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ABSTRACT

Preparation of the solid solution TiAlCo5Ngs was investigated by self-propagating high-temperature
synthesis (SHS) from TiC- and TiN-diluted powder compacts. For the TiC-added samples, combustion
reaction was conducted in gaseous nitrogen of 0.45-1.82 MPa. The increase of nitrogen pressure augments
the combustion temperature and thus accelerates the reaction front. However, the phase composition of
the synthesized product is not affected by the variation of nitrogen pressure, indicating the formation of
TizAlCo5Ng5 and three minor phases TiC, TiN, and TiszAl For the TiN-containing samples of insufficient
nitrogen, the SHS reaction was performed in nitrogen of 0.45 MPa, showing that the increase of the TiN
content reduced the combustion temperature and flame-front velocity. Moreover, combustion of the
TiN-diluted samples in nitrogen often caused excessive nitridation of the powder compacts. As a result,
Ti»AlCo5Ngs was yielded along with a substantial amount of secondary phases, including TiN, TiC, and
AIN. On the other hand, solid state combustion in Ar was applied for the TiN-added sample at the exact
stoichiometry of Ti;AlCo5Np5. When compared with combustion synthesis involving gaseous nitrogen,
a better phase conversion was achieved by solid state combustion, which produced Ti;AlCy5Ng5 with

negligible amounts of TiC and TiN.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Layered ternary compounds M;.+1AX;,, where n=1, 2, or 3, M
is an early transition metal, A is an A-group (mostly IIIA and
IVA) element, and X is either C or N, are a new class of mate-
rials which combine many merits of both metals and ceramics
[1,2]. Extensive studies have been performed on a number of MAX
compounds, including Ti3SiCy, Ti3AlC,, Ti; AIC, CryAlC, TayAlC, and
TioAIN [1-10]. In general, MAX carbides and nitrides are read-
ily machinable, good thermal and electrical conductors, relatively
soft, thermal shock resistant, damage tolerant, and elastically stiff,
and have relatively low thermal expansion coefficients [1-10].
Fabrication of the MAX compounds has been accomplished by a
variety of processing routes; for example, hot pressing (HP) [2,3,9],
hot isostatic pressing (HIP) [4,8], in situ hot pressing/solid-liquid
reaction synthesis [11-15], pulse discharge sintering (PDS)
[16-20], and self-propagating high-temperature synthesis (SHS)
[21-26].

Furthermore, solid solutions based on the MAX phases can be
formed on either the M, A, or X site, which renders great poten-
tial for tailoring and/or optimizing the material properties. Many
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MAX-based solid solutions, like (Ti,Nb), AlC, (Cr,V), AlC, Ti3(Si,Al)Cy,
Ti3(Si,Ge)Cy, and Ti,Al(C,N), have been investigated to a great
extent [27-36]. Of particular interest for this work is Ti;AlCy 5N 5,
which possesses enhanced properties when compared to two
related end members Ti;AlIC and Ti,AIN [8,32-34]. From the sto-
ichiometric mixtures of Ti, Al4C3 or Al, AIN, and graphite powders,
Barsoum and co-workers [8,32-36] fabricated TiyAlCy 5Ng 5 by hot
isostatic pressing at 1300-1400 °C and 40-100 MPa for 10-15h.
As a promising alternative, combustion synthesis in the SHS
mode takes advantage of the self-sustaining merit from highly
exothermic reactions, and hence, has the benefits of low energy
requirement, short reaction time, and simple facilities [37-40].
The SHS technique not only has been utilized to produce many
MAX carbides, like Ti3SiC, [21,22], Ti3AIC; [23,24], TiAlC [25], and
Ta,AlC [26], but also represents an in situ approach to forming car-
bonitrides of the transition metals [41-43]. Thus far, combustion
synthesis in neither the solid-gas nor solid-solid mode has been
applied for the formation of Ti;AlCy5Ng 5. As the first attempt, this
study aims to prepare Ti;AlCy5Ng s through self-sustaining com-
bustion involving the reaction of TiC- and TiN-diluted samples with
gaseous nitrogen. Effects of the diluent content and nitrogen pres-
sure are investigated on the phase composition of the final product,
as well as on combustion temperature and propagation velocity of
the reaction front. Other than solid-gas combustion, the solid state
synthesis is performed with samples composed of Ti, Al, C, and
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Table 1
Starting compositions of powder compacts and their corresponding test conditions.

