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Effect of Mechanical Activation on Ti;AlC, Max Phase Formation under
Self-Propagating High-Temperature Synthesis
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Abstract

In this study, we have investigated the effect of various mechanical activation (MA)
modes on phase and structure formation in powder mixtures made up to produce
Ti;AIC, MAX phase. The optimal MA duration has been established which results
in the maximum heat release under SHS due to accumulation of structural defects
leading to the growth of internal energy. The effect of MA on the character and
kinetics of combustion front propagation has been investigated. It was shown that
following pretreatment of a powder mixture in a planetary ball mill, the combustion
mode changes from stationary to a pulsating combustion and, consequently,
the combustion rate decreases. The burning-out of the sample is partial and with
interruptions (depressions). Force SHS-pressing technology was used for obtaining
of compacted samples with homogeneous structure based on Ti;AlC.,.

1. Introduction

MAX phases (M,;;AX,, where M is a transition
metal, A is, predominantly, a IIIA or IVA element,
and X is either carbon or nitrogen) are high-melt-
ing non-oxide compounds with a hexagonal layered
structure and unique combination of metal and ce-
ramic properties [1]. Like metals, they are thermally
and electrically conductive, readily machinable at
room temperature, resistant to crack propagation
and thermal shock, and they deform plastically at
elevated temperatures. Like ceramics, they have low
density, high elastic modulus, excellent heat resis-
tance and high temperature strength [2]. Due to their
layered structure and similarly to hexagonal boron
nitride and graphite, these materials are easily ma-
chinable [3]. The combination of all these properties
make materials based on MAX phases quite suitable
for many high-temperature structural and functional
applications.

Most studies in Ti—Al-C system consider MAX
phases of Ti,AIC and Ti;AlC, compounds [4].
Ti,AIC has the highest melting point (1625 °C)
and it is stable at high temperatures, however, if
the temperature decreases lower than 1500 °C, the
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compound decomposes and goes over to Ti;AlC,
MAX phase via the following reaction: 2Ti,AIC
— Ti;AIC, + TiAly + XAl [5]. Ti;AlC, has bet-
ter thermal stability, higher elasticity modulus and
hardness as compared to Ti,AIC. Moreover, Ti;AlC,
is ductile under compression [6].

Ti;AlC, was first synthesized by sintering of Ti,
TiAl, Al,C; and C compacted powder mixtures at
the temperature of 1300 °C for 20 h in the reducing
atmosphere (H,) [7]. Further investigations explored
both variations in the chemical and phase composi-
tions of the reaction mixtures [1, 810] and appli-
cation of various synthesis methods: hot isostatic
pressing, hot pressing and spark plasma sintering
[11-13].

In addition to the aforementioned convention-
al methods used to synthesize this compound,
self-propagating high-temperature synthesis (SHS)
has also been studied [14—16]. This method uses
chemical energy (combustion mode) released in the
process of exothermic reactions between the initial
powder components.

One of the areas of application of the materials
based on MAX phases and synthesized by SHS is
producing multicomponent sputtered targets (cath-

© 2015 Al-Farabi Kazakh National University



234 Effect of Mechanical Activation on Ti;AlC, Max Phase Formation

odes) and electrodes for the application of multi-
functional coatings using a magnetron technique
and pulsed electro-spark deposition. The obtained
coatings have excellent physical, mechanical and
service properties [17, 18].

Depending on the synthesis method, the forma-
tion mechanism of Ti;AIC, MAX phase can be di-
vided into two groups:

1) Methods using slow heating of initial compo-
nents [1, 11, 19, 20]. The formation mechanism of
MAX phase is as follows: aluminum is melted at
the temperature of 660 °C and, spreading over ti-
tanium and carbon black particles, it produces the
reaction surface with the formation of TiAl; or TiAl,
intermediate compounds. Further, as this reaction
develops, diffusion saturation of TiAl, with titanium
occurs and TiAl and Ti;Al are produced. At the sec-
ond stage, titanium carbide is produced which enters
into a reaction with intermetallides or aluminium
melt, with the formation of ternary compounds:

TiC, + Ti,Al, — T, AlC,
TiC, + Al — Ti,., AIC,

2) In case of SHS [3, 10, 14-16], the formation
mechanism of Ti,AlC, compounds is slightly dif-
ferent to the one described above. This is caused
by higher combustion rate and temperature values.
Both aluminum and titanium are melted in the com-
bustion wave, and reaction surface is formed by the
titanium-aluminum melt spreading over the carbon
black surface. As far as this melt is being saturated
with carbon, titanium carbide grains are precipitat-
ing. M,,;AX, phases in Ti—Al-C system are formed
at the stage of the secondary structure formation
through the interaction of TiC, Ti—Al melt.

