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A B S T R A C T

In recent years, significant advances have been made in ceramic sintering processes to reduce both the sintering 
temperature and the time. Notably, flash sintering enables rapid densification within seconds by applying an 
electric field at significantly lower temperatures than conventional sintering.

In the present work, flash sintering of titanium carbide (TiC) was studied with TiAl as a sintering aid. The 
results demonstrated that addition of titanium aluminide (TiAl) significantly improves the final density, whereas 
the application of external pressure during sintering does not have a notable impact on densification. Although 
the process was carried out in air, the oxidation of TiAl or TiC during sintering was almost negligible, this being 
correlated with the very limited duration of the process (less than a minute). The present work demonstrates the 
possibility to produce TiC components very rapidly and without the need of a controlled atmosphere by using the 
flash sintering technique.

1. Introduction

Over the last two decades, there have been significant developments 
and advancements in the field of ceramic sintering, with the final goal of 
decreasing the overall processing time [1,2]. One of the notable ad
vancements was first reported in the form of flash sintering in 2010 by 
the group of Rishi Raj at the University of Colorado at Boulder (USA) 
[3]. The study demonstrated that the application of an electric field to 
3YSZ samples at 850 ◦C resulted in a very rapid densification (in less 
than 5 s). With several well-documented studies, it is possible to 
conclude that flash occurs at a specific combination of applied electric 
field and furnace temperature, at which a current begins to flow and 
triggers a very rapid sintering process due to a thermal runaway phe
nomenon [4–8]. Flash sintering is typically characterized by three 
simultaneous events: a non-linear increase in the electrical conductivity 
of the sample, sudden shrinkage (rapid densification) and bright light 
emission [9–13].

Most ceramics (ionic conductors, insulators, semiconductors) exhibit 
a negative temperature coefficient (NTC) for resistivity, which means 
that the resistance to the flow of current decreases with temperature [9,
10]. This reduction in resistivity enables more current to flow through 
the material, resulting in increased Joule heating. The additional heat 
further increases the temperature, resulting in an additional decrease in 
resistivity. In this way, a positive feedback loop is created to activate a 

thermal runaway process responsible for the very rapid densification of 
the material [9,10].

Recent studies have demonstrated the possibility of flash sintering in 
metal-like ceramics that exhibit PTC (positive temperature coefficient 
for resistivity) behaviour [11–14]. In the green compact, PTC ceramics 
initially exhibit characteristics of NTC materials due to the limited 
contact points among the constituting particles, and this is enough to 
induce the thermal runaway phenomenon [14]. In tungsten carbide 
green compacts, a reduction in resistivity from 10–3 to 10–6 Ω m was 
measured after the application of a limited pressure and the electrical 
field, and this was sufficient to initiate the thermal runaway and the very 
rapid heating of the green body [14].

Titanium carbide (TiC) is widely recognized for its exceptionally 
high melting point, outstanding mechanical properties and moderate 
thermal conductivity, making it suitable for applications in nuclear 
power plants, thermal protection systems, cutting and grinding tools, 
etc. [15,16]. The strong covalent bonding between titanium and carbon 
leads to a high activation energy for self-diffusion in TiC [17]. As a 
result, densification of pure titanium carbide requires exceptionally high 
temperatures of up to around 2300 ◦C [18]. Some investigations have 
shown that adding sintering aids such as SiC [17], B4C [18], Si+ZrC 
[19], WC [20] etc., can dramatically reduce the sintering temperature.

Most studies have used spark plasma sintering (SPS) or hot pressing 
(HP) to densify TiC ceramics [17,19–24]. Even in SPS, temperatures 
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over 1800 ◦C are often required to reach high density [17,21] and the 
process must be carried out under an inert atmosphere to prevent 
degradation of the graphite die and, more importantly, the material it
self [17,21–24].

Therefore, there is a strong need for alternative processing routes 
capable of achieving rapid densification and reduced equipment 
complexity. In this context, flash sintering of titanium carbide remains 
largely unexplored. With this in mind the goal of the present study was 
to investigate the feasibility of flash sintering TiC in air at room tem
perature by using TiAl as a sintering aid because of its chemical 
compatibility and comparable thermal expansion coefficient [25,26].

