Open Ceramics 19 (2024) 100661

ELSEVIER

Contents lists available at ScienceDirect
Open Ceramics

journal homepage: www.sciencedirect.com/journal/open-ceramics

QC

OPEN .
ceramics

L))

Check for

Spark plasma sintering of TiC with TiAly as sintering aid: Mechanisms | e

and microstructures

a,*

Alessandro Rizzi
Rodrigo Moreno ”, Mattia Biesuz’

, Maria Garcia-Fernandez ", Miguel A. Rodriguez b Emanuele De Bona?,

& Department of Industrial Engineering, University of Trento, Via Sommarive 9, 38123, Trento, TN, Italy

b Institute of Ceramics & Glass, ICV-CSIC, Kelsen 5, 28049, Madrid, Spain

ARTICLE INFO ABSTRACT

Handling Editor: Dr Catherine Elissalde

TiC features an interesting combination of mechanical properties, high-temperature resistance, and lightness,
making it an excellent candidate for several applications in harsh environments. However, its sintering to obtain

Keywords: bulk components is extremely challenging. Herein, we show that titanium aluminide is a promising sintering aid
Tic for TiC (5, 10, and 20 vol% were investigated). The aluminide allows the formation of a nearly fully dense
'Srll):l component at 1350 °C by spark plasma sintering under 80 MPa. The aluminide forms a grain boundary sec-
Sintering ondary phase that promotes the Ti diffusion: Ti from TiC can be dissolved within the TiAly at the neck center and
UHTCs precipitate at the neck surface, while C can easily diffuse through the TiC lattice. Higher temperatures cause the

extrusion of the aluminide out of the SPS die and its reaction with oxygen impurities. The final microstructure is
constituted by nearly pure TiC with isolated alumina pockets at the triple points.

1. Introduction

Ultra-high temperature ceramics (UHTCs) have gained increasing
interest in recent years thanks to their outstanding properties, such as
very high melting temperature, combined with excellent mechanical
properties, and fair thermal conductivity [1]. UHTCs are mainly car-
bides, nitrides, and borides of early transition metals presenting a
melting temperature above 3000 °C and a service temperature in air
above 2000 °C [1,2].

Among the UHTCs, titanium carbide (TiC) is of particular interest. It
is a refractory Group IV interstitial carbide characterized by a cubic
closed-packed structure with an FCC symmetry [3]. Its structure pro-
vides exceptional properties: very high melting temperature (T,, = 3067
°C [3]), fair thermal conductivity [3-5], which provides good thermal
shock resistance, low density with respect to other carbides, and excel-
lent mechanical properties [4,6], like a very high hardness (28-35 GPa
[4,6]), huge elastic modulus (410-510 GPa [4,6]) and fair fracture
toughness (3.3 + 0.1 MPa e m®® [6]).

The combination of properties makes TiC particularly fascinating for
high-temperature applications in harsh environments: such as (i) the
nuclear energy field, (Gen IV Nuclear power plants) due to its compat-
ibility with UN and UC [7-11]; (ii) the aerospace and hypersonic flight
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industry as thermal protection [12,13] for shielding [14,15] and
aero-propulsion system [16,17]; (iii) cutting and grinding tools [18-21];
and (iv) coating and reinforcement [22-26].

The production of UHTC components is costly and exacting due to
their properties: these materials are refractory, chemically inert,
exhibiting strong covalent bonds, and possessing a general tendency to
decompose upon melting. Consequently, common metallurgical pro-
cesses, such as casting or forging, are not suitable and also powder
consolidation by sintering is very challenging. These factors have
limited for long the development and commercial applications of these
materials [3].