It is known that in order to increase the rate of
conversion, structural and phase homogeneity of
combustion products and, consequently, enhance
the content of various ternary compounds including
MAX phases; the reactive mixture is subjected to
preliminary mechanical activation (MA) [21-24].
Due to severe plastic deformation processes, MA
results in the significant reduction of mixture het-
erogeneity and accumulation of energy at the reac-
tant structure defects [25-27]. Therefore, MA of the
reactive mixture can increase the combustion rate,
reduce the temperature at which the reaction occurs,
as well as ignition temperature due to the enhanced
total reaction surface [28, 29]. However, the men-
tioned studies also reveal that long-term intense
mechanical impact in the mill jars leads to the oc-
currence of mechanochemical reactions and forma-
tion of interaction products. This results in a lower
combustion rate and temperature.

This work was aimed at studying the effect of
mechanical activation on structural and phase tran-
sitions in 3Ti + Al + 2C powder mixture, character
and kinetics of combustion front propagation, and
structure of SHS ceramics based on Ti;AlC,.

1.1. Materials and experimental techniques

PTS titanium (TU 14-22-57-92), ASD-1 alumi-
num and P804T carbon black powders were used as
initial components of the reactive mixture. The reac-
tants with the molar ratio of 3: 1: 2 (based on the for-
mation of Ti;AlC,) were mixed in a ball mill (BM)
with the use of steel grinding media for 16 hours.
The powder to ball ratio was 1:8. The mixture was
mechanically activated in the Activator-2S high-
speed centrifugal planetary mill (CPM) in Ar inert
atmosphere (1 atm.), with the operating parameters
being as follows: jar volume — 250 cm’, rotation rate
—900 rpm (120 g), powder to ball ratio 1:15. Due to
partial Al evaporation at high temperatures and loss-
es resulting from powder rubbing against the walls
and balls of the mixing jar and in order to improve
the stoichiometry, Al powder was added in excess
of 2 wt.%.

Heat release and its rate in the combustion reac-
tion were determined using a BKS-2H fast combus-
tion calorimeter accurate up to 0.2% in the range of
10° —10*J.

The combustion temperature and rate were mea-
sured in a laboratory SHS reactor. Pellets of 10 mm
in diameter and 20 mm in height with the relative
density of 55% were produced from the raw mixture
by double-side pressing. W-Re 5/20 thermocouple
installed inside the pellet in a hole with the depth
of ~5 mm was used to determine the combustion
temperature. The combustion rate was measured by
high-speed video recording using a Panasonic WV-
BL600 camera with a laboratory-size lens at 15-fold
magnification.

The phase composition of combustion products
was examined by X-ray diffraction analysis (XRD).
The spectra were processed using the JCPDS data-
base and designated software package developed
at National University of Science and Technology
MISIS. The microstructure was examined using a
Hitachi S-3400N scanning electronic microscope
(Japan). The fine structure of powder samples was
studied by transmission electron microscopy (TEM)
using a JEM-2100 device equipped with an Oxford
INCA energy-dispersive X-ray spectrometer.

IR spectroscopy measurements were carried out
in an attenuated total reflectance (ATR) mode using
a Vertex 70v vacuum spectrometer (Bruker) in the
range of 500-4000 cm ' with a resolution of 4 cm ™.
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All IR spectra were treated by baseline correction.

