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This study reports a viable method for the synthesis of Ti,SC
phase using iron disulfide or iron sulfide as sulfur source and a
post-treatment with acid. The reaction routes to Ti,SC phases
starting from two different chemical compositions of 2Ti—
FeS,-2TiC and Ti-FeS-TiC were in detail explored and
compared through the analysis of X-ray diffraction, thermo-
gravimetry/differential scanning calorimetry, and scanning elec-
tron microscopy results. Unlike the Ti-FeS-TiC composition,
the reaction route from 2Ti-FeS,-2TiC composition contained
an extra decomposition step in which FeS, transformed to acti-
vated FeS and released molecular state sulfur at temperature
around 500°C. The latter at this temperature could successfully
trigger the reaction of Ti—-S-TiC to form Ti,SC phase, which
was an analogous self-propagating high-temperature synthesis
with a high transient temperature. On the contrary, only trace
of Ti,SC phase could be obtained at temperature as high as
1200°C from the Ti—-FeS-TiC composition. The main impurity
phases from these iron disulfide reactant systems were Fe and
FeS, and they could be easily purified by dissolution in H,SO4
solution, which resulted in Ti,SC phase with a minor TiC
phase in the final product.

I. Introduction

AX phase is a terminology for a family of ternary
ceramics, in which M is an early transition metal, A is
an A-group element and X is carbon or/fand nitrogen.'
Their crystal structures belong to P63/mmc (no. 194) space
group, and consist of alternative near-close-packed layers of
MgX octahedral that interleafed with a layer of pure A
atoms.'> Due to the speciﬁc layered crystal structure, the
MAX phases possess unlque 2propertles combining those of
the metals and the ceramics: a good electrical and ther-
mal conductivity, good machinability, low hardness, thermal
shock resistance, and damage tolerance inherited from the
metals, and a high elastic modulus, high-temperature
strength, an oxidation, and corrosion resistance relevant to
ceramics. Recent researches have also shown that the MAX
phases have a good performance to tolerate irradiation dam-
age and molten salt corrosion.”” Therefore, the MAX phases
have the potential to become a new kind of structural mate-
rial candidates for the future nuclear reactor system.
Ti,SC was discovered by Kudielka and Rohde in 1960s.'°
Distinguishing to the other MAX phases, Ti,SC has two dis-
tinctive structural characteristics: a much smaller ¢/a value
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(¢ =5=0.3210 nm and ¢ = 1.120 nm)" and a stronger bond
strength in the M—A bond (i.e. Ti-S bond).!""'* These fea-
tures result in high values of Young’s moduli g316 GPa®),
shear moduli (125 GPa'®), and hardness (8 Gpa').'>!718 In
addition, Ti,SC bulk also exhibits the highest thermal con-
ductivity [60 W-(m-K)~' !°] and the resistivity (0.52 pQ ml(’)
at room temperature to most MAX phases (n = 1-3).>
Kulkarni and Merlini’s work showed that Ti,SC was ther-
mally stable at 950°C in Ar atmospheres®® and even after pro-
cessed at 1600°C for 20 h in Ar atmosphere it was still
stable'>. That means the Ti,SC can be used as promising
protective coating on steel or other material to prevent the
sulfur corrosion, since Ti,SC phase is a stable product of reac-
tants containing sulfur material. Moreover, transition-metal
dichalcogenides added with C, N, and/or some metal coating
(most commonly W-S-C and Mo-S-C) have well-known
excellent self-lubrication properties.>’* Sundberg’s work
showed that the Ti-S—C nanocomposite coating could also
lower the friction levels and prolong the lifetime even against
the tungsten-coated steel ball, which could be explained by
the tribo-chemically activity of Ti—S—C nanocomposite coat-
ing.?* Hence, the Ti-S—C coating (includes Ti,SC phase) may
find some applications in the tribology field.