Several methods exist for the synthesis of titanium carbide powder
[4]: including the carbothermal reduction [27-29], pyrolysis of
oxygen-containing metal-organic polymeric precursors [29], gas phase
reaction of TiCly and hydrocarbons [30], Mg-thermal reduction of
vaporized TiCly + CCly solution [31], sol-gel process [27,32,33], me-
chanical alloying [34-36] and Self-propagating High-temperature Syn-
thesis (SHS) [37-41]. Among them, SHS is of particular interest. It is an
efficient and energy-saving method allowing the production in a few
seconds of high melting point compounds which form through an
exothermic reaction involving the forming elements.

The most commonly employed consolidation technique for TiC is
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Spark Plasma Sintering (SPS) [7,42]. In SPS densification is aided by the
application of an external pressure and the system is subjected to a
low-voltage direct pulsed current [43-45]. The application of a uniaxial
mechanical load (typically between 50 and 250 kN) improves the
densification kinetics enhancing the driving force for sintering [44].
Furthermore, in electrically-conductive  samples, additional
densification-enhancing mechanisms might be activated including
electromigration [46-48]. Directional electromigration-enhanced
interdiffusion in the Cu-Ni system [49]. The sintering process can be
performed under vacuum or protective gas at atmospheric pressure
[50]. Due to the direct Joule heating of the graphite tooling where the
ceramic powder is introduced, SPS allows heating rates potentially as
high as 1000 °C/min for small samples, which makes it possible to
significantly reduce the sintering time and consequently the energy costs
[51]. Despite the external pressure application, temperatures exceeding
1800 °C are usually needed to densify TiC even in SPS [7,52,53].

In this work, we explore the use of titanium aluminide (TiAl) as a
sintering aid for TiC in SPS. The choice is based on the fact that TiAl is
lightweight and largely employed in aerospace and automotive high-
temperature applications [54-56], where it can be coupled with TiC
due to its similar thermal expansion coefficient and chemical compati-
bility [57-59].

Furthermore, TiAl melts at 1460 °C [60] hence one could expect the
activation of liquid phase sintering mechanisms. Herein, we aimed to
identify the physical/chemical mechanisms activated by the aluminide
phase’s presence on the Ti carbide’s sintering.

2. Materials and methods
2.1. Synthesis

TiC powder doped with 5 vol%, 10 vol% and 20 vol% of TiAl was
produced using the following raw materials: Ti powder (84 pm, specific
surface area SSA = 0.03 m2/g, purity >98 %, William Rowland Ltd.,
UK), graphite powder (1.7 pm, SSA = 27 m?/g purity> 99.6 %, Sofacel,
Spain) and aluminum (16 pm, Alcoa, USA).

The elemental powders were weighted in stoichiometric proportion
and mixed for 1 h in a powder blender mixer Turbula® (Switzerland) to
obtain batches of 200 g.

Then, the self-propagating high-temperature synthesis (SHS) was
performed in a graphite container inside a closed methacrylate box
using tungsten filaments under Ar atmosphere. The applied voltage to
the W filament, used for ignition, was 20 V and the reaction time least a
few seconds.

The SHS method allowed the synthesis of a large amount of powder
in a very short time and an efficient conversion rate due to the elevated
temperatures reached because of the high exothermicity of these re-
actions and the accumulation of heat.

TiC powder was obtained by reaction of Ti and graphite while the
composite TiC-TiAl was obtained by adding Al powder in such a con-
centration as to obtain 5 vol%, 10 vol% and 20 vol% of TiAl according to
the stoichiometric reaction. It is important to mention that the adiabatic
temperature of combustion for TiC and for TiAl is 3209 K [61] and 1518
K [62], respectively.

The powder obtained by SHS was then attrition milled in isopropanol
using a nylon-coated jar and rotor arms and Y-TZP balls with 5 mm in
diameter as milling medium. After that, the powder was dried in an oven
overnight and eventually sieved with a 63 pm nylon mesh.

