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bstract

ernary MAX phase compounds were synthesized using an alternative route called MASHS (Mechanically Activated Self-propagating High-
emperature Synthesis). This original process combines a short duration ball milling (MA) of reactants (Ti, Al, C) with a self-sustaining combustion

SHS). The particle size evolution of the powder mixture during Mechanical Activation was monitored using XRD profile analysis. The effect of
l-excess was also discussed. XRD and SEM analyses have proved that the activation of the reaction kinetics must be accompanied by a decrease

n the overall exothermicity in order to synthesize pure Ti–Al–C MAX phases by MASHS.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ti2AlC and Ti3AlC2, members of the novel ternary com-
ounds, so-called MAX phases, have attracted considerable
nterest, primarily because of their unique properties combin-
ng many merits of both metals and ceramics.1–6 Like metals,
hey show high thermal and electrical conductivity, and are easy
o machine, resistant to thermal shock, and tolerant to damage.
ike ceramics, they possess low densities, a high Young mod-
lus, a low thermal expansion coefficient, high strength at high
emperatures, and excellent oxidation resistance. All of these
roperties make Ti2AlC and Ti3AlC2 promising materials for
igh-temperature structural and functional applications.

For preparing these ternary compounds, two kinds of meth-
ds are used nowadays. One is reactive sintering with proper
tarting reactants, including hot pressure (HP) sintering, hot

sostatic pressure (HIP) sintering, and spark plasma sintering
SPS),1–3 the other is combustion synthesis, also called self-
ropagating high-temperature synthesis (SHS), including either

∗ Corresponding author.
E-mail address: vrel@limhp.univ-paris13.fr (D. Vrel).
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he use of elemental powders as raw materials4,5 or aluminother-
ic process.6

Early work related to these phases using SHS, in the late
80s and early ‘90s7,8 has been, if not completely disregarded,
t least overlooked. One of the reasons may be the high residual
hases’ content, around 30%, that were found at that time in
he final product, especially TiC when synthesizing Ti3SiC2,
i3AlC2, and Ti2AlC.9 Other processes proposed around the
ame time, however, would systematically be more complex and
nclude a purification step, which could have been proposed as a
omplement of SHS as well.10 The residual TiC content at that
ime was about 5%.

Recently, a new variation of the SHS process was proposed by
affet et al.11 The so-called MASHS (Mechanically Activated
elf-propagating High-temperature Synthesis) process consists
f a short duration high-energy ball milling step12,13 followed
y a self-sustaining reaction, or SHS (Self-propagating High-
emperature Synthesis), where the starting sample, powdered or
ompacted, is heated at one end, thus igniting the exothermic

ynthesis reaction which self-propagated along the sample until
his sample is completely converted. This process was applied
uccessfully to produce nanocrystalline (30–35 nm) bulk FeAl
ntermetallic compacts with a relative density close to 80%.14–16

mailto:vrel@limhp.univ-paris13.fr
dx.doi.org/10.1016/j.jeurceramsoc.2009.10.001
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In a previous paper,5 as a preliminary study of the work pre-
ented here, we have shown that it is possible to improve the
urity of the Ti2AlC MAX phase obtained by SHS, by a control
f various parameters, and specifically the heat losses: increas-
ng heat losses by reducing the sample diameter, the purity of the

AX phases was improved. However, Mechanical Activation
MA) had to be used in order to prevent the quenching of the
eaction front, i.e. to ensure the propagation of the reaction front
n the whole sample.

In a first step, the objective of this study is to perform a thor-
ugh investigation on the influence of Mechanical Activation
n the TiC content in the final products using the stoichiometric
tarting composition described by the following reaction:

Ti + Al + C → Ti2AlC (1)

In a second step we will focus on the influence of adding Al
n excess relatively to Eq. (1) in order to reduce the amount of
iC in the final products. Al will be added by 0.5 mol steps to

he as-milled powder presenting the higher reactivity, in order
o provide the most extensive study: indeed, the most reactive
owders is the hardest to quench, and thus can tolerate greater
mounts of excess aluminum. Effects of Mechanical Activation
MA) and the Al-excess content will be analyzed as a func-
ion of phase conversion degree and combustion characteristics,
ncluding sustainability of the combustion wave and propaga-
ion rate of the reaction front. Using XRD analysis, the content
f each Ti-containing phase in the as-synthesized product will
e estimated.