In fact, Ti,SC was first observed as a hard inclusion in Ti
alloyed steel2® and then also found as micro-Y-phase in
nickel-based superalloys®”*®. However, to date, there are
few studies discussing the synthesis of pure Ti,SC phase.
P. Wally et al.*** utilized the ClgCs as catalyst to synthesize
Ti,SC powders directly by combustion synthesis of elemental
mixture of Ti-S—C. The ignition temperature was between
700°C and 800°C, and the maximum temperature of the reac-
tion route was above 1800°C. However, owing to the volatili-
zation of sulfur, the purity of Ti,SC was poor. Li et al.
reported TiC and Ti3S, as main impurities after combustion
synthesis even after the addition of excess sulfur in raw mate-
rials.’® Zhu and Mei er al>'*? used TiS, to provide the
sulfur source and they synthesized pure Ti,SC powders
from Ti-TiS,—C mixture at temperature as high as 1600°C.
Nevertheless, the raw material TiS, is hard to handle and
very expensive that is not in favor of further research and
industry application.

In this study, we introduce an available method to synthe-
size Ti,SC using iron disulfide or iron sulfide as sulfur
source. Two reaction systems, 2Ti—FeS,-2TiC and Ti-FeS—
TiC, have been in parallel studied to reveal the formation
mechanism of Ti,SC phase at low temperature in the former
composition.

II. Experimental Procedures

The Ti,SC phase was synthesized using commercially available
powders. Titanium (99.5% purity, 300 mesh, Targets Research
Center of General Research Institute for Nonferrous Metals,
Beijing, China), Titanium carbide (99.5% purity, 2.6 pum,
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Beijing Xingrongyuan Co. Ltd, Beijing, China), and iron disul-
fide (95% purity, the main impurity is 3% Si, 20-25 pm, Strem
Chemicals, Newburyport, MA) or iron sulfide (99% purity,
200 mesh, J&K Scientific Ltd, Beijing, China), were mixed with
the molar ratio of 2:2:1 or 1:1:1 by planetary ball mill, respec-
tively. The charge ratio of powders to agate balls was 1:3. And
they were blended in a Polytetrafluoroethylene jar with abso-
lute ethanol at 200 rpm for 12 h. The ground powder mixture
was then cold-pressed in a graphite mold. The green pellets
were further calcined in a Pulse-Electric-Current-Aided sinter-
ing device (HP D 25/3; FCT Group, Rauenstein, Germany) in
Ar atmosphere. No pressure was applied on the green body
throughout the synthesis. The temperatures were held at 500°C
for 1 min, and then held for 5 min (which is an empirical
value, according to our previous work.*) at target tempera-
tures of 500°C, 600°C, 800°C, 1000°C, 1200°C, 1400°C, and
1500°C, respectively [more details could be found in Fig. 3(a)].
Then, the as-synthesized products were pulverized and
immersed in H,SO,4 solution (1 mol/L) to get rid of the iron
particles and iron sulfide particles.

The synthetic powders were characterized by X-ray diffrac-
tometer (XRD; Bruker AXS D8 Advance, Karlsruhe, Ger-
many) with Cu K, radiation and their spectra were collected
at a step scans of 0.02° 20 and a step time of 0.2 s. The
microstructure was observed by field emission scanning elec-
tron microscope (SEM; FEI QUANTA 250 FEG, Hillsboro,
OR) equipped with energy dispersive spectroscopy (EDS,
Oxford Instruments, Oxford, UK). In addition, the evolution
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of reaction was traced by thermal analysis (TG/DSC; NET-
ZSCH STA449F3 Jupiter, Selb, Germany) from room tem-
perature to 1500°C with a heating rate of 10°C /min in Ar
atmosphere.

III.

The X-ray diffractograms of the powders synthesized from
2Ti-FeS,-2TiC and Ti-FeS-TiC compositions at different
temperatures are shown in Fig. 1. At 400°C, there was no
obvious phase change compared with original mixture in
both reactant systems. However, there was a dramatic differ-
ence in phase evolution when temperature was higher than
500°C. Figure 1(a) shows the appearance of Ti,SC in the
2Ti-FeS,-2TiC system even at 500°C that should be the
lowest temperature to form Ti,SC phase ever reported. More
specifically, in the initial stage (500°C-600°C), sulfur
atom should be gradually released from FeS, molecule since
FeS, phase was not thermally stable in this temperature
range®** [Eq. (1)]. The thermodynamically stable FeS*® was
expected to be observed in the product as the decomposition
residue [Fig. 1(a)]. Indeed, it has been reported that pyrite
(FeS,) commonly used in thermally activated battery could
experience a transformation to porous FeS after thermal
decomposition.*®*” The released molecular sulfur in uniform
mixed 2Ti-FeS,—2TiC composition could immediately and
fully react with Ti and TiC to form Ti,SC phase [Eq. (2)],
which was a fierce exothermic reaction according to P.
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Fig. 2. Phase content variation during the process plotted as a function of sintering temperature: (a) is the 2Ti-FeS,-2TiC reactant system, (b)

is the Ti-FeS-TiC reactant system.