The evolution of the TiC-TiAl particle size during the milling process
was monitored and analyzed by laser diffraction (Mastersizer S, Mal-
vern, U.K.), using aqueous suspensions diluted to 0.1 g/L at a fixed in-
terval time ranging from O to 420 min, depending on the powder
composition and doping level.
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2.2. Spark plasma sintering

TiC-TiAl powders were used to obtain a cylinder with a diameter of
20 mm and a height of 6 mm. The samples were sintered by spark plasma
sintering (SPS) using a Dr. Sinter SPS-1050-CE (Japan) furnace, in which
the powders were loaded in 20 mm graphite dies, lined with graphite
foils, and covered by graphite blankets. The temperature was monitored
through an optical pyrometer, which works in the infrared, starting from
570 °C.

The sintering experiments were carried out using 100 °C/min as the
heating rate, a dwell at high temperature of 5 min and applying an
external pressure of 80 MPa. The sintering temperatures were modified
for each composition to achieve the highest possible densification
(Table 1).

2.3. Samples characterization

Archimedes’ method, as reported in ASTM C830, was exploited to
measure the bulk density, the relative density, and the open porosity of
the samples. Water was used as the buoyancy medium and a balance
with a sensitivity of 0.1 mg was employed.

The microstructure of polished samples was observed by Scanning
Electron Microscopy (SEM) using a JEOL JSM-5500 (Japan) equipment.
EDXS micro-analysis was performed to evaluate the elemental distri-
bution, EDXS was carried out in a JEOL JSM-IT300 LW SEM (Japan)
equipped with a Bruker XFlash 630 M detector (Germany) operating at
20 keV.

The X-ray diffraction (XRD) was performed both on the powder
(after the milling process) before sintering and on the sintered samples
using a Bruker D8 Advance (Germany) diffractometer equipped with Cu
Ka X-ray source. The measurements were performed in the 26 = 10°-80°
range, step size = 0.05° with a 1.5 s/step dwell. The quantitative phase
analysis and the lattice parameters were evaluated by exploiting the
Rietveld refinement using the MAUD® software [63].

The mechanical properties exhibited by TiAl-doped TiC specimens
were also evaluated by measuring the Vickers hardness, using a Tecmet
Future-Tech FM-310 microhardness tester (Italy) with a load of 0.2 kg.
The values presented in this work are the averages of 10 measurements
per sample. The samples were preliminarily polished using SiC grinding
papers (up to grit 1200) and then diamond solution on specific grinding
papers down to 1 pm.

In the following parts of this paper, we will refer to the TiAl-doped
TiC samples as TiCxxTiAl, where xx indicates the theoretical volume
fraction of TiAl in the mixture.

3. Results

After the SHS, the powder is constituted by a mixture of TiC, TiAl,
TiO and unreacted carbon (Fig. 1). A shoulder in the high-angle region of
the main TiC phase suggests the presence of some substoichiometric TiC

Table 1
SPS sintering conditions for TiC doped with 5 vol%, 10 vol% and 20 vol% of
TiAl

Temperature Pressure Holding time Heating rate
[°C] [MPa] [min] [°C/min]
TiC+5 vol% 1800 80 5 100
TiAl
TiC+10 vol 1650 80 5 100
%TiAl 1700 80 5 100
1800 80 5 100
1150 80 5 100
1350 80 5 100
TiC+20 vol 1500 80 5 100
%TiAl 1550 80 5 100
1700 80 5 100
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Fig. 1. XRD analysis pattern of TiC doped with 5 vol%, 10 vol% and 20 vol%, where the particular of Al-rich TiAl peak splitting (A5, A10 and A20), the unreacted

carbon (B5) and non-stoichiometric TiC;., (C20) are also highlighted.

(i.e., TiC;1.x). Based on the Rietveld refined cell parameter data we can
estimate the non-stoichiometric phase to be characterized by a C/Ti
molar ratio of about 0.59 + 0.2 for all the tested compositions [64]. The
presence of the aluminide phase can be clearly detected in the diffrac-
tion patterns (see for instance the peaks at 39°) and obviously increases
with the Al-doping level in the system. The exact stoichiometry of the
aluminide cannot be determined as TiAl, TiAl, and TiAls have similar
diffraction patterns, for such reason we will label the aluminide and
TiAly in the following. As minor phases, we detected some unreacted
carbon (only in the sample with 5 vol% of doping) and some rocksalt
TiO.