. Experimental

Samples were prepared from commercial powders of alu-
inum, titanium and graphite, which were carefully weighed

n a precision scale (0.001 g) to obtain the compositions of
he required stoichiometry. Aluminum powder is from Pro-
abo (99%, mean diameter 100 �m), titanium powder from
lfa Aesar (99.5%, <50 �m) and graphite from KgaA (99.5%,
50 �m).

Once weighed, the powders were thoroughly mixed using

Turbula® mixer, co-milled using a Fritsh® Pulverisette 6

lanetary mill using agate vials and balls. The rotation speed
f the disc was set at 250 rpm. The Ball-to-Powder weight
atios (BPR, also called Charge Ratio, CR) and the correspond-

p

m
s

able 1
haracteristics of the different mixtures. From left to right: milling conditions; phas

these last two parameters being estimated by Williamson–Hall plots); and measured

all-milling conditions CR/�t XRD phases after milling

urbula® Ti, Al, C
0:1/2 h Ti, Al, C
0:1/4 h Ti, Al, C
0:1/8 h Ti, Al, C
0:1/2 h Ti, Al, C
0:1/4 h Ti, Al, C
0:1/8 h Ti, Al, C, TiC
0:1/2 h Ti, Al, C, TiC
Ceramic Society 30 (2010) 1049–1057

ng milling time are given in Table 1. The as-milled powders
ere uniaxially cold pressed to give rectangular samples with
imensions of 4 mm × 8 mm × 14 mm and a relative density
f 60%.

The resulting samples were then set in the reaction cham-
er, which is fully described in Refs. [17,18]. Ignition of the
owder mixtures was then carried out under argon atmosphere,
y a graphite plate heated up by a high intensity electrical
urrent (up to 12 V to 200 A), which brought it to a temper-
ture of about 2000 K, and the reaction was then analyzed
y infrared thermography using an AVIO® TVS 2000 ST IR-
amera.

X-Ray Diffraction (XRD) analysis has been performed using
n XRG-3000 diffractometer from INEL. This diffractometer
s equipped with a curved detector with a 90◦ aperture, thus
orking with an asymmetric Bragg–Brentano geometry; with a
0 cm curvature radius and 8192 digital channels, this detector
rovides a precision close to 0.01◦. The radiation wavelength
sed is the Cu-k�1 radiation, 1.54056 Å, monochromated by a
ermanium monocrystal; out of the two slits placed just before
he sample, the one parallel to the linear beam is opened for
nly 13 �m in order to eliminate the Cu-k�2 radiation. Pattern
econvolution was carried out by means of the profile-fitting pro-
ram Fityk® to obtain parameters defining the position, height,
ntegrated diffraction intensity, integral breadth and shape of
ndividual Bragg reflections.

The contents of each Ti-containing phase formed in the as-
ynthesized product were estimated from the integrated XRD
eak intensities according to the following formula:

X = A
(h k l)
X

∑
XA

(h k l)
X

(2)

here WX is the estimated fraction for one compound and A
(h k l)
X

ts integrated diffraction intensity of the major peak of compound
, except for TiC, where the (1 1 1) peak, representing 80% of

ts most intense peak, the (2 0 0) peak, is used because other

hases’ peaks do not overlap it.

The micromorphology was observed by scanning electron
icroscopy using a JEOL JSM6400F scanning electron micro-

cope.

es detected by X-ray analysis after milling; crystallite size εTi; microstrain ηTi

propagation velocities.