Compacted samples were synthesized by force
SHS-pressing technology. A pellet made of raw mix-
ture of 48 mm in diameter compacted to the relative
density of 55-60% was synthesized in a sand reac-
tion mold on a DA-1532B hydraulic press. After the
process has been completed, hot synthesized prod-
ucts were pressed at the pressure of 7 MPa. As soon
as the process of force SHS-pressing was finished,
the mold was discharged. Then the hot synthesized
products underwent thermal treatment in a muf-
fle furnace in air atmosphere at the temperature of
1100 °C for 30 min. The obtained materials were
further cooled together with the furnace down to the
room temperature

2. Results and Discussion

In order to assess the effect of MA on the reactive
capacity of the mixture, the morphology and struc-
tural condition of Ti—Al-C powder mixtures subject-
ed to MA for 1-5 min were investigated. The coher-
ent scattering region sizes (CSR) and microstrain ()
of the Ti and Al lattice were determined using X-ray
diffraction analysis. Figure 1 shows XDR patterns,
and Table 1 provides the explanation. We can see
that MA for 1-4 min results in the reduced sizes of
coherent scattering regions and bigger ¢ value. This
indicates the accumulation of defects in the crys-
talline structure of the material and increase of the
stored energy. The mixture prepared in a BM con-
tains TiH, in addition to a-Ti and Al phases (C was
in the amorphous state.) Titanium hydride is present
in the powder mixture due to the calcium hydride
method used to produce Ti powder. According to TU
14-22-57-92, this amount of hydrogen is acceptable.

By adding TiH,, the content of Ti;AIC, MAX phase
can be increased after SHS [16].

MA for 1-2 min has no effect on the phase com-
position of the mixture. And severe plastic defor-
mation results only in crystallite refining which is
proved by broadening of the peaks corresponding to
o-Ti and Al phases.

The XRD pattern of the powder mixture exposed
to MA for 3 min shows the lines of TiC phase. If MA
duration is increased up to 4 min, Ti;AIC, phase is
formed. After being exposed to MA for 5 min, the
mixture is practically free of the initial reactants.
This powder contains Ti;AlC, (45%), TiC (34%)
and Ti,AIC (13%). The presence of the latter two
phases most probably indicates the lack of Al, which
is deposited on the surface of grinding media and jar
walls after the treatment.
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Fig. 1. XRD patterns of 3Ti + Al + 2C powder mixtures
prepared in a BM and exposed to MA for 1-5 min.

Table 1
Effect of mechanical activation (MA) duration on the phase composition of the mixture,

size of coherent scattering regions

and microstrain of the Ti and Al lattice.

Phase a-Ti Al TiH, TiC | TLAIC, | TLbAIC
(hP2/1) (cF4/1) (F12/1) | (cF812) | (hP12/7) | (hP8/4)
Duration of | wt.% CSR g, % wt.% CSR e, % wt.% wt.% wt.% wt.%
MA, min size, A size, A
470 022 0.09
1 64 £50 | 002 | 25 | 730000 401 1 - - -
299 023 298 0.10 )
2 75 30 | +0.02 15 130 | +0.0l 10 - -
246 025 283 0.11
3 63 30 | +0.03 19 30 | +001 10 ) - -
217 025 194 0.14 _
4 60 25 | +001 13 122 | <00l 10 1 6
5 _ 3 _ 5 34 45 13
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Fig. 2. Evolution of microstructure of 3Ti + Al + 2C powder mixtures prepared in a BM (a) and exposed to MA for 1 (b,
c),2(d),3 (e, ), 4 (g) and 5 (h, i) min.
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Figure 2 presents the microstructure of 3Ti + Al
+ 2C mixtures treated in a BM and CPM for various
time periods. The particles of Ti powder are repre-
sented as light gray areas, Al particles are shown as
dark gray area, and fine C particles are in the black
filling of carbon-containing resin section and, there-
fore, they are not observable by back-scattered elec-
tron (BSE) diffraction. The treatment of a mixture
in a BM ensures the initial components are mixed
practically without changing their form and sizes
(Fig. 2a). MA for 1 min results in the increased av-
erage size of the mixture particles caused by grain
formation under plastic deformation. Al particles
are deformed, the carbon black is refined to a sub-
micron state and covers Ti particles (Fig. 2b). Due
to collision with the grinding media, C diffuses into
Ti grains and enters into a reaction with TiC pro-
ducing [30] (Fig. 2c). The content of TiC phase is
too low to be detected by XRD. In order to prove
its presence, the powder mixture was examined us-
ing TEM (x25000-50000) with energy-dispersive
X-ray spectroscopy (EDX) (Fig. 3). It was demon-
strated that the chemical composition of the circular
grains 0.7-1.0 um in size corresponded to that of
nonstoichiometric titanium carbide TiC,. In addition
to structural determinations, the mixtures exposed
to MA (1-5 min) were analyzed using IR spectros-
copy. For the purposes of comparison, the spectra of
TiC pure powder were recorded (Fig. 4.) We can see
that the peak at 500 cm™' characteristic of Ti—C [31]
is present in the spectra of all mixtures, including
those exposed to MA for 1 min. This fact indicates
that the components begin to react with each other
in CPM jars.

