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Abstract

Porous TizAlC, ceramics were fabricated through the reactive synthesis method with TiH,, Al and graphite powders. The effect of Al content
on phase constitution, volume expansion, pore size and permeability were studied systematically. The experimental results showed that the Al
content has a great affect on the properties and pore structures of porous TizAlC, ceramics. When Al molar ratio was less than 1.2, the volume
expansion ratio, the amount of Ti3AlC, and porosity were improved with the increase in Al content. In contrary, these parameters of the porous
Ti;AlC, decreased while the Al molar ratio was more than 1.2. However, it was interesting to notice that the evolution of pore size and
permeability was opposite to that of porosity. The fundamental reasons behind these phenomena have been explored. The pore structure forming

mechanism by active sintering synthesis has also been proposed.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Layered ternary ceramic TizAlC, is a new member of
ternary carbides (M3AX,, where M is a transition metal, A
is a group A element, and X is either C or N). It has been
attracted with increasing attention owing to its unique combi-
native properties of both ceramics and metals. On the one
hand, they are thermally and electrically conductive [1], easy
to machine with conventional tools [2], and resistant to thermal
shock [3]; on the other hand, they have high strength, high
melting points, thermal stabilities [4] and excellent corrosion
resistance in acid/alkali solution [5,6].

The current inorganic porous material divides into two parts:
one is porous metals (such as porous Ni, Ti and stainless steel)
[7,8], and the other is inorganic oxide ceramics (such as porous
Al,03) and non-oxide ceramics (such as porous SiC) [9,10].
Compared with porous metals, layered TizAlC, ceramic has a
better corrosion resistant performance in acid/alkali solution.
And compared with conventional ceramics (such as porous
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SiC, Al,03), Ti3AIC, ceramic can be easily machined by tools.
Owing to its excellent corrosion resistance and machinability
properties, it may replace current inorganic porous material in
rugged environments. Furthermore, the tentative application of
this material for separation and purification in CoSO,4 hydro-
metallurgy has yielded some useful results in Intermet Tech-
nology Chendu Co., Ltd.

In the past two decades, Ti;AlC, used as structural material
has been fabricated through a variety of methods, including the
spark plasma sintering (SPS) technique [11,12], hot-pressing
technique [13], self-propagating high-temperature synthesis
(SHS) [14], solid-liquid synthesis reaction and a simultaneous
in-situ hot-pressing process technique [15]. Pietzka and
Schuster first reported the synthesis of TizAlC, by sintering
cold-compacted powder mixtures of Ti, TiAl, Al4C; and
carbon at 1300 °C in H, atmosphere for 20 h [16]. Tzeonov
and Barsoum first prepared bulk polycrystalline samples of
TizAlC, by reactively hot isostatically pressing (HIP) with a
mixture of titanium, graphite, and Al,C; powders at 1400 °C
[3]. Zhou et al. fabricated high-purity Ti;SiC, and TizAlC,
using the spark plasma sintering (SPS) technique with raw
material of TiC, Ti, Si, and Al powders [11]. Lopacin’ski et al.
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employed a direct combustion synthesis method to fabricate
TizAlC, with elemental Ti, Al, and C powders [17]. Wang
et al. reported a novel solid-liquid reaction synthesis and
simultaneous in-situ hot pressing process for the fabrication of
fully dense TizAlC, with high purity utilizing commercially
available elemental powders of Ti, Al and graphite as initial
materials [15]. Compared with the synthesis methods mentioned
above, the spark plasma sintering (SPS) technique and hot-
pressing (HP) technique are costly and difficult to apply in
continuous production, while self-propagating high-temperature
synthesis (SHS) is a thermal explosion reaction within several
seconds, which is inapplicable for near-net-shape work-pieces.
Reactive synthesis readily makes manufacture of samples with
large size and complex shape possible. Besides it is also time-
consuming and attains good properties with a lower tempera-
ture. Therefore, it is significant for promoting ceramics to be
used in industry.