Diluent Sample composition Test environment Pressure (MPa)
TiC 1.5Ti+Al+0.5TiC N, 0.45-1.82
TiN (2 —Xx)Ti+Al+0.5C+xTiN N, for x=0.1-0.4 0.45

Ar for x=0.5 0.14

TiN powders at the exact stoichiometry of Ti;AlCy5Ngs5 and the
resulting products are compared to those synthesized in gaseous
nitrogen.

2. Experimental methods of approach

Titanium (Strem Chemicals, <45 um, 99% purity), aluminum
(Showa Chemical Co., <40 pm, 99% purity), and carbon black
(Showa Chemical Co.) powders were used as elemental solid com-
ponents in this study. A major barricade encountered in the SHS
process involving gaseous reagents is that the high combustion
temperature tends to melt the powder compact, which reduces
the permeability of the sample and thereby hinders the infiltration
of the gaseous reactant. Formation of TiN and AIN from the metal
powder compacts in nitrogen is the typical example of solid-gas

Fig. 1. Typical SHS sequences associated with (a) TiC-diluted sample in N, of 1.14 MPa, (b) TiN-diluted sample with x=0.4 in N, of 0.45 MPa, and (c) TiN-diluted sample with

x=0.5in Ar of 0.14 MPa.
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combustion synthesis [44,45]. Diluting the powder mixture with
metal nitrides has been suggested as an effective means to sup-
press the melting and to improve the degree of nitridation [44,45].
Consequently, this study adopted TiC (Aldrich Chemical, <45 pm,
98% purity) and TiN (Strem Chemicals, <45 pm, 99% purity) as the
diluents to mix with Ti, Al, and carbon powders in a ball mill.
The powder blend was then cold-pressed into cylindrical compacts
with a diameter of 7mm, a height of 12mm, and a compaction
density of 55% relative to the theoretical maximum density (TMD).

Table 1 summarizes the starting compositions of TiC- and
TiN-diluted powder compacts and their corresponding test envi-
ronments and pressures. For the TiC-diluted samples, the synthesis
reaction was conducted under nitrogen with pressure varying from
0.45 to 1.82 MPa. Combustion of TiN-diluted samples with the
stoichiometric parameter x between 0.1 and 0.4 (signifying the
TiN content from 2.86 to 11.4 mol%) was performed in nitrogen
of 0.45MPa. When the quantity of TiN in the TiN-added sample
increases up to the sample stoichiometry (i.e., x=0.5 or 14.3 mol%
TiN) equivalent to that of Ti;AlCy5Ng 5, the SHS process proceeds
in the solid state with argon as the surrounding gas. Details of
the experimental setup and measurement approach were reported
elsewhere [44,45].

3. Results and discussion
3.1. Observation of combustion characteristics

Three recorded combustion sequences illustrating the entire
SHS processes associated with formation of Ti;AlCy5Ng 5 from dif-
ferent test configurations are presented in Fig. 1(a)-(c), all of which
feature a distinct combustion front propagating in a self-sustaining
manner. Fig. 1(a) shows that combustion of a TiC-diluted compact
in gaseous nitrogen at 1.14 MPa is accompanied by apparent melt-
ing and shrinkage of the burned sample, which is typical of the
TiC-added sample igniting in nitrogen and is attributed to the high
combustion temperature exceeding the melting point of solid ele-
ments. Because nitrogen is normally insufficient within the sample
compact, continuous infiltration of nitrogen gas after the passage
of the combustion wave leads to subsequent nitridation and pro-
longed combustion luminosity for about 2-3 s. For the TiN-diluted
samples with x=0.1-0.4, the SHS process in nitrogen of 0.45 MPa
also caused melting and deformation of the powder compacts.
However, the extent of sample melting was reduced with increas-
ing TiN content due to the decrease of the reaction temperature. As
revealed in Fig. 1(b), a mild degree of melting is observed for the
TiN-added sample with x=0.4.