Wally’s work?®?°. That was to say, the first reaction path
[shown in Fig. 2(a)] to form Ti,SC phase in 2Ti-FeS,2TiC
composition was an analogous self-propagating high-temper-
ature synthesis, whose trigger temperature was around
500°C. On the other hand, these iron sulfide particles should
have a high reactivity and an increase in surface area after
the release of sulfur from the large FeS, particles as the
analysis above, which could promote the following solid-state
reactions. With the local high temperature caused by the
fierce exothermic reaction of Ti—S-TiC [Eq. (2)], parts of the
porous FeS phase reacted with Ti and TiC soon after forma-
tion, and resulted in the formation of Ti,SC and Fe [Eqgs. (3)
and (4)]. Therefore, the FeS phase formed by the release of
sulfur from FeS, phase at 500°C seems to play a key role on
the reactivity of intermediate phase FeS. The intentional
dwelling for 1 min at 500°C obviously decreased the amount
of TiC phase in the final product, meaning FeS could be
fully converted from FeS, phase and totally exhausted to
form Ti,SC phase. Meanwhile, extra FeS continued to react
with Ti metal at high temperature to form TiS and iron
[Eq. (3)]. The latter fact was clearly reflected by the increase
in the diffraction intensity of these resultants in the product
above 600°C. Beyond 1200°C, the Ti,SC phase became pre-
dominant owing to the reaction between TiS and TiC
[Eq. (4)]’"*. Hence, we can describe the synthesis reaction
into four main steps as follows:

FeS, = FeS + 1/2S, (500°C — 600°C) (1)
S+ Ti + TiC = Ti,SC (500°C — 600°C) )
FeS + Ti = TiS + Fe (500°C — 1200°C) 3)
TiS + TiC = Ti,SC (1200°C — 1500°C) @)

Figure 1(b) represented the phase evolution from the Ti—
FeS-TiC reactant system at different synthesis temperatures.
The mixture reaction was observed at 800°C to form Fe and
TiS phase with the decrease of FeS and TiC phases [Eq. (5)].
The Ti,SC phase appeared at temperature of 1200°C
[Eq. (6)], that is, 700°C higher than that observed in the 2Ti—
FeS,—2TiC reactant system. It was also worth noting that
TiS phase was formed at 800°C in this system, which was
300°C higher than that observed in the 2Ti-FeS,—2TiC reac-
tant system [Eq. (3)]. This highlighted the largely enhanced
reactivity of the porous FeS derived from FeS, decomposi-

tion again. The formation of TiS via FeS and Ti also agreed
with the assumption of Eq. (3) in the 2Ti—FeS,-2TiC reac-
tant system. The solid-state reaction between TiS and TiC
was controlled by the atomic diffusion and the saturated
vapor pressures. At temperature higher than 1200°C, the sat-
urated vapor pressures of TiS (Teuing = 1780°C) was higher
than that of TiC (Tjeiing = 4820°C), and the formation of
Ti,SC phase became thermodynamically favorable. Based on
the above observations, the reaction route of Ti-FeS-TiC
reactant system can be described as follows:

FeS + Ti = TiS + Fe (800°C — 1200°C) ®)

TiS + TiC = Ti,SC (1200°C — 1500°C) (6)