Tl

Tam

Tpm Tpm

Fig. 3. Maps of element distribution in 3Ti + Al + 2C pow-
der exposed to MA for I min. Imaging using characteristic
radiation of Ti (a), C (b) and Al (¢).

TiC

cm-l

4000 35‘00 30‘00 25.00 2(]‘00 15‘00 lOIOO 5(‘)0 (I)
Fig. 4. IR spectra of mechanically activated 3Ti + Al +2C
mixtures and TiC powder.

The longer duration of MA leads to further defor-
mation of Ti and Al particles and formation of reac-
tion products in the mixture (Fig. 2d). The mixture
components exposed to MA for 3 min form layered
composite granules with an extended contact (reac-
tion) surface (Fig. 2e), where Ti and Al form alter-
nating layers 1-10 pm in thickness. Normally, these
layers are parallel. Note also a significant increase in
the contents of titanium carbide represented as large
polycrystalline particles (Fig. 2f).

After exposure to MA for 4 min, the aver-
age thickness of Ti and Al layers is reduced (Fig.
2g). Only large Ti grains are clearly noticeable in
the structure of powder grains, the amount of TiC,
grains is increased. The presence of Ti;AlC, phase
detected by XRD was also confirmed using TEM
and EDS methods (Fig. 5). Particle with a composi-
tion similar to Ti;AlC, were discovered on the dis-
tribution maps of elements produced from this pow-
der. The lattice type (hexagonal) and lattice spacing
values determined using the XRD pattern recorded
for these particles (at the areas 150 nm in size) cor-
responded to Ti;AlC, phase (see the insert in Fig.
5.) Afterwards, by the 5" min of MA, Ti;AlC, and
TiC are completely synthesized in the jars. Figures
2h and 2i demonstrate that powder particles include
only the grains of phases that are products of MA.

Using the technique described in the referenced
study [32], experimental dependences of heat re-
lease value (Q) and heat release rate (@) during the
combustion on the duration of MA were plotted (Fig.
6). We can see that both values increase with longer
duration of MA. This is caused by the increased rate
of conversion in the combustion reaction resulting
from the accumulation of micro- and macrodefects
in the initial powders, which leads to the growth of
internal energy and reduced mixture heterogeneity
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[25-27]. The optimal duration of MA that ensures the
maximum heat release of the raw mixture is 3 min.
If the activation time is further increased, the heat
release becomes lower as the amount of reactants is
reduced due to the partial formation of synthesized
products in the mill jar. The inert components are
accumulated, and heat losses associated with their
heating and melting are increased.

Fig. 5. Maps of element distribution in 3Ti + Al + 2C pow-
der exposed to MA for 4 min. Imaging using characteristic

radiation of Ti (a), C (b) and Al (¢).

6
o, kJKg-min
. (g-min)

Duration of MA, min

0 1 2 3 4
Fig. 6. Dependence of the amount of heat release (Q) and

heat release rate (@) on the duration of mechanical acti-
vation.