2. Materials and methods

2.1. Starting powder

Pure TiC powder as well as TiC powder doped with 10 vol% (denoted 
as TiC – 10TiAl) and 20 vol% (denoted as TiC – 20TiAl) of TiAl were 
synthesized using self-propagating high-temperature synthesis (SHS). 
This process involves the ignition of powder mixtures (initially with an 
external source) that undergo an exothermic reaction [27]. Following 
ignition, the heat generated by the exothermic reaction is continuously 
transmitted to adjacent reactants, thereby facilitating a self-sustaining 
combustion wave that propagates across the heterogeneous mixture 
without external energy input [28,29]. The starting powders were Ti 
metal > 98 % (William Rowland Ltd. UK), graphite powder 99.6 % 
(Sofacel, Spain) and Al metal (Alcoa, USA). The characteristics of the 
powders and details of the synthesis can be found in Ref [22].

The morphology of the starting powders is shown in Fig. 1: regardless 
of the TiAl content, the powders exhibit an irregular morphology with a 
particle size of around 2 – 5 μm. The theoretical density of TiC is 4.94 g/ 
cm3, while the density of the composite powders was calculated using 
rule of mixtures, and can be approximated as 4.82 g/cm3 for TiC – 
10TiAl, and 4.72 g/cm3 for TiC – 20TiAl, respectively.

The 10 and 20 vol% TiAl compositions were selected based on pre
vious SPS study [22], which identified TiAl as an effective sintering aid 
and showed that 20 vol% TiAl yields substantially improved densifica
tion compared with lower additions.

2.2. Flash sintering

Flash sintering experiments were carried out on uniaxially pressed 
cylindrical compacts (~280 MPa) with a nominal diameter of 6 mm and 
a height of 9.5 mm. The required amount of powder was weighed and 
homogenized with a drop of deionized water in an agate mortar, which 
served as a temporary binder after pressing.

Flash sintering experiments were carried out using a custom-made 
apparatus (Fig. 2) where two copper/molybdenum electrodes were 
fastened to the load cell and to the actuator connected to the 

displacement transducer (LVDT) of a universal mechanical testing ma
chine (MTS System, Mod. 810). The green ceramic specimen was placed 
inside a hexagonal boron nitride (hBN) die and positioned between the 
upper and lower Mo electrodes. The displacement and the applied force 
were continuously recorded through the LVDT actuator and the machine 
load cell. A multichannel data acquisition system (DAQ NI USB-6211) 
simultaneously acquired voltage and current simultaneously using 
LabVIEW. The electric power was provided by an AC 50 Hz power 
supply (TECNA item 3870) connected to the metallic electrodes 
[30–32]. All flash sintering experiments were carried out in air and the 
processing conditions (applied voltage, pressure, and duration) are 
summarized in Table 1. The temperature was measured by pointing a 
pyrometer (Ultimax infrared thermometer UX − 30) through a 4 mm 

Fig. 1. Morphology of the starting powders used for the flash sintering experiments.

Fig. 2. Experimental setup used to carry out the flash sintering experiments. 
Reproduced from Ref.: [32], with permission from Elsevier.

Table 1 
Flash sintering parameters used for the different compositions.

Experimental parameters Composition

Pure TiC TiC – 10 TiAl TiC – 20 TiAl

4.3 V 30 s 40 MPa ✓
4.3 V 60 s 40 MPa ✓
5 V 30 s 10 MPa ✓ ✓
5 V 30 s 20 MPa ✓ ✓
5 V 30 s 30 MPa ✓ ✓
5 V 30 s 40 MPa ✓ ✓
5 V 30 s 60 MPa ✓ ✓
5 V 60 s 40 MPa ✓ ✓ ✓
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hole drilled in the mid-thickness of the hBN die. The pyrometer 
measured a temperature of ~ 2000 ◦C in 15 – 18 s for all experiments 
carried out under 5 V voltage.

2.3. Materials characterization

The density of the sintered samples was measured by the Archi
medes’ principle, with water as a buoyant medium. Measurements were 
carried out using an analytical balance with a sensitivity of 0.1 mg.

The sintered samples were sectioned into two halves along the lon
gitudinal axis and used for Scanning Electron Microscopy (SEM), X-ray 
Diffraction (XRD) analysis, and Vickers hardness measurements.

One of the sections was embedded in epoxy resin and subsequently 
ground and polished using diamond paste down to a 1 µm grain size; 
microstructural analysis was carried out by SEM (JEOL JSM-IT300LV, 
Tokyo, Japan) equipped with an Energy-dispersive X-ray spectroscopy 
microprobe (Bruker XFlash 630 M detector, Germany) operating at 20 
keV after sputter-coating the samples with a thin Pt–Pd layer.