εTi (nm) ηTi (%) Propagation velocity (mm/s)

– – 30
>500 – 32

308 0.07 37
308 0.17 80
513 0.10 36
154 0.18 Unsteady

45 0.4 Unsteady
81 0.12 43
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ig. 1. Selected XRD patterns of as-milled powders: (a) 20:1/8 h and (b) 40:1/2 h
illing conditions.

. Results and discussion

.1. Characterization of as-milled powders

.1.1. Phases analysis
As shown in Table 1, mechanically activated powders are

omposed of the elements Ti, Al and C except for the 20:1/8 h
nd 40:1/2 h milling conditions, where production of TiC by
echanosynthesis can be detected (see Fig. 1). Fig. 1 shows

lso that the main peak of graphite is still present despite the
eginning of mechanical alloying probably because the brittle
raphite particles are dispersed in a ductile matrix of both met-
ls, and thus, shock-induced amorphization of graphite which
s observed when only Ti and C are co-milled19 may therefore
e less effective when aluminum is present. The production of
iC can be explained by the fact that at high CRs, because of an

ncrease in the weight proportion of the balls, the number of col-

isions per unit time increases and, consequently, more energy
s transferred to the powder particles and so alloying takes place
aster. It is also possible that due to the higher energy, more
eat is generated and thus could also change the constitution

t
t
c
o

ig. 2. Williamson and Hall plots for Ti grains in as-milled powders obtained
n the case 20:1/4 h ball-milling conditions.

f the powder. A possible amorphous phase formed may even
e-crystallize if the temperature rise is substantial.

.1.2. Determination of crystallite size and microstrains
rom XRD profile line analysis

In order to calculate the average crystallite size and the
icrostrain of the sample, the change in the FWHM values

or a series of Ti diffraction peaks at different values of 2θ

as analyzed using the Williamson–Hall method.20 It should
e noted that this method relies on the difference between
he FWHM peaks of the studied powder and the FWHM of

standard strain-free powder with large grain size, provid-
ng the instrumental peak broadening of the diffractometer.
o obtain these parameters, pattern deconvolution was car-
ied out using a Lorentzian profile shape, and unmilled Ti
owder is used as a line broadening standard. The FWHM
alues for the unmilled sample are simply subtracted from
he milled values when calculating the change in FWHM
or the broadened peaks. Therefore, Williamson–Hall plots
β* = β cos(θ)/λ as a function of d* = 2sin(θ)/λ) were used to
etermine the mean apparent crystallite size and the micros-
rain, given respectively by the y intercept and the slope of the
traight line. A typical example of Williamson–Hall plots for Ti
n the case of (20:1/4 h) ball-milling conditions is presented in
ig. 2.

Columns 3 and 4 in Table 1 present the evolution of crystallite
ize εTi and the microstrain ηTi obtained from Williamson–Hall
lots versus ball-milling conditions for Ti in the as-milled pow-
er. According to these results, a decrease in average crystallite
ize of Ti is observed when increasing milling time for a CR
f 10:1 to reach an invariant submicron value of 308 nm after
h of milling. Faster and more important refinement of crys-

allites is observed for higher CRs, leading to nanosized Ti
or 20:1/4 h, 20:1/8 h and 40:1/2 h milling conditions. These
esults are in a good agreement with previous studies show-
ng that the CR has a significant effect on the time required

21
o achieve a particular phase in the powder being milled ;
he higher the CR, the shorter is the time required. In all
ases, an increasing in microstrain with milling time is also
bserved.
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ig. 3. Typical thermogram obtained from IR analysis of a SHS reaction for
Ti + Al + C starting composition.