Structural variations in the reactive mixture
caused by MA have a significant effect on the charac-
ter of combustion wave propagation. It was observed
that the raw mixture prepared in a BM is character-
ized by a conventional stationary combustion mode
where all the points in a combustion wave move at
a constant rate. However, it was quite unexpected
to discover that the combustion front propagated in
non-steady (pulsating) mode in all mechanically ac-
tivated mixtures regardless of the duration of MA

in the interval of 1-4 min (the mixture was not ini-
tiated, if MA continued for 5 min). Therefore, a de-
tailed analysis of the character of combustion front
propagation was required. It is shown that the pul-
sating mode is related to the formation of slip cracks
resulting from gas release in the pellet made of raw
mixture in the heating zone ahead of the combus-
tion front. Following the gas release, both the actual
heat conductivity in a heterogeneous medium and
combustion rate are reduced. The results of IR spec-
troscopy (Fig. 4) demonstrate that activated compo-
sitions contain the bonds of hydroxylic and oxide
Ti-OH, AI-OH, C-O groups. This indicates the pres-
ence of easily decomposable chemical compounds
and adsorbed gases in the powders. The reduction of
the combustion rate in the mixtures exposed to MA
resulting from the transition to a non-steady com-
bustion mode was also mentioned before [33].

The combustion had similar character in all me-
chanically activated mixtures. The sample decom-
posed to several parts (pieces). Figure 7 presents
video shots of the combustion of a mixture treated in
the BM (Fig. 7a) and mixture exposed to MA for 1
min (Fig. 7b). Pulses of the SHS front and escaping
sparks (Fig. 7b) prove the assumption on the reduc-
tion of the average combustion rate caused by the
intense gas release and change of the combustion
mode.

10 mm

Fig. 7. Video shots of the combustion wave in 3Ti + Al +
2C mixture prepared in the BM (a) and exposed to me-
chanical activation for 1 min (b).
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Since it is difficult to observe the effect of MA
based on the average value of the combustion rate
in a pulsating mode, the authors attempted to mea-
sure the local linear combustion rate at the flash and
front stop periods (0.08—0.32 s.) Thus, the peak val-
ues of the combustion rate and pulse frequency were
determined at several congruent segments (Fig. 8).
We can see that if the duration of MA is increased
from 1 to 3 min, the pulsation amplitude goes up
from 67 mm/s to 12—-14 mm/s, and if the duration
of MA is increased to 4 min, the peak value of the
combustion rate is reduced down to 7 mm/s. This is
consistent with the results of fast combustion calo-
rimetry (Fig. 6) showing that the accumulation of
reaction products in the raw mixture occurs after the
3 min. Figure 8 demonstrates that pulse frequency
(self-oscillations) is reduced with the increased du-
ration of MA.

Combustion rate, mm/s
120

10,0 .
£0 e %
6.0 S O S i
H 1 [ 1
40 A ; MA 4 min
P [ H
20 {
i L4 ;
0.0 . ) . *
16,0
14,0 .
120 f--g---
10,0

60 | P MA 3 min

12,0 1 .
10,0 1 H .
CUT e b
6.0 1 H

MA 2 min

40 H

¥
0,0 .o

70 4 L4
60 4 :'?
5 1 P Ce e
40 1 o ! 1! o !

[ VT MA 1 min
3.0 1 R P

10 1 ;
|

i
s _dd o 4o b4
00 s T L or T

00 05 10 15 20 25 30 35 40 45 50 55

Fig. 8. Change of the local combustion rate of MA mix-
tures in the pulsating mode.

The mixture, which has been activated for 4 min,
demonstrated the maximum spread of combustion
rate values. This is probably related to the highest
contents of the finished product in its composition,
which restricts the reaction surface and impedes
combustion.

Figure 9 presents the curve showing the depen-
dence of the front coordinate and local combustion
on time for the raw mixture after the 4™ min of MA.
Horizontal sections correspond to the depression pe-
riod, and inclined sections comply with the period
of active SHS front propagation. We can see that the
more inclined lines of combustion front propagation
correspond to higher values of the combustion rate.
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Fig. 9. Dependence of the front coordinate (continuous
line) and averaged local combustion rate in the pulsating
mode (dotted line) on time.

Figure 10 shows the dependence of combustion
temperature and peak value of the local combustion
rate in MA mixtures (measurements were taken in
all areas and then averaged). The combustion rate
value for the sample of the BM mixture is also plot-
ted on the graph. A gradual decrease in the combus-
tion with longer duration of MA is associated with
the accumulation of TiC, reaction product in the
mixture, and MAX phases in Ti—Al-C system are
formed at the stage of the secondary structure for-
mation [34].