Although the fabrication of dense TizAlC, with reactive
synthesis technology have been published by many authors,
but there is rare report about preparing porous Ti;AlC, and
even less about preparation without any pore former. We have
successfully made porous TizAlC, by using only TiH,, Al and
graphite as raw materials through reaction synthesis and
clearly depicted its pore structures and phase transformation
in part of the Ti—Al-C system. Moreover, in conventional
reaction synthesis method, a fast heating rate accompanied
with in-situ hot-pressing process avoids the formation of pores.
In this study, we demonstrate our success to fabricate porous
Ti;AlC, through the mixture composition in vacuum furnace
with slow heating rate. The slow heating rate will ensure atom
full diffusion to form vacancies and offset the uncontrollable
compact shape made by SHS method with high heating rate
and thermal explosion. The vacuum condition could avoid the
influence of complicated environment with air atmosphere or
pressure, which makes the investigation of pore evolution rule
simpler. This work mainly focuses on the effect of Al content
on phase constitution, pore structure, permeability, porosity,
and the pore forming mechanism is also investigated.

2. Experimental procedure

All the work was conducted using powder mixtures of
titanium hydride (99.7% pure, —400 mesh), Al (99.5% pure,
—325 mesh) and graphite (99.8% pure, 5-6 pm). Typically,
the powder mixtures were ball-milled for 12 h with ZrO, ball/
powder ratio of 1:1 (mass ratio). The raw powders were mixed
by TiH,:Al:C with atomic ratios of 3:n:2 (n is from 0.7 to 1.4
with an increment of 0.1) as starting material. Then, the
starting materials and stearic acid were mixed and ball milled
for 2 h in an ethanol solution. The ball-milled slurry was dried
at 60 °C, and then pelletized and sieved through a — 100 mesh.
The dried mixtures were cold-pressed into green compacts
under pressure of 200 MPa, with dimensions of @32 mm x 2
mm, and then sintered in a vacuum furnace with a vacuum of
2.0 x 10~ Pa. The sintering processes is illustrated in Fig. 1,
in which four holding platforms were indicated. The first
temperature holding platform was to remove the moisture in
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Fig. 1. The illustration of sintering procedure.

the vacuum furnace. The second platform was corresponding
to the decomposition of stearic acid with temperature of
450 °C. The third platform was corresponding to the decom-
position of titanium hydride with temperature of 700 °C. The
last platform was corresponding to the formation of TizAlC,
with temperature of 1300 °C. The heating rate was less than
5 °C/min during the whole process in order to preserve the
original shape. The temperature deviation is + 10 °C.

The sintered samples with different Al contents were
characterized by X-ray diffraction (XRD: Dmax 2500VB),
with a scan rate of 4°/min and a step size of 0.02°. The
volumes of the disc were measured by vernier caliper before
and after sintering to examine the generation of the volume
expansion. The pore structure was characterized by scanning
electron microscopy (SEM), and the open porosity and overall
porosity were measured by the Archimedes' method. The pore
size and permeability were measured by aperture measuring
apparatus. The mechanism of pore size test is based on the
bubble point method [18].

3. Results and discussion
3.1. Phase identification and reaction mechanism

Fig. 2 presents XRD diffractograms for mixtures of TiH,, Al
and graphite powders with different Al contents after sintering at
1300 °C for 3 h. The discs are composed of three phase
constitutions (Ti,AlC, TiC and Ti;AlC,) and very small amounts
of the starting material (TiH,, Al and C) are detected, because
they have reacted completely. When the content of aluminum is
0.7 (molar ratio in the mixtures), the main phase is TiC and
Ti,AIC, with low amounts of TizAlC,. As Al content increases
from 0.8 to 1.2, TizAlC, becomes the main phase, and TiC
becomes weaker and weaker. The TiC disappears and the pure
TizAlC, is observed as the content of Al attains 1.2 mol. Then the
TiC appears again by increasing the amount of aluminum (when
the Al content is more than 1.2 mol). These results illustrate that
the pure porous TizAlC, ceramics can be obtained by adjusting
the amount of aluminum. Theoretically, pure Ti;AlC, could be
obtained with aluminum of 1 mol, whereas the aluminum of
1.2 mol is desired. The possible reason for that is the evaporation
of aluminum at high temperature.
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Fig. 2. X-ray diffractograms of porous Ti;AlC, showing the effect of raw
material composition on the final phase composition.

Table 1
The weight percentage of three phase constitution.

