time may be interpreted by the reduction of
diffusion length after ball-milling due to the existence of
three dimensional polyinterfaces on a nanometric scale
[18]. Cardellini et al. [19] have observed similar phe-
nomenon in NiAl systems.

The first MASHS milling step significantly decreases
the ignition temperature (about 200°C) in comparison
with the classical SHS process (Turbula). Same observa-
tions were given by Charlot et al. [10,20] concerning the
synthesis of the FeAl intermetallic by MASHS. As
reported in recent literature [21,22], short duration ball-
milling before SHS is able to change the powder behav-
ior during subsequent heat treatment. The niobium
aluminides exothermic formation reaction is easier than
that of a simple Turbula mix, due to the formation of
three dimensional polyinterfaces between small crystal-
lites of niobium and aluminum. This mechanical treat-
ment before sample heating is able to destroy surface
oxide layers on grains from commercial powders which

results in good contact between the surface of niobium
and aluminum small crystallites inside as-milled pow-
ders. This finding leads us to believe that atom distribu-
tion inside as-milled powders is very close from niobium
aluminide compounds like NbAl3 and that the diffusion
path is easier than for the Turbula mix. Moreover, it
seems that the friction mode is more effective to activate
the MASHS process. Indeed, such a mode has been
shown to lower the ignition temperature.

After compaction, the green sample density evaluated
from weight and geometric measurements was 80% of
the theoretical density. The MASHS end-product den-
sity measured by He and Hg pcynometry was 60% of the
theoretical density. This effect is due to the expansion of
adsorbed gases in the sample. In relatively high density
pellets, as the sample is heated, the passage of expanding
contaminant gases is restricted due to the lower porosity.
This leads to a lower density pellet. The similar experi-
ment performed by Kachelmyer [6] showed that the
pellet reacted under vacuum resulted in a higher product
density than that reacted in an argon atmosphere. Thus,
the vacuum aided in the evacuation of the gases both
prior and during reaction.

Table 1
Temperature profiles parameters of the Nb+3Al mixtures: comparison between mechanically activated mixtures and Turbula

SHS

Turbula G5/150/200/4 h G5/150/400/4 h

4.57Melting time (s) 2.5
2 1.5Ignition time (s) 8.5

842 793Ignition temperature (°C) 1044
46.4 97.5Heating speed from meltingto ignition temperatures (°C s−1) 95.3
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Fig. 10. SHS temperature profiles for different Nb+3Al powder mixtures: (a) Turbula; (b) shock mode; (c) friction mode.
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4. Conclusion

This paper clearly shows the influence of the mechan-
ical activation on the isothermal annealing treatment
and SHS process. Starting from a mixture of elemental
pure powders, the first step M2AP or MASHS milling
process leads to the formation of nanostructured pow-
ders in which nanoscale three dimensional polyinter-
faces between the initial elemental niobium and
aluminum powders are formed. The reaction which
forms the target phase occurs only during the subse-
quent annealing or SHS step. The M2AP process pro-
duces microcrystalline NbAl3 powder. The MASHS
process enables to produce submicronic bulk materials,
but the weakness of the relative density (60%) need
some future development to obtain a fully dense bulk
materials.

The quality of the mechanical activation depends on
the mode of transfer of mechanical energy to grains of
powders. Using the G5 particular planetary ball-mill, it
is possible to select a friction or a direct shock mode to
activate powders during the initial step of the M2AP or
MASHS process.

Concerning the M2AP process, it seems that the
shock mode activation is more efficient since it pro-
duces single phase NbAl3.

Concerning the MASHS process, the mechanical ac-
tivation allows the melting time, the ignition time and
the ignition temperature to be decreased compared with
the classical SHS process. The decrease in the melting
time can be attributed to a modification of the alu-
minum latent heat of fusion due to the increase in the
interfacial area during mechanical activation. The lower
ignition time may be interpreted by the reduction in the
diffusion length after ball-milling due to the existence of
three dimensional polyinterfaces at nanometric scale.
On the other hand, the existence of three dimensional
polyinterfaces between small crystallites of niobium and
aluminum make it easier to form niobium aluminide as
compared with the simple Turbula mix, lowering the
ignition temperature of about 200°C. These thermal
analyses demonstrate that the friction mode is more
efficient in decreasing the ignition temperature than the
direct shock one. Therefore, we can conclude that the
mechanical activation depends on the mode of transfer
of mechanical energy to ground powders. It constitutes

thus a very flexible way of influencing phase
transformations.
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de Bourgogne) for their valuable help during the exper-
iments. V. Gauthier thanks gratefully the Ministère de
l’Enseignement Supérieur et de la Recherche for his
financial support.

References

[1] H. Mitsui, H. Habazaki, K. Asami, K. Hashimoto, S. Mrowec,
Trans. Mater. Res. Jpn. 14A (1994) 243.

[2] S. Hanada, Curr. Opin. Solid State Mater. Sci. 2 (1997) 279.
[3] W. Loser, R. Hermann, M. Leonhardt, D. Stephan, R. Bor-

mann, Mater. Sci. Eng. A 224 (1997) 53.
[4] Z. Peng, C. Suryanarayana, F.H. Froes, Metall. Mater. Trans.

27A (1996) 41.
[5] E. Hellstern, L. Schultz, R. Bormann, D. Lee, Appl. Phys. Lett.

53 (1988) 1399.
[6] C.R. Kachelmyer, A.S. Rogachev, A. Varma, J. Mater. Res. 10

(1995) 2260.
[7] N. Malhouroux-Gaffet, E. Gaffet, J. Alloy Comp. 198 (1993)

143.
[8] E. Gaffet, N. Malhouroux-Gaffet, J. Alloy Comp. 205 (1994) 27.
[9] E. Gaffet, F. Charlot, D. Klein, F. Bernard, J.C. Niepce, Mater.

Sci. Forum 269–272 (1998) 379.
[10] F. Charlot, E. Gaffet, B. Zeghmati, F. Bernard, J.C. Niepce,

Mater. Sci. Eng. A (in press).
[11] T.B. Massalski, H. Okamoto, P.R. Subramanian, L. Kacprzak

(Eds.), Binary Aluminum Alloy Phase Diagrams, ASM Interna-
tional, Materials Park OH, 1990.

[12] M. Abdellaoui, E. Gaffet, Acta Mater. 44 (2) (1996) 725.
[13] E. Gaffet, Mater. Sci. Forum 225–227 (1996) 429.
[14] J.I. Langford, in: Proceeding of the International Conference on

Accuracy in Powder Diffraction II, held at NIST, Gaithersburg,
1992, pp. 110.

[15] N.C. Halder, C.N.J. Wagner, Acta Cryst. 20 (1966) 312.
[16] D. Louer, N. Audebrand, Adv. X-ray Anal. 41 (in press).
[17] C.H. Moelle, H.J. Fecht, Nanostruct. Mater. 6 (1995) 421.
[18] E. Gaffet, N. Malhouroux-Gaffet, M. Abdellaoui, A. Malchere,

Rev. Metall. (1994) 757–769.
[19] F. Cardellini, G. Mazzone, M. Vittori Antisari, Acta. Mater. 44

(4) (1996) 1511–1517.
[20] F. Charlot, F. Bernard, E. Gaffet, D. Klein, J.C. Niepce, Acta

Mater. (in press).
[21] F. Charlot, C. Gras, M. Gramond, E. Gaffet, F. Bernard, J.C.

Niepce, J. Phys IV 8 (1998) 497–504.
[22] C. Gras, E. Gaffet, F. Bernard, J.C. Niepce, Mater. Sci. Eng. A

(in press).

.