.2. Self-propagating High-temperature Synthesis of the
s-milled powders

From infrared image analysis, the thermal profile during the
ombustion reaction can be determined for several points on
he sample (Fig. 3). Unfortunately, real-temperature values can-
ot be obtained from infrared measurements because the sample
ndergoes several phase transformations during the propagation
f the combustion front, causing changes in emissivity. More-
ver, the infrared camera needs the operator to set a value for
his parameter, and we chose to arbitrary set it to 1; therefore,
he temperature read by the camera is always strongly under-
stimated. Thus, we focused on the combustion front velocity
o describe the reactivity of each powder: the higher the veloc-
ty, the higher the powder reactivity. Because the reaction may
e accompanied by large volume change, the flame-front prop-
gation velocity was determined from the delay for the wave
o reach the end of the sample. The last column of Table 1
ums up the measured velocities versus ball-milling conditions.
rom these results, it seems that the crystallite size alone is not
ufficient to characterize the reactivity of the powder, as the high-
st propagation velocity is not observed for the smallest grain
ize. Indeed, the propagation velocity of the combustion front
an be influenced by a combination of many milling-enhanced
arameters besides the reduction of the crystallite size,22 e.g.
he increase of number of contact surfaces,23 the modifica-
ion of balance energy during the self-sustaining reaction by
he presence of a small amount of end product in the powder
efore reaction and by the stored enthalpy during mechanical
reatment.24

The thermal profile during the combustion reaction in
Ti + Al + C system exhibits a particular shape (Fig. 3), with
n increase in the “apparent” temperature 2–3 s after the onset
f the reaction front, probably due to the MAX phases’ crys-

allization and a subsequent change in emissivity,5 indicating
hat the formation process of MAX phases in the Ti–Al–C sys-
em is relatively complex. According to previous studies on
uenched Ti–Al–C samples,5 the reaction proceeds in three con-

t
r
p
e

Ceramic Society 30 (2010) 1049–1057

ecutive steps: first the formation of Ti-Aluminides, second the
eaction of titanium with carbon giving sub-stoichiometric tita-
ium carbide TiCx, and then the reaction of TiCx with melted
i-Aluminides to form ternary Ti–Al–C compounds.

XRD patterns of the final products are presented in Fig. 4.
0:1/4 h and 20:1/8 h milling conditions did not permit a steady
ropagation and thus will not be considered. According to this
gure, Ti2AlC has been synthesized as the major composition.
t the same time, the diffraction peaks of TiC are also visi-
le. The presence of some supplementary diffraction peaks of
-Al2O3 in the case of 40:1/2 h milling conditions product indi-
ates some oxidation probably induced by milling in open air
Fig. 4(c)). Surprisingly, the peak intensity corresponding to TiC
ppears to be weaker for the unmilled powder (Fig. 4(a)), imply-
ng a better degree of phase conversion for the sample with a
ower reactivity.

The contents of TiC and Ti2AlC formed in the as-synthesized
roduct were evaluated by Eq. (2) based upon the XRD profile.
ig. 5 indicates that the estimated fraction of TiC yielded in

he products from the elemental powder compacts is enhanced
rom 5.0 to 14.5%, as the front velocity increases from 3.0 to
.0 mm s−1 due to Mechanical Activation. The unmilled pow-
ers gave the best yield in Ti2AlC, estimated at about 95.0%
see Fig. 4(a)), while the most reactive powder, corresponding to
0:1/8 h milling conditions, gave the lower Ti2AlC content, esti-
ated at about 85.5% (Fig. 4(b)). According to a previous work,5

his result is due to the high cooling rate of the small section sam-
le by natural convection, coupled with low exothermicity of the
nmilled powder. When the overall exothermicity (or the maxi-
um temperature) increases, more TiCx will be saturated with C

nd/or Al atoms will substitute C atoms in the sub-stoichiometric
iCx before reaching Ti2AlC and Ti3AlC2 temperatures of for-
ation and thus will not react with Ti-Aluminides. As a result,

ome unreacted TiCx will remain in the combustion products.
hus, the delay for the sample to reach the temperatures of the

ormations of the MAX phases during cooling from the combus-
ion temperature seems to be a key parameter to control the TiC
ontent in the final product: the shorter is the delay; the lower
s the TiC content. This delay can be reduced, as we have done
n previous studies, either by increasing the cooling rate5 or by
ilution.6

.3. Effect of Al-excess on the phase formations

As 10:1/8 h milling conditions powder presents the higher
eactivity, this study will focus on adding Al-excess to it as a
iluent, in order to improve MAX phases yield in the combus-
ion synthesis products. The compositions of the samples were
elected from the Ti–Al–C ternary phase diagram,25 which are
hown in Fig. 6. The starting compositions, expected final com-
osition and final crystalline phases in different samples are all
isted in Table 2.