In contrast to the SHS process of the solid-gas mode under nitro-
gen, Fig. 1(c) presents solid state combustion of the TiN-containing
sample with x=0.5 in argon. The burned sample essentially retains
its original shape and the combustion wave propagates at a slower
rate when compared to those shown in Fig. 1(a) and (b). This could
be caused by the fact that the reaction of Ti with carbon to form
TiC (with the enthalpy of formation AHy=—-184.1k]/mol) plays the
major role of heat release in the sample subjected to solid state
combustion, which is less exothermic than that of Ti with nitrogen
to yield TiN (AHy=—-337.7 kJ/mol) for solid-gas combustion of the
TiC- and TiN-diluted powder compacts under nitrogen [46].

3.2. Measurement of flame-front propagation velocity and
combustion temperature

The influence of nitrogen pressure on the propagation velocity
of the combustion front (Vf) of the TiC-diluted powder compact
is presented in Fig. 2. The combustion velocity increases from 5.3
to 6.9 mm/s with increasing nitrogen pressure, on account of a

Fig. 2. Effect of nitrogen pressure on flame-front propagation velocity of TiC-diluted
powder compacts.

higher concentration of nitrogen in the reaction front. Two data
points plotted in Fig. 2 under the same test condition represent
two independent measurements in order to confirm the accuracy
of measured values. For the TiN-diluted samples, Fig. 3 shows a sub-
stantial decrease in the reaction front velocity from 7.6 to 2.9 mm/s
as the content of TiN increases. This can be explained by the dilu-
tion effect of TiN on combustion. It should be noted that the lowest
flame-front velocity reported in Fig. 3 was detected from the sample
subjected to solid state combustion in argon. The weak exother-
micity of solid state combustion, as mentioned above, could be the
other reason for such a low reaction rate.

Fig. 4 depicts three temperature profiles recorded from com-
bustion of the TiC-diluted samples in nitrogen. The abrupt rise in
temperature signifies rapid arrival of the combustion wave. The
peak value corresponds to the flame-front temperature. After the
passage of the combustion wave, the sample temperature essen-
tially reaches a plateau and then declines slowly. The presence of
a nearly flat section in the temperature profile could be a con-
sequence of the afterburning reaction resulting from continuous
penetration of nitrogen gas into the sample. The decrease of tem-
perature was largely caused by the heat loss to the surroundings.
In agreement with pressure dependence of the flame-front veloc-
ity, the combustion front temperature increases from about 1430
to 1700°C with increasing pressure of nitrogen.

Fig. 3. Effect of TiN content on flame-front propagation velocity of TiN-diluted pow-
der compacts.
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Fig.4. Effectofnitrogen pressure on combustion temperature of TiC-diluted powder
compacts.

For the TiN-diluted samples under nitrogen of 0.45 MPa, Fig. 5
shows a reduction in the combustion temperature for the sample
with a higher content of TiN. Similar to those of Fig. 4, the tem-
perature profiles (#2 and #3 of Fig. 5) associated with solid-gas
combustion exhibit a nearly plateau region following the surg-
ing spike, suggestive of existence of the afterburning reaction. The
intersection of curves #2 and #3 in Fig. 5 is mainly caused by the fact
that the afterburning reaction taking place in the sample of x=0.3
last a longer duration. For the sample containing TiN at x=0.5, the
synthesis reaction proceeds in the solid state and the reaction front
temperature (profile #1) reaches barely 1200°C that confirms its
weak exothermicity. Moreover, the temperature profile indicates
no prolonged afterburning reactions.

3.3. Composition analysis of combustion products

Typical XRD patterns of the products synthesized from TiC-
diluted compacts in nitrogen of different pressures are presented
in Fig. 6(a)-(c), within which Ti;AlCy 5Ng 5 is identified as the dom-
inant phase along with trivial amounts of secondary components
including TiN, TiC, and TizAl. According to Fig. 6(a)-(c), the varia-
tion of nitrogen pressure produced almost no effects on the product
composition. This could be caused by that fact that melting of the
reactant compact limits the infiltration of nitrogen. As a result, the
amounts of nitrogen uptake are comparable for the samples under

Fig. 5. Effect of TiN content on combustion temperature of TiN-diluted powder
compacts.

Fig. 6. XRD patterns of products synthesized from TiC-diluted samples in (a) N5:
0.45MPa, (b) N2: 0.79 MPa, and (c) N,: 1.48 MPa.

different pressures of nitrogen. The presence of the intermetallic
phase TizAl signifies the interaction between Ti and Al. It is believed
that TizAl reacts subsequently with Al to yield TiAl an important
intermediate in the evolution of Ti,AIC and TiAIN [47,15], from
both of which the solid solution Ti;AlC( 5N 5 is formed.