The particle size after SHS is unsuitable for sintering as they are in
the order of several tens of micrometers (see the SEM micrographs in
Fig. 2). Fig. 3 reports particle size evolution during milling in iso-
propanol. The particle size substantially decreases with the milling time
for all the compositions. However, it scales with the TiAl doping level
(the higher the doping level the larger the particles after milling). In all
the cases, the final particle size is < 5 pm, and at least 4 h were needed to
mill the powder before SPS.

The sintering curves obtained from the displacement of the SPS
piston corrected for the thermal expansion are reported in Fig. 4. We can
observe that the TiAl, addition facilitates the consolidation by
decreasing the onset temperature for sintering (down to ~900 °C) and
increasing the displacement (densification) rate. The final shrinkage
increases with the aluminide content. The shape of the sintering curves
appears “non-regular”, i.e., it does not follow the usual sigmoidal plot
with a single inflection point but several changes in slope and concavity
can be spotted. To understand the evolution of the material during the
sintering process, we decided to SPS at different temperatures. Specif-
ically, most of the analysis focuses on the Ti20TiAl composition as the
influence of the sintering aid is much more relevant, making the
different steps of the firing process and the related effects more evident
and easy to observe.

Fig. 5 reports the relative bulk density evolution for samples sintered
at different temperatures. We can observe a monotonical increase in the
sample density with the sintering temperature. It is quite surprising to
observe that the sample containing 20 vol% of TiAl already achieved
relatively good densification at only 1150 °C (~85 % relative density)
and most of the sintering is accomplished at 1350 °C(~97 % relative
density). Such temperature is well below the melting point of the alu-
minide phase. There is no substantial density evolution between 1350

(a) TiC10TiAl

(b) =TiC20TiAl

Fig. 2. SEM images of (a) TiC10TiAl and (b) TiC20TiAl polished powder after
SHS before milling.

and 1550 °C for the TiC20TiAl composition, and eventually, a small
increase in density is observed between 1550 and 1700 °C. Remarkably,
the pure TiC sample sintered at 1900 °C exhibits a relative density lower
than TiC20TiAl at 1700 °C.

Fig. 6 reports the Al content detected by EDXS on the sintered
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Fig. 3. Particle size evolution during milling of TiAl-doped TiC powders.
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Fig. 6. Al content evolution during sintering measured by EDXS analysis
in TiC20TiAl.

TiC20TiAl samples as a function of the SPS temperature. We can observe
that the Al content decreases increasing the firing temperature, thus
pointing out an evolution in the material composition. After firing at
1700 °C, the Al content is about 1/5 of the starting one. Such evolution
in the composition was accounted for in the calculation of the theoret-
ical density used to estimate the relative density in Fig. 5.

The microstructural evolution at different sintering temperatures for
TiC20TiAl is reported in Fig. 7. The micrographs refer to polished
samples and are substantially consistent with the density data reported
in Fig. 5. The microstructures are clearly biphasic, featuring a darker Al-
rich phase and a brighter compound which is the TiC. Already at 1150
°C, the material is substantially consolidated with indeed some residual
porosity. Despite some sintering happening at 1150 °C (density ~85 %),
the shape of the TiC particles is still irregular and characterized by sharp
edges. At 1350 °C, the aluminum-rich phase is located at the grain
boundaries between the TiC particles and at the triple points. The
microstructure is nearly fully dense. At 1550 °C, the amount of dark (al-
rich) phase is substantially reduced, but a thin layer of it can still be
observed at the grain boundary and triple points. Finally, at 1700 °C the
aluminum-rich phase collapses in spherical clusters.