Addition of Al-excess gives rise the following three impor-

ant consequences: (1) shift of the equilibrium to favor the
eaction between TiCx and Ti-Aluminides, yielding ternary com-
ounds; (2) improvement in the liquid phase content during the
xothermic reaction which favors the diffusion of the different



A. Hendaoui et al. / Journal of the European Ceramic Society 30 (2010) 1049–1057 1053

F ens:

c
t
o

M
A

F

o
u

ig. 4. XRD patterns of synthesized products obtained from different test specim

omponents, and thus promotes a better achievement of the reac-
ion; and (3) dilution of the system therefore yielding a lower

verall exothermicity.

Fig. 7 shows the XRD patterns of the products of the sample
A0, sample MA1, sample MA2 and sample MA3 (cf. Table 2).
s a result of increasing Al-excess, a change in the TiC content

ig. 5. Effect of Mechanical Activation on TiC content in the final products.

g
e
u
p
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(

(a) unmilled powder, (b) 10:1/8 h, and (c) 40:1/2 h milling conditions powders.

f final products is observed. The dominant MAX phase also
ndergoes a change. The total MAX phases’ content is also
iven in Fig. 8 from Ti2AlC to Ti3AlC2. The corresponding
volution of the different Ti-containing phases’ contents, eval-
ated by Eq. (2), is presented in Fig. 8 (dashed line). In this
lot, two regions can be distinguished, according the evolution
f total MAX phases’ content:

(a) For Al-excess ≤ 0.5 mol, a drastic increase in the total MAX
phases’ ratio with a decrease in remaining TiC content is
observed. Naturally, when aluminum is added to a point
that no ternary Ti–Al–C compound is rich enough to use it
all, the overall exothermicity will decrease, and aluminum
will therefore start to behave as a diluent, the temperatures
of formation of MAX phases will be thus reached with more
sub-stoichiometric TiCx, which is chemically able to react
with Ti-Aluminides to give the desired MAX phases. The
total MAX phases’ yield increases to reach a maximum
value of 95.5% by adding 0.5 mol of Al-excess.
b) For Al-excess > 0.5 mol, a decrease in the total MAX
phases’ yield is observed because of the disappearance
of Ti2AlC in favor of the production of another impurity,
identified as TiAl3. The minimum TiCx content, estimated
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Fig. 6. Isothermal section at 1300 ◦C of the Ti–Al–C phase diagram.

Fig. 8. Effect of Al-excess reactant compacts on estimation fractions of Ti2AlC,
Ti3AlC2, TiAl3 and TiC formed in synthesized products from 10:1/8 h milling
c

Fig. 7. Diffraction patterns of combustion products obtained from 10:1/8 h milling co
1.5 mol.
onditions powder.

nditions powder with an Al-excess of: (a) 0 mol, (b) 0.5 mol, (c) 1 mol and (d)
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uct which is the representative morphology of TiC. Moreover,
another type of grains displays a solidified liquid morphology,
probably due to the melting of Al during the reaction, charac-
teristic of TiAl3 phase.
Fig. 9. Diffraction patterns of combustion products obtained from (a) 10:1

at 1.8%, is obtained with 1 mol of Al-excess (i.e. sample
MA2), is followed by a slight increase with decreasing
exothermicity, probably due to a shorter time required for
the synthesis of Ti3AlC2. In fact, the dilution effect is so
important that the temperature of formation of Ti3AlC2 is
not reached for a sufficient time to achieve the desired reac-
tion between TiCx and Ti-Aluminides, which tends to form
a TiC/TiAl3 composite instead of ternary compounds.

lthough the method used here to estimate the amount of each
hase could be questioned, as it is not as precise as a complete
ietveld analysis, it is sufficient for establishing some signif-

cant results: (i) MAX phases’ total yield was improved for
s-milled powders by adding Al-excess and (ii) the maximum
ield ratio in MAX phases (Ti2AlC + Ti3AlC2) is greater than
5%.