For the TiN-diluted sample of x=0.2 in nitrogen of 0.45 MPa,
Fig. 7(a) shows the product composed of similar phase composition
to that obtained from the TiC-added sample presented in Fig. 6, but
indicates the higher content of secondary components, especially
TiN. As the sample is diluted by TiN at x=0.4, Fig. 7(b) reveals the
increase of TiN and the presence of AIN in the final product. Fig. 7(a)

Fig. 7. XRD patterns of products synthesized from TiN-diluted samples with (a)
x=0.2 in N; (0.45MPa), (b) x=0.4 in N; (0.45MPa), and (c) x=0.5 in Ar (0.14 MPa).
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Table 2
Summary of phase composition of SHS products with respect to their initial stoi-
chiometries and test conditions.

Test environment
(pressure, MPa)

Test sample Phase composition of

SHS products

Dominant Sceondary
phase phases
TiC-diluted samples N, (0.45-1.82) TizAlCo5No s TiC, TiN, TisAl
TiN-diluted samples
x=0.1and 0.2 N, (0.45) TizAlCo5No 5 TiC, TiN, TisAl
x=0.3 and 0.4 N (0.45) Ti>AlCo5No 5 TiC, TiN, AIN
x=0.5 Ar (0.14) Ti, AlCo5No 5 TiC, TiN

and (b) implies excessive nitridation occurring in solid—gas com-
bustion of the TiN-diluted powder compacts under nitrogen. On the
other hand, Fig. 7(c) shows the formation of Ti; AlCy 5Ng 5 along with
two minor phases, TiN and TiC, of negligible amounts from solid
state combustion of the TiN-added sample with x=0.5. As indicated
by Fig. 7(a)-(c), for the TiN-added samples solid state combustion
represents a more favorable route to prepare Ti;AlCosNgs than
solid-gas combustion.

Table 2 summarizes the phase composition of the end prod-
ucts with respect to their initial sample stiochiometries and test
conditions. The solid solution Ti;AlCy5Ng s dominates in all final
products, but secondary phases vary with test configurations. In
addition to TiCand TiN, Tiz Al was observed in the products obtained
from both TiC-added samples and TiN-diluted compacts withx=0.1
and 0.2. When the TiN content in the samples arrived at x=0.3 and
0.4, AIN was formed in the final products.

4. Conclusions

Preparation of solid solution Ti;AlCo5Ngs was conducted by
the SHS process in either the solid-gas or solid-solid mode.
For combustion synthesis involving gaseous nitrogen, TiC- and
TiN-diluted samples were adopted. Besides, Ti;AlCy5Ngs was
fabricated through solid state combustion with green samples com-
posed of Ti, Al, C, and TiN at the exact stoichiometry of Ti; AlCy 5Ng 5.

During the SHS process under nitrogen of 0.45-1.82 MPa, TiC-
diluted powder compacts experienced substantial melting because
of the high combustion temperature, which increases with nitrogen
pressure. The variation of the reaction front velocity with nitrogen
pressure was found to be in a manner consistent with that of com-
bustion temperature. However, the increase of nitrogen pressure
had almost no effects on the phase composition of the end product,
implying comparable nitrogen uptake from solid-gas combustion.
Based upon the XRD analysis, the solid solution TiyAlCys5Ng5 is
identified as the dominant component in the final products that
contain three minor phases, TiC, TiN, and Ti3Al

For the TiN-diluted powder compacts undergoing solid-gas
combustion in nitrogen of 0.45MPa, the extent of sample melt-
ing was reduced by increasing the mole fraction of TiN from 2.86 to
11.4 mol%. Moreover, the combustion temperature and flame-front
velocity decreased with increasing TiN content. Despite the fact
that Ti;AlCy5Ng 5 was formed as the major constituent, excessive
nitridation was observed in the samples diluted by high contents
of TiN, especially in the cases of x=0.3 and 0.4, which led to a great

amount of TiN and the formation of AIN in the end products. In con-
trast, solid state combustion of the TiN-added sample with x=0.5
(14.3 mol% TiN) significantly improves the phase conversion and
produces Ti»AlCy 5Ng 5 with negligible amounts of TiC and TiN.
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