To reveal the phase evolution and underlying formation
mechanism of Ti,SC phase, a quantitative analysis of XRD
spectra by Rietveld Refinement technique was performed on
these two reactant systems (shown in Fig. 2). In the 2Ti—
FeS,—2TiC reactant system [Fig. 2(a)], the FeS, raw material
was completely consumed at temperature of 500°C [Eq. (1)].
The formation of Ti,SC phase at 500°C was accompanied by
the consumption of Ti raw material as well as TiC. The
amount of formed Ti,SC was seemly inversely proportional
to the quantities of these two phases [Eq. (2)]. In addition,
the weight percentage of iron kept almost constant at tem-
perature over 800°C, where FeS phase totally disappeared.
The latter observation meant that displacement reaction
(Eq. 3) could be accomplished in the temperature range of
500°C-800°C. At the temperature higher than 1200°C, Ti,SC
phase suddenly increased at the sacrifice of TiC and TiS
phases [Eq. (4)]. However, in the case of Ti—-FeS-TiC reac-
tant system [Fig. 2(b)], Ti,SC phase could also be detected in
the high-temperature range, with the same trend of the
decrease in TiC and TiS phases similar to 2Ti-FeS,-2TiC
reactant system. It was interesting to note that about 75% of
Ti,SC phase resulting from the 2Ti—-FeS,—2TiC reactant sys-
tem was formed through reaction path 1 [Eq. (2)] which was
below 1200°C, and all Ti,SC phase resulting from the Ti—
FeS-TiC reactant system originated from reaction path 2
[Eq. (6)] which was over 1200°C. A hint could be drawn
from the variation in the amount of TiC phase in 2Ti—FeS,—
2TiC reactant systems since it participated into both reaction
paths: 57% of original TiC was consumed in the path 1 com-
pared with 21% of original TiC in path 2. This was well con-
sistent with the proportion of Ti,SC phase obtained in path
1 and path 2. The phase compositions of final products in
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both two systems are summarized in Table I through the
Rietveld analysis of XRD from Fig. 1.

The previously mentioned reaction path 1 [Egs. (1) and
(2)] could also be further corroborated by the sintering curve
and thermogravity/differential scanning calorimetry (TG/
DSCQ) results (Fig. 3). During the dwelling at 500°C in sinter-
ing curve [Fig. 3(a)], a sharp temperature increase to 800°C
came hard on the heel of the first sharp drop (the actual tem-
perature must be higher than the recorded one since this pro-
cess was transient). The latter was probably due to the
endothermic decomposition reaction of FeS, [Eq. (1)] and
the former could attribute to the exothermic synthesis reac-
tion of TiS through Ti raw material and the release of sulfur
in Eq. (1), respectively. The intense heat released during TiS
formation might have warranted the further endothermic
reaction between TiS and TiC to generate Ti,SC phase that
normally occurs at high temperature [Eqgs. (2) and (4)]. The
temperature instability around 450°C was due to the auto-
feedback of furnace in all reactant system, and had nothing
to do with the synthesis process of Ti,SC phase. However,
there was no endothermic or exothermic behavior in the sin-
tering curve of Ti—FeS-TiC reactant system. The decomposi-
tion of FeS, at 500°C was also of evidence in the TG/DSC
results [Fig. 3(b)], wherein an endothermic peak at 600°C
(the difference in the temperature was due to the detection
method; pyrometer was employed in the sintering furnace
while thermal couple was used in TG/DSC measurement)
was well recorded in the DSC curve accompanied by a
weight loss in the TG curve [the no. 1 and 2 lines in
Fig. 3(b)]. The mixture powders for TG/DSC measurement
were so loose that S could easily escape, explaining the
weight lose behavior. In the synthesis process, however, the
mixture was pressed into compact green body, and thus S
gas must have reacted with surrounding Ti metal soon after

Table I. The Final Compositions of 2Ti—FeS,-2TiC and
Ti-FeS-TiC Systems Before and After Acid Treatment by
Rietveld Analysis of XRD (1500°C for 5 min)

Weight content (wt%)

Reliability factors

Samples Ti,SC TiC Fe Ry, (%)
2Ti-FeS,-2TiC 78.46 696 14.58 6.29
2Ti-FeS,-2TiC 89.19 10.81 — 10.11
post-treated with acid
Ti-FeS-TiC 63.42 6.34 30.24 4.55
Ti-FeS-TiC 91.01 9.99 — 7.54
post-treated with acid
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the decomposition of FeS. This fact could account for a vio-
lent exothermic peak due to the TiS formation in Fig. 3(a).
Two characteristic peaks around 868°C and 1475°C in both
reactant systems [the no. 2 and 4 lines in Fig. 3(b)] were
attributed to the displacement reaction (Egs. 3 and 5) and
solid-state combination reaction (Eqgs. 4 and 6), respectively.
The only difference was that the corresponding reaction tem-
perature of Eq. (5) was much higher than equation Eq. (3).
That was because the FeS in 2Ti-FeS,-2TiC reactant system
produced from decomposition of FeS, was porous and non-
stoichiometric, but the as-received FeS was well-crystallized
product, which meant the former possessed higher reactivity.