Al content Phase constitution
TisAlC, TiC Ti,AIC

0.7 0 86.87 13.13
0.8 84.99 8.39 6.62
0.9 87.04 10.89 2.07
1.0 93.24 3.76 0

1.1 95.91 4.09 0

1.2 100 0 0

1.3 92.74 5.70 1.56
1.4 93.34 5.22 1.44

In order to calculate the weight percents of Ti;AlC, in
sintered samples, the diffraction peaks of (104) peak of
TizAlC,, (111) peak of TiC and (002) peak of Ti,AlC are
detected. According to the reference of Peng et al. presented
and PDF cards of Ti3;AlC,, the intensity of (002) peak is 0.27
that of (104) [19]. The calculated weight percentage of
TizAlC,, TiC and Ti,AlC are listed as follows:

- 0271,
a = 0271, 10.2201, + 0.0841,
J— IC
We = 33141, 12,6197, + 1. (1)
Wp = Ly

12271, + I, + 0.3821,

where, w,, w, and w. are the weight percent of Ti;AlC,,
Ti,AlIC and TiC. Similarly, the I,, I, and I. stand for the
intensities of the peaks of Ti3AlC,, Ti,AIC and TiC mentioned
above. The calculated results are listed in Table 1.

The reaction mechanism for synthesis of porous Tiz;AlC, is
investigated by thermodynamics calculation. The original para-
meters of TiAl, TiAl; and TiC are proposed by Barin and list in
Table 2 [20], it is believed that TiC is very stable at high
temperature. The formation of TiC from Ti and C is an
exothermic reaction and Ti/C bonding is stronger than Ti/Al
bonding. However, it is interesting to notice that TiAl compounds
could be formed easily at 800 °C, it is because the reaction rate of

Table 2
Gibbs free formation enthalpies for Ti;AlC, including the most competing
phases.

Temperature Most competing phases

TiAl (KImol™")  TiAl; (KImol™")  TiC (KJmol™ ")
1000 K —68.185 —120.795 —173.115
1100 K —66.357 —114.735 —172.021
1200 K —64.378 —108.491 —170.773
1300 K —62.165 —101.491 —169.81
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Fig. 3. The reaction route to synthesize TizAlC,.
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Fig. 4. The volume and dimension expansion of the compacts with Al content
increasing from 0.7 to 1.4.

molten Al and Ti is higher than that of solid C and Ti. Another
reason may be the wetting angle of molten Al and Ti is larger
than that of C and Ti. As the temperature increases from 800 °C
to 1000 °C, redundant Ti reacts with C to form TiC, and the new-
formed TiC are surrounded by Ti—Al compounds, as a result, TiC
react with Ti—Al compouds directly to form Ti,AIC. With
sintering temperature increasing from 1000 °C to 1300 °C, the
final product TizAlC, is synthesized. The reaction route to
synthesize TizAlC, is expressed in Fig. 3.

3.2. Effect of Al content on volume evolution

Fig 4 shows the volume and dimension expansion ratios
alteration with Al content increasing (the ratio is the volume and
dimension increment of diameter and height after sintering
divided by that of green compacts). As illustrated in Fig. 4, with
Al content increasing from 0.7 to 1.1, the volume expansions
increase from —4.59% to 11.09% sharply. After that, with Al
content increasing from 1.1 to 1.3, the volume expansions
increase from 11.09% to 12.85% slowly. And it is interesting
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that the volume expansion began to reduce to 10.87% with Al
content of 1.4. The volume expansion developing route may be
due to the formation of TizAlC,, and the volume expansion
reduction with Al content of 1.4 is mainly due to the existence of
excessive Al metal in the system. As the sintering temperature
exceeds the melting point of Al, the excessive Al metal will melt,
which may result in the shrinkage of the sintered grains due to
the surface tension of liquid phase [18]. Besides, Al melt will fill
to pores leading to porosity reduction, and Al evaporation leading
to the pore size increment, which will be discussed in Section
33.