From these results, it would seem that the optimal value of
l-excess to add to 10:1/8 h milling conditions powder to obtain
complete disappearance of TiC without the formation of TiAl3

s between 0.5 and 1 mol. However, when the same quantity of
l-excess (0.5 mol) was added to powders with lower reactivity,

orresponding to 10:1/4 h and 20:1/2 h milling conditions, pure
i2AlC/Ti3AlC2 samples, with a total MAX phases’ yield ratios
reater than 99.5%, were obtained (Fig. 9(a) and (b)) where the
eaks of the other phases are barely detectable. Consequently,
he amount of Al-excess depends on the reactivity degree of
he as-milled powder: the higher is the reactivity, the higher is
l-excess to add.

.4. Products morphology

Typical SEM micrographs illustrating the fracture surface
f synthesized products are presented in Fig. 10 for the sam-
le MA0 and the sample MA2. Two different structures can be

istinguished for sample MA0 (Fig. 10(a)): plate-like Ti2AlC
rains and small faceted TiC grains. MA2 product (Fig. 10(b)),
xhibits layered structure characteristic of the Ti3AlC2 structure
ith a small amount faceted particles in some areas of the prod-

F
m

nd (b) 20:1/2 h milling conditions powders with an Al-excess of 0.5 mol.
ig. 10. SEM micrographs of synthesized products obtained from 10:1/8 h
illing conditions powder with an Al-excess of (a) 0 mol and (b) 1 mol.
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Table 2
The starting compositions, expected final composition and final crystalline phases in different samples.

Sample name Stoichiometry (molar ratio) Ti:Al:C Al-excess (mol) Location in the phase diagram (cf. Fig. 6) Experimental phases of the samples

MA0 2:1:1 0 H H–TiCx

MA1 2:1.5:1 0.5 N–T
MA2 2:2:1 1 N–T
MA3 2:2.5:1 1.5 TiCx

F
c

d
m
1
m
y

4

S
T
t
S
s

(

(

(

p
s
M
d
t
n
o

t
a
p

R

1

ig. 11. SEM micrograph of synthesized product obtained from 20:1/2 h milling
onditions powder with an Al-excess of 0.5 mol.

Fig. 11 shows the morphology of the 20:1/2 h milling con-
itions sample with 0.5 mol of Al-excess. The product is only
ade of plate-like Ti2AlC and Ti3AlC2 grains with size of about

0 �m in length and 2 �m of width, which is in complete agree-
ent with XRD results giving a total MAX phases’ estimated

ield of about 99.7% (Fig. 9(b)).

. Conclusions

Mechanically Activated Self-propagating High-temperature
ynthesis (MASHS) process was used to synthesize high purity
i2AlC and Ti2AlC/Ti3AlC2 samples from Ti, Al and C elemen-

al powders, with an estimated yield never obtained before with
HS process. From experimental evidences, the main conclu-
ions can be summarized as follows:

1) Despite a correct initial stoichiometry, TiC appears in the
samples: TiCx may be saturated with C and/or Al atoms
may enter the TiC crystalline structure. For that reason,
SHS is perfectly adapted to MAX phases, as it allows very
short processing times, and thus can prevent the TiCx sat-
uration with C and Al in TiC substitution. Unfortunately,
these are thermally activated processes, and the high tem-
peratures reached during combustion synthesis may actually
withdraw the advantage of the process.
2) Mechanical Activation increases the reactivity of the as-
milled powders and therefore the delay for the sample to
reach MAX phases’ formation temperature. Thus, TiC con-
tent in the final products is also increased.