To confirm the correct identification of the two phases in Fig. 7, we
performed EDXS analysis on the samples treated at 1150 and 1350 °C. At
1150 °C, the Al-rich phase segregates largely in the porosity between the
TiC grains. The comparison between the Al and Ti content in area 1
(inside a grain) and area 2 (pore) as well as the EDXS elemental maps,
confirms the partial extrusion of Al toward the pores (Fig. 8(a) and (b)).
On the other hand, the EDXS line scan confirms that the continuous
grain boundary phase at 1350 °C is actually Al-rich (Fig. 9(a) and (b)).
Finally, at 1550 °C aluminum is localized in rounded clusters (Fig. 10),
where locally the Ti counts drop nearly to zero (i.e., the Al-rich region
does not contain Ti in the EDXS map).

A comparison of the XRD pattern of the different samples is reported
in Fig. 11. The Rietveld refinement results are summarized in Table 2.
We can observe that (i) the signal of the sub-stoichiometric TiC rapidly
quenchs during the thermal treatments; (ii) the aluminide gets partially
oxidized already at 1500 °C forming a-AlyOs; (iii) the metastable TiO
phase disappears.

A comparison between the Vickers hardness of the TiC specimens
doped with different amounts of TiAl (5 vol%, 10 vol% and 20 vol%) is
reported in Fig. 12, in which the Vickers hardness, measured with a load
of 0.2 kg, is highlighted as a function of the relative density. In general,
the hardness of the samples decreases increasing the amount of sintering
aids.



A. Rizzi et al.

(a)-1150°C
“ ﬂzj ;

- S,

\ r";

(c)-1550°C

TiC + 20vol%TiAl (1150°C)

S

Open Ceramics 19 (2024) 100661

(b)-1350°C

(d)-1700°C

J Al l

] ]

Intensity [arb unit]

-

4
Energy [keV]

Fig. 8. (a) SEM image and EDXS map analysis of TiC + 20 vol% TiAl sintered at 1150 °C by SPS and (b) comparison between the Al and Ti content of area 1 (orange)
and area 2 (purple) highlighting, respectively, the space between grains and TiC grains, obtained by EDXS analysis. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
4. Discussion

SHS allowed the synthesis of TiC-TiAly powders with minor con-
taminants. The main impurities are unreacted graphite and TiO. TiO
forms by the reaction between titanium and oxygen impurities in the
SHS chamber or even as a result of O contamination in the starting
powder (like the surface oxide layer expected in Ti and Al powder). The
presence of unreacted graphite was observed only in the case of the
TiC5TiAl powder, i.e., in the powder with the lowest TiAl content. The
presence of the molten aluminide, during the SHS synthesis, facilitates
the reaction between TiC and C providing a fast diffusion path, hence the
reaction was fully completed without residual graphite for TiAl doping
>10 vol%. The formation of a liquid aluminide phase in SHS can be
inferred from the microstructures in Fig. 2, where the TiC grains appear
rounded and grown inside an Al-rich isotropic matrix.

The presence of unreacted graphite contributes to the formation of
sub-stoichiometric TiC, which is actually more abundant in the TiC5TiAl
composition where unreacted C was detected. Furthermore, the possible
formation of secondary aluminide phases, like TiAl; and TiAls, leaves
some extra Ti available for the TiC formation (the initial mixture was

prepared assuming that only TiAl forms) causing a disproportion be-
tween Ti and C in the carbide. The formation of TiC;_x is however not
particularly surprising as all the rock salt interstitial carbides of group 4
(TiC, ZrC, HfC) are largely non-stoichiometric and can accommodate
easily carbon vacancies [1,3].

The sintering curves (Fig. 4) reveal two interesting features. The first
is that the aluminide impacts on sintering well before its melting point,
and the second is that the sintering shrinkage increases increasing the
TiAly content. To exclude the formation of different liquids originating
from low-temperature reactions in the Ti-C-Al phase diagram [60] a
TGA/DTA was carried out under 50 °C/min up to 1350 °C (Fig. S1 in
Supplementary Material). No endothermic peaks were detected in this
temperature region, where the material densified. This seems to exclude
the activation of substantial amounts of liquid phase sintering during
SPS.