The following dependence was observed for the
local combustion rate. First, the values go down
with the transition from the stationary to pulsating
mode. When the duration of MA is from 1 to 3 min,
the rate increases due to the accumulation of energy
at the structure defects and enhancement of the re-
actant specific surface area during the formation of
composite granules with a layered structure. When
the duration of MA is increased to 4 min, the com-
bustion rate goes down.

Therefore, the mechanical activation of 3Ti + Al
+ 2C reactive mixture is accompanied by competing
processes as follows: on the one hand, the enhance-
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ment of the reactant surface and accumulation of
energy at the structure defects, on the other hand,
partial chemical conversion restricting the energy
capacity of the system. When the duration of MA is
up to 3 min, the first factor prevails. However, the
second factor becomes predominant after the third
minute of MA. The example when depending on
MA parameters the predominant factor changes was
previously investigated in detail and described using
a mathematical model [35].

Te, U, mm/s

0,
c
BM
200y 160
A} -
Q f

140

20004

1800

1600

] 40
1400 B
20
Duration of MA, min
1200 0.0
0 1 2 3 4

Fig. 10. Experimental values of the temperature (full line)
and rate (dots) depending on the duration of MA.

Compacted ceramic materials were produced
using force SHS-pressing technology. Mixtures of
two types were used for synthesis: prepared in a BM
and activated for 3 min. X-ray diffraction patterns
and phase composition of the obtained samples are
shown in Fig. 11. We can see that the sample ob-
tained from MA mixture has higher rate of conver-
sion and, consequently, higher content of Ti;AlC,
MAX phase. The observed lattice spacing values
for Ti;AlC, in MA sample are closer to tabular data
a=3.069 A,c=18.501 A (ICDD Card No. 52-0875.)
The products also contain nonstoichiometric titani-
um carbide with the target values of lattice spacing
4324 A and 4.320 A, which corresponds to TiC, s
(for the BM sample) and TiC,; (for the MA sample)
[36]. Titanium carbide is always present as an inter-
mediate phase in the synthesis of MAX phases [1,
3, 10, 14-16, 21-23]. The presence of this phase in
the synthesized products is probably related to the
incomplete chemical interaction of titanium carbide
with the melt within the process cycle.

Figure 12 shows the fracture microstructure of
the material synthesized from MA mixture. The
synthesized product has composite two-phase struc-
ture which consists of Ti;AlC, MAX phase with a
layered (terraced) structure and circular TiC grains
with particles 3 pm in size. Similar structural char-
acteristics of the synthesized products in Ti—Al-C
system were observed in previous studies [1, 3, 10,

14-16, 21-23]. After more detailed investigation of
the melt microstructure, Ti;AlC, grains were found
to consist of a few superimposed layers, being ap-
proximately 0.5 um in thickness.
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Fig. 11. XRD patterns of the material synthesized from
non-activated (a) and activated (b) raw mixtures.

3. Conclusions

1. The effect of mechanical activation on structur-
al and phase transitions in 3Ti + Al + 2C powder
mixture has been investigated. It was demonstrated
that the mechanical activation results in the struc-
tural variations as follows: deformation of the ini-
tial components, formation of layered composite
granules, reduced coherent scattering region sizes,
formation of mechanical synthesis products (TiC,,
Ti;AlC,).

2. Despite the product formation within the first
period of activation, the amount of heat released in
the reaction and heat release rate are increased. The
optimal duration of MA in terms of the maximum
heat release is 3 min.
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Fig. 12. Fracture microstructure of the material synthesized from MA raw mixture using force SHS-pressing. Magnifica-

tion x2000 (a), x4000 (b).

3. The effect of MA on the character and kinetics
of combustion front propagation has been investi-
gated. As a result of mechanical activation, the com-
bustion mode changes from stationary to pulsating
and, consequently, the combustion rate decreases.
When the duration of MA is from 1 to 3 min, the
combustion rate increases due to the accumulation
of energy at the structure defects and enhancement
of the reactant specific surface area during the for-
mation of composite granules with a layered struc-
ture. When the duration of MA is increased to 4 min,
the combustion rate decreases again.

4. Due to MA, the compacted products synthe-
sized by force SHS-pressing have a homogeneous
structure and higher content of Ti;AIC, MAX phase.
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