1

iAl3–Ti5Al11 H–N–TiCx

iAl3 N–TiAl3–TiCx

–TiAl3 N–TiAl3–TiCx

3) An efficient use of the SHS process to synthesize MAX
phases should therefore come with a precise control of
the delay for the sample to reach the temperatures of the
formations of the MAX phases during cooling from the com-
bustion temperature. The addition of Al-excess to as-milled
powders allows such control. The amount of Al-excess
depends of the degree of the reactivity of the powders.

In summary, activation of the reaction kinetic must be accom-
anied by a decrease in the overall exothermicity in order to
ynthesize pure Ti–Al–C MAX phases by MASHS. Fortunately,
echanical Activation allows steady state propagation in con-

itions where dilution and/or heat losses are very high, greater
han quenching threshold for unmilled powders, and the combi-
ation of these two parameters is enough to override the effect
f heat increase due to Mechanical Activation.

According to the present work, addition 0.5 mol of Al-excess
o 10:1/4 h and 20:1/2 h milling conditions powders seems to be
good solution to produce nearly pure Ti2AlC/Ti3AlC2 MAX
hases.

eferences

1. Tzenov, N. V. and Barsoum, M. W., Synthesis and characterization of
Ti3AlC2. J. Am. Ceram. Soc., 2000, 83(4), 825–832.

2. Barsoum, M. W., Brodkin, D. and El-Raghy, T., Layered machinable ceram-
ics for high temperature applications. Scripta Mater., 1997, 36(55), 535–541.

3. Zhou, A. G., Wang, C. A. and Huang, Y., A possible mechanism on synthesis
of Ti3AlC2. Mater. Sci. Eng. A: Struct. Mater.: Prop. Microstruct. Process,
2003, 352(1–2), 333–339.

4. Lee, W. C. and Chung, S. L., Ignition phenomena and reaction mecha-
nisms of the self-propagating high-temperature synthesis reaction in the
titanium–carbon–aluminum system. J. Am. Ceram. Soc., 1997, 80(1), 53–61.

5. Hendaoui, A., Andasmas, M., Amara, A., Benaldjia, A., Langlois, P. and
Vrel, D., SHS of high-purity MAX compounds in the Ti–Al–C system. Int.
J. SHS, 2008, 17(2), 129–135.

6. Hendaoui, A., Vrel, D., Amara, A., Benaldjia, A. and Langlois, P., Ti–Al–C
MAX phases by aluminothermic reduction process. Int. J. SHS, 2008, 17(2),
125–128.

7. Pampuch, R., Lis, J., Stobierski, L. and Tymkiewicz, M., Solid combustion
synthesis of Ti3SiC2. J. Eur. Ceram. Soc., 1989, 5(5), 283–287.

8. Lis, J., Pampuch, R., Piekarczyk, J. and Stobierski, L., New ceramics based
on Ti3SiC2. Ceram. Int., 1993, 19(4), 219–222.

9. Chlubny, L. and Lis, J., Intermetallics as precursors in SHS synthesis of
the Ti3AlC2. In Proceedings of the IXth International Symposium on Self-
propagating High-temperature Synthesis, Extended Abstracts Book, 2007,
pp. T3–12, edited by SF2M.

0. Racault, C., Langlais, F. and Naslain, R., Solid-state synthesis and char-

acterization of the ternary phase Ti3SiC2. J. Mater. Sci., 1994, 29(13),
3384–3392.

1. Gaffet, E., Charlot, F., Klein, D., Bernard, F. and Niepce, J.-C., Mechanically
activated SHS reaction in the Fe–Al system: in situ time resolved diffraction
using synchrotron radiation. Mater. Sci. Forum, 1998, 269–272, 379–384.



pean

1

1

1

1

1

1

1

1

2

2

2

2

2

A. Hendaoui et al. / Journal of the Euro

2. Gauthier, V., Josse, C., Bernard, F., Gaffet, E. and Larpin, J.-P., Synthesis
of niobium aluminides using mechanically activated self-propagating high-
temperature synthesis and mechanically activated annealing process. Mater.
Sci. Eng. A, 1999, 265, 117–128.