In order to investigate the relationship between the volume
expansion and the open porosity, Jiang et al. have investigated
the mathematical relationship between volume expansion and
the open porosity [18]. The expression can be expressed as
_po1=00) 1

—— +(1-6¢c) 2)

9 =
P l1+a

where py and p are the theoretical densities of the compact
before and after the sintering, 6, is the initial overall porosity
in green compacts, dp is the open porosity after the sintering, o
is the volume expansion ratio, and 6c is the closed porosity in
sintered compact. Since the open porosity decreases when Al
content is beyond 1.2 (molar ratio), the composition of Al
content below Ti;AlC;, is considered. To investigate the
relationship between the volume expansion and open porosity,
the fp is used as the Y-axis and 1/(1+a) as the X-axis by
drawing standard curve, and the experimental data is shown in
Fig .5. The sensational linear relationship between fp and 1/
(14 a) has been verified when the Al content below 1.2.

3.3. Porous characteristics of sintered samples with
increasing Al additions

The pore structure parameters are important for porous
TizAlC, ceramics in practical application. Therefore, it is
significant to understand the effect of Al content on pore
structural variation. The open porosity, overall porosity, open
pore proportion, the maximum pore size, the average pore size
and permeability evolution route with increasing aluminum
amount are investigated systematically.

44 - m  Experimental Data
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Fig. 5. Relation between the open porosity and volume expansion as
theoretically calculated and experimentally observed.
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Fig .6(a) shows the overall porosity, open porosity and the
open porosity proportion of the porous Ti;AlC, ceramics as a
function of the Al content. It can be seen that with the
increasing amount of aluminum (from 0.7 to 1.2), the open
porosity increases from 35.25% to 43.62%, and the overall
porosity increases from 37.10% to 47.23%. A similar curve is
obtained with the relationship between the weight percentage
of TizAIC, and the Al content. The results indicate that with
the increasing weight percentage of TizAlC,, the porosity
increases as well, and the maximum porosity is observed at
aluminum content of 1.2 mol.
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Fig. 6. The pore structures of porous Ti;AlC, ceramics as a function of the Al
contents (a) overall porosity, open porosity and the open porosity proportion,
(b) maximum pore size and average pore size, and (c) permeability.
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Fig. 6(b) shows the maximum pore size and average pore
size of the porous TizAlC, ceramics as a function of the Al
content. It is interesting to notice that the pore size evolution
rule is opposed to that of permeability, with the Al content
varing from 0.7 to 1.0, the pore size decreases apparently
during this stage. However, when Al content increases from
1.1 to 1.2, the pore size keeps stable with the increasing Al
content. As the Al content increases continuously from 1.2 to
1.4, the pore size increases dramatically.

Fig. 6(c) shows the permeability variation of the porous
TizAlC, ceramics with Al content increasing. It can be seen
that the changing tendency is similar with the effect of
aluminum content on pore size. The permeability monotoni-
cally decreases with Al content increasing from 0.7 to 1.0, and
after that, the permeability increases sharply with the increas-
ing amount of aluminum content (from 12.65 m®> m~*kPa ™'
h™" with the Al content of 1.0 to 18.81 m’m™>kPa™'h™'
with the Al content of 1.2). With aluminum content increasing
from 1.3 to 1.4, the permeability changes smoothly.

3.4. Pore forming mechanism

In order to explain the pore structure variation accompanied
with aluminum content, a possible reaction mechanism is
proposed. It is necessary to notice that the open porosity and
overall porosity increases with the amount of TizAlC, increas-
ing. However, the evolution route of average pore size,
maximum pore size and permeability is opposite to that of
Ti3AlC,, which means that the pore structure evolution is
depend on the phase transformation process.

With the purpose of investigating the phase transformation
process on synthesis of porous TizAlC,. TiH,/Al/TiC powders
with atomic ratio of 3:1.2:2 were selected to investigate the
pore structure forming process. The green compacts were
heating from 800 °C to 1300 °C, and XRD pattern was
employed to detect the phase constitution. Fig. 7(a) shows
the XRD patterns of the samples sintered at different tempera-
tures. At 800 °C, five phases (Ti, C, TisAl, TiAl, and TiAl,)
coexist. It means that with sintering temperature at 800 °C,
TiH, has de-composited completely, and molten Al reacts with

«TiAl & Ti V Ti, Al O TiAl °C

ATI,AIC #TiC #Ti,AIC v

Intensity (a.u.)