As the final density approaches the theoretical one in all the samples
in Fig. 5, one would expect similar final sintering displacement (the
amount of tested material was always similar and there are no specific
reasons to assume substantial differences in the green density). The fact
that increasing the TiAly content the sintering displacement is higher
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1350 °C.

Open Ceramics 19 (2024) 100661

implies that some material is extruded out of the SPS die and this agrees
with the EDXS data in Fig. 6 which proves that part of the aluminum is
lost while sintering. Therefore, a higher Al load in the starting powder
results in larger shrinkage as more material is lost in SPS.

Such a result is of some interest because TiAly can act as a very
effective sintering additive, but in the final microstructures, the alumi-
nide nearly completely disappears as it is extruded out of the die and also
partially converted to alumina (see the XRD in Fig. 11) which is indeed
more refractory than TiAly (T, riar = 1460 °C [60], Ty arzo3 = 2051 °C
[65]). The alumina formation can be explained based on the high af-
finity between Al and O contamination in the SPS atmosphere. More-
over, Alumina [53,60] segregates in closed and isolated pockets at the
end of the sintering process due to the Rayleigh instability of the per-
colative film. The reduced sintering aid content, its conversion to
alumina, and its non-percolative distribution in the sample are valuable
results: the presence of a continuous TiAl grain boundary phase would
limit the operative temperature of the components and reduce its re-
fractory properties. In the next future, further works could be focused on
the investigation of the high-temperature properties of the sintered
materials.

The other key result is that the material is already nearly fully dense
well before the melting point of the TiAly, with a sintering onset around
900 °C. For instance, a density of already ~85 % is achieved at 1150 °C
for the TiC20TiAl composition. At such temperatures, we expect that TiC
marginally contributes to the densification. This statement is supported
by the fact that the pure TiC sintering curve (Fig. 4) does not show any
substantial effect below 1200 °C. Furthermore, the micrograph of the
TiC20TiAl sample sintered at 1150 °C (85 % dense) features irregular
particles with sharp edges originated from the milling process. Indeed,
such features are the first ones typically evolving when self-diffusion is
activated. Their presence in the sintered component suggests that TiC
only marginally participates in the densification process. On the other
hand, at these temperatures, TiAly could deform under the effect of the
external pressure application [66]. Hence, the TiAly can be partially
extruded from the region between the “rigid” TiC particles to the surface
of the pores. The phenomenon is confirmed by the EDXS maps in Fig. 8
as an abundant presence of Al was detected in the pores.

At higher temperatures also TiC starts to participate in sintering. This
is suggested by the high densification level obtained at 1350 °C (=97 %)

Fig. 10. EDXS map analysis of TiC 20 vol% TiAl sintered at 1550 °C.
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Table 2

Rietveld refinement quantitative analysis of TiAl-doped samples subjected to XRD analysis. Note that content below 3 wt% of the data is only indicative and subjected

to large errors.

Composition Temperature [°C] TiC [wt%] TiCyx [Wt%] TiAly [wt%] TiO [wt%] Al,03 [Wt%)] Graphite [wt%]
TiC+5 vol%TiAl 25 73.7 23.3 0.5 0.6 0 1.9