3. Gauthier, V., Bernard, F., Gaffet, E., Josse, C. and Larpin, J.-P., In-situ time
resolved X-ray diffraction study of the formation of the nanocrystalline
NbAl3 phase by mechanically activated self-propagating high-temperature
synthesis reaction. Mater. Sci. Eng. A, 1999, 272, 334–341.

4. Charlot, F., Gaffet, E., Zeghmati, B., Bernard, F. and Niepce, J.-C., Mechan-
ically activated synthesis studied by X-ray diffraction in the Fe–Al system.
Mater. Sci. Eng. A, 1999, 262, 279–288.

5. Charlot, F., Gaffet, E., Bernard, F., Klein, D. and Niepce, J.-C., In situ time-
resolved diffraction coupled with a thermal i.r. camera to study mechanically
activated SHS reaction: case of Fe–Al binary system. Acta Mater., 1998,
47(2), 619–629.

6. Charlot, F., Gaffet, E., Bernard, F., Gras, Ch. and Niepce, J.-C., Nanocrys-
talline FeAl synthesis by MASHS with in situ and post mortem

characterizations. Mater. Sci. Forum, 1999, 312–314, 287–292.

7. Vrel, D., Girodon-Boulandet, N., Paris, S., Mazué, J.-F., Couqueberg, E.,
Gailhanou, M. et al., A new experimental setup for the time resolved X-ray
diffraction study of self-propagating high-temperature synthesis. Rev. Sci.
Instrum., 2003, 73(2), 422–428.

2

Ceramic Society 30 (2010) 1049–1057 1057

8. Bernard, F., Paris, S., Vrel, D., Gailhanou, M., Gachon, J.-C. and Gaffet, E.,
Time-resolved XRD experiments adapted to SHS reactions: past and future.
Int. J. SHS, 2002, 12(2), 181–190.

9. Heian, E. M., Karnatak, N., Vrel, D., Beaufort, M.-F. and Dubois, S., Effect
of nanostructured reactants on TiC combustion synthesis and microstructure.
Int. J. SHS, 2004, 13(1), 1–12.

0. Williamson, G. K. and Hall, W. H., X-ray line broadening from field alu-
minium and wolfram. Acta Metall., 1953, 1, 22–31.

1. Suryanarayana, C., Mechanical alloying and milling. Prog. Mater. Sci., 2001,
46, 1–184.

2. Makino, A., Fundamental aspects of the heterogeneous flame in the
self-propagating high-temperature synthesis (SHS) process. Prog. Energy
Combust. Sci., 2001, 27, 1–74.

3. Gras, Ch., Vrel, D., Gaffet, E. and Bernard, F., Mechanical activation effect
on the self-sustaining combustion reaction in the Mo–Si system. J. Alloys
Compd., 2001, 314, 240–250.

4. Charlot, F., Bernard, F., Gaffet, E., Klein, D. and Niepce, J.-C., In situ time-

resolved diffraction coupled with a thermal IR camera to study mechanically
activated SHS reaction: case of Fe–Al binary system. Acta Mater., 1999,
47(2), 619–629.

5. Pietzka, M. A. and Schuster, J. C., Summary of constitutional data on the
Al–C–Ti system. J. Phase Equilib., 1994, 15, 392–400.


	Synthesis of high-purity polycrystalline MAX phases in Ti-Al-C system through Mechanically Activated Self-propagating High-temperature Synthesis
	Introduction
	Experimental
	Results and discussion
	Characterization of as-milled powders
	Phases analysis
	Determination of crystallite size and microstrains from XRD profile line analysis

	Self-propagating High-temperature Synthesis of the as-milled powders
	Effect of Al-excess on the phase formations
	Products morphology

	Conclusions
	References