Although Ti,SC phase could be obtained from 2Ti—FeS,—
2TiC reactant system, there were still some impurities left in
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Fig. 4. X-ray diffraction and microstructure of 2Ti-FeS,—-2TiC
blended powders synthesized at 1500°C for 5 min: (a) synthetic
powders at 1500°C, (b) synthetic powders at 1500°C, after H,SO4
solution (I mol/L) treatment. The inset in center of (a) is the
elemental mapping of Fe in specific region of microstructure.
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(a) Sintering curve of 2Ti—FeS,-2TiC reactant system, (b) TG-DSC curves of 2Ti—FeS,—2TiC reactant system and Ti—FeS-TiC reactant

system from room temperature to 1500°C with the heating rate of 10°C/min in Ar atmosphere.
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Table II. The EDS Results of the Particles in Fig. 4

Atomic % Ti N C Fe Sif Totals
M 63.22 3526 0.76 0.75 0 99.99
A> 10.07 5.86  0.28 81.23 2.56 100.00
A3 63.38 3593  0.70 0 0 100.01

"The little content of Si came from the raw material FeS,, which contained
3% Si impurity.
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Fig. 5. The image of the Rietveld analysis for 2Ti-FeS,-2TiC as-
synthesized powders (1500°C for 5 min) after H,SO, solution
(1 mol/L) treatment.

the products. To improve the purity, the as-synthesized pow-
ders were treated with H,SO,4 solution (1 mol/L). Figure 4
exhibits the XRD spectra and microstructure of products
that were synthesized at 1500°C for 5 min before and after
acid treatment. The ratio of Ti to S in the major dark
regions labeled as A; and A3 was about 1.8, (closer to 2) (See
Fig. 4 and Table II). As there was no Ti,S phase formed in
the synthesis according to the analysis above, these regions
were identified as Ti,SC phase. The reasons of the C content
lower than 1 at.% were as follows: First, C content obtained
from EDS was not precise due to the detection limit of EDS.
Second, the EDS device utilized had been calibrated by stain-
less steel, and its C content was below 1 at.%. The iron
impurity could be completely dissolved by acid treatment as
shown by the disappearance of diffraction peak in Fig. 4(b).
The SEM imaged obtained using backscattered electron
(BSE) was conclusive for this result (the inset in Fig. 4). The
bright powders (A,) in the as-synthesized product that were
confirmed to be the Fe-rich phase by EDS (Table II). X-ray
scan area mapping analysis of Fe also exhibited the distribu-
tion of Fe, which was labeled as red point [the inset in
Fig. 4(a)]. Those residues were not observed by SEM in the
powders after the acid post-treatment [the inset in Fig. 4(b)].
The other possible impurities, such as FeS,, Ti, and TiC,
might exist in the low-temperature synthesized powders.
However, the amounts of these impurities could be expected
to be controlled by tuning the initial composition of FeS,—
Ti-TiC reactant system. Therefore, it provided a viable
approach to obtain superfine and high-reactivity Ti,SC phase
at temperature range of 500°C-1000°C via composition con-
taining FeS,. Although the TiC phase was resistant to the
acid corrosion, it could be used as strengthening phase in the
further composite sintering. In addition, the Ti,SC phase
synthesized from Ti-FeS-TiC reactant system [Fig. 1(b)]
could also be purified through the acid treatment as the

impurities left were the same as 2Ti—FeS,-2TiC reactant sys-
tem. Table I exhibits the final compositions of these two
systems after acid treatment and Fig. 5 displays one of the
results of the Rietveld analysis.

IV. Conclusions

FeS, and FeS were used to synthesize Ti,SC phase. The FeS,
decomposed around 500°C and the released sulfur favored
the exothermic reaction of S and Ti to form TiS phase. The
heat released during TiS formation also promoted the solid-
state combination between TiS and TiC to obtain Ti,SC
phase, which was normally accomplished in the traditional
synthesis at temperature higher than 1200°C as observed in
the Ti—FeS-TiC system. The main impurities left in the prod-
ucts were Fe and FeS phases besides TiC, and could be effec-
tively removed by dissolution treatment in H,SO4 solution
(1 mol/L). This synthesis approach of Ti,SC phase will
largely promote the potential application such as corrosion
protection coating.
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