1800 92 4 0.8 0 1.6 1.6
TiC+10 vol%TiAl 25 81.2 15.5 2.7 0.6 0

1650 94 3.4 0.6 0 2

1700 94.9 1.7 0.6 0 2.8

1800 94.1 2.5 0.7 0 2.7
TiC+20 vol%TiAl 25 79.1 14.7 4.4 1.8 0

1500 90.4 6.7 0.7 0 2.2

1550 90.3 6.4 0.8 0 2.5

1700 93.3 3.2 0.5 0 3

) Refers to a weight percentage well below 1 wt%.
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Fig. 12. Vickers hardness (0.2 kg) of TiC5TiAl (blue), TiC10TiAl (green) and
TiC20TiAl (red) sintered by SPS at different temperatures, as a function of the
relative bulk density. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

and by the substantial changes in the particle’s shape. In this tempera-
ture interval, the aluminide acts as an effective sintering aid, operating
in the solid state (TiAl melts only at 1460 °C and no sign of melting can
be detected in Fig. S1 in Supplementary Material). The TiAly effect
seems not related to bulk interaction with TiC, for instance, changing the
point defect chemistry by forming a solid solution. This can be inferred
by the absence of any TiC XRD peak position shift during sintering and

by the fact that the solubility of Al in TiC is limited [60]; moreover, no
clear EDXS Al signal from the bulk of TiC grains was detected. On the
other hand, the Al-rich phase forms a continuous path (Fig. 7(b)) on the
grain boundaries and triple points which could promote sintering.

The sintering of TiC is dominated by the diffusion of cations, while
the diffusivity of carbon is several orders of magnitude faster [67]. A
comparison between the self-diffusion coefficient of Ti and C in TiC [67]
and of Ti and Al in TiAl [68] is reported in Fig. 13.
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Fig. 13. Self-diffusion coefficient of Ti in TiAl and TiC and C in TiC. (Data taken
from the literature [67,68], continuous line for experimental data and dotted
line for extrapolated data).
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The presence of the continuous aluminide phase at the grain
boundary could allow the dissolution of Ti from the TiC crystal at the
neck center, its fast diffusion through the aluminide [68], and its pre-
cipitation at the neck surface. This is facilitated by the fact that Ti can
easily dissolve inside the Ti-aluminide where lattice sites matching the
Ti radius and charge are available. The suggested mechanism is sub-
stantially analogous to what was observed in liquid phase sintering, with
the major difference that the fast diffusion avenue is not in the liquid but
in the solid state (i.e., at 1350 °C we are still below the melting point of
the aluminide). The other difference is that we do not expect carbon to
diffuse through the same path as its solubility in TiAly is modest (usually
< 1 at% [69]) and, more importantly, it already has a fast diffusion path
through the TiC lattice (Fig. 13).

When considering the TiC20TiAl composition the densification is
substantially completed at 1350 °C, however, the sintering curve still
shows a substantial displacement at higher temperatures. This is related
only to the extrusion of the Al-rich phase out of the die as already dis-
cussed. In fact, up to 1550 °C there is no further density improvement
(Fig. 5). In this temperature region, the Al content dramatically drops
and the Al-containing phase progressively clusters in spherical regions
leading to the final microstructure constituted by insulated corundum
regions within a TiC matrix.

The Vickers hardness (Fig. 12) decreases when increasing the initial
doping content, in accordance with the ones reported in the literature
[1,4,6]. This can be attributed to the fact that the dopant possesses a
hardness lower than the TiC.

5. Conclusions

Titanium aluminide serves as an effective sintering aid for TiC in SPS.
The aluminides form a continuous grain boundary phase between TiC
particles facilitating sintering mainly in the solid state. It is argued that
Ti from TiC can be dissolved in TiAly at the neck center and precipitate at
the neck surface, while C can easily diffuse through the TiC lattice. The
combination of fast diffusion of Ti in the solid aluminide grain boundary
phase and C through the TiC lattice provide enhanced densification at
temperatures <1350 °C (SPS under 80 MPa).

At higher temperatures, most of the Al is lost and extruded out of the
SPS die. The final microstructure after sintering at temperatures
exceeding 1500 °C is mainly constituted by corundum pockets (formed
by the reaction of aluminum with O impurities) within a TiC matrix. The
aluminide addition therefore allows a substantial improvement of the
sintering behaviour but its evolution does not leave a weak and non-
refractory percolative grain boundary phase after sintering.
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