26()

Fig. 7. XRD patterns of synthesized samples with different sintering tempera-
ture and holding for 3 h.(a) 800 °C, and (b) 1000 °C.

Ti preferentially. He et al. has reported a method to fabricate
Ti—Al micro/nanometer-sized porous alloys by the Kirkendall
effect [21]. They believed that the pores are produced by great
diffusion-rate discrepancies between Ti and Al in the alloy
system, with reacting of Ti and Al into Ti—Al compound, the
net movement and consumption of Al element will result in a
large number of pores near the original positions of Al atoms.
And the higher the Al content increases, the larger is the pore
size . However, when the Al content varied from 30 wt% to
40 wt% (calculated as atomic ratio, the Ti: Al varies from
1:0.76 to 1:1.18), the pore size almost remains constant [18],
which is also proved by the little variation of permeability.

Fig. 7(b) shows the XRD patterns of the samples sintered at
1000 °C, and six phases (C, TisAl, TiC, TiAl, TizAlC and
Ti,AlC) coexist. Li et al. proposed a model for formation of a
single-phase TizAlC, from a mixture of Ti, Al and TiC
powders with Sn as an additive [22]. They believed that when
sintering temperature is above 650 °C, Al melts and reacts with
Ti to form intermediate Ti—Al compounds, that are Ti,Al,
TiAl;, TiAl, and TiAl in sequence in the Ti/Al/TiC/0.1Sn
sample. With heating temperature increasing gradually, super-
fluous Ti and C reacted to turn into TiC. With enough Ti—Al
compounds and TiC in the reaction system, both Ti,AIC and
Ti3AlC, should be synthesized at certain temperature. The
reaction process may illustrate that as heating temperature
increases, a reaction at the interface between Ti and graphite
particles starts to occur and compose of a thin layer of TiC.
Then, the thin layer of TiC would dissolve/diffuse into the Ti—
Al alloys. With more and more TiC diffusing into the Ti—Al
alloys, TiC will deviate from its original position and the pores
will be formed. At the same time, Ti—Al compounds react with
TiC to synthesize TizAlC and Ti,AIC. The volume of original
Ti—Al compounds will be expands, and they will extrude the
pores so that the pores are oppressed. In general, the overall
effect of the pores produced by TiC diffusing into the Ti—Al
alloys and pores constricted by volume expansion of Ti—Al
compounds guarantees the sample large porosity together with
small pore size. Therefore, with more TiC dissolve, the smaller
the pore size is and the higher the porosity is. The results also
explain the reason why the pore size decreases with Al content
increasing, while the porosity increases with Al content
increasing. As is shown in Table 1, with the content of Al
increases from 0.7 to 1.2, the amount of TiC decreases
gradually. It reveals that when TiC will dissolves into Ti—Al
compounds with Al content increasing, the pore size decreases
and porosity increases step by step. With Al content increasing
continuously, the amount of TiC decreases gradually, and the
pore size increases and porosity decreases again. As the results
show that, the permeability firstly decreases, and then increases
with increasing Al content. This may attribute to the combined
effect of TiC escaping from its original position and TiC
dissolving/diffusing into Ti—Al compounds. When diffusion
effect plays a leading role, the permeability will be decreased,
and vice versa.

Fig. 8 shows the SEM images of porous TizAlC, with
aluminum of 1.2, it can be seen that porous Ti;AlC, is well
developed and morphology is layer-shaped structure.
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Fig. 8. The SEM images of porous Ti;AlC,.

4. Conclusions

Porous Ti3;AlC, ceramics with Al content ranging from 0.7
to 1.4 (atomic ratio) were successfully fabricated by the
reactive synthesis of TiH,, Al and graphite. With increasing
amount of Al content, the sintered samples have three typical
phases: Ti,AlC, TiC and TizAlC,. And pure Ti;AlC, phase
was obtained with TiH,:Al:C of 3:1.2:2. The effects of Al
content on pore structures were investigated systematically,
which reveals that the open porosity and overall porosity
increased with Al content increasing, while the pore size and
permeability changed in contrast with Al content. The pore
structure variation tendency, to some extent, related to the
amount of TizAlC, phase in the final products. The phase
transition process and pore forming mechanism were also
investigated.
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