XRD was carried out on the flat surface of the longitudinally 
sectioned samples using an Italstructures IPD3000 diffractometer with a 
copper anode source (λ = 1.5406 Å, 40 kV, 30 mA).

Vickers hardness was measured using a Tecmet Future-Tech FM-310 
microhardness tester (Italy) with a load of 0.2 kgf, with an average of 5 
measurements per sample.

3. Results

Fig. 3(a-b) shows the optical images and their corresponding flash 
sintering curves of TiC – 10TiAl and TiC – 20TiAl samples, processed at 
an applied voltage of 5 V, a dwell time of 30 s, and an applied pressure of 
20 MPa. As with any flash event, our experiments are characterized by 
an incubation period with a sharp increase in power dissipation 
accompanied by a rapid shrinkage. Although both compositions exhibit 
similar average power dissipation during the flash event, a distinct dif
ference in shrinkage behaviour is evident. The TiC – 20TiAl composition 
exhibits considerably greater shrinkage compared to the TiC – 10TiAl 
sample (Fig. 3(b)). For instance, TiC–20TiAl sample undergoes sub
stantially greater shrinkage, achieving ~25%-dimensional reduction 
compared to ~17% for TiC – 10TiAl. This trend is also evident in the 
optical images (Fig. 3(a)), where the height decreases from 9.7 mm in 
the green state to ~7.86 mm and ~7.23 mm for TiC – 10TiAl and TiC – 
20TiAl (flash sintered samples), respectively.

Fig. 4(a-b) depicts the power–time profiles of TiC – 10TiAl and TiC – 
20TiAl samples subjected to flash sintering under different applied 

pressures, with a constant applied voltage of 5 V. For the TiC – 10TiAl 
composition (Fig. 4(a)), the incubation period preceding the flash event 
consistently decreases as the applied pressure increases. Following flash 
onset, all pressure conditions exhibit similar levels of power dissipation, 
with only slight variations observed during the holding phase. A similar 
pattern is also evident for the TiC – 20TiAl composition (Fig. 4(b)), 
where the incubation period similarly diminishes as the applied pressure 
increases.

As shown in Fig. 5, the incubation time is strongly influenced by both 
composition and applied pressure. For all investigated pressure levels, 
the TiC–20TiAl samples exhibit longer incubation times than the cor
responding TiC–10TiAl samples. In the context of flash sintering, the 
incubation period is defined as the waiting time just before the occur
rence of the flash event [33]. For instance, for TiC – 10TiAl, the incu
bation time decreases from approximately 10 s at 20 MPa to less than 3 s 
at 60 MPa, while TiC – 20TiAl shows a reduction from approximately 15 
s to about 3 s over the same pressure range. These observations indicate 
that pressure primarily influences flash initiation by improving elec
trical contact between particles, whereas the subsequent thermal regime 
is governed mainly by Joule heating.

The relative density and open porosity of pure TiC, TiC – 10TiAl, and 
TiC – 20TiAl samples flash sintered under various voltage, pressure, and 
holding time conditions are summarized in Fig. 6 and Table 3. The 
relative density increases with holding time for both the TiC – 10TiAl 
and TiC – 20TiAl compositions. TiC – 20TiAl samples achieve greater 
relative densities than TiC – 10TiAl samples under similar processing 
conditions. The highest relative density obtained in this study is 91.2 ±
1.5% for TiC – 20TiAl processed for 60 s at 5 V and 40 MPa. Under 
similar conditions, TiC – 10TiAl reaches only 77.3 ± 2.6%, indicating 
that increasing the TiAl content results in a relative density increase of 
~15%. As the relative density increases, the corresponding open 
porosity values decrease. In comparison to the TiC – TiAl composites, 
pure TiC samples treated under the same conditions exhibit larger open 
porosity and lower relative density (78.5 ± 3.1%), thereby demon
strating the effectiveness of the sintering aid. In addition, the applied 
pressure does not appear to significantly affect the final densification 
process, suggesting that densification is governed predominantly by the 
thermal conditions generated during flash sintering rather than by the 
externally applied pressure.

Fig. 7(a-c) reports the X-ray diffraction patterns of pure TiC, TiC – 
10TiAl, and TiC – 20TiAl powders, together with the flash-sintered 
samples. The diffraction patterns of the as-received powders indicate 
that TiC is the predominant phase, accompanied by additional low- 
intensity peaks corresponding to TiAl, as marked with blue circles in 

Fig. 3. (a) Optical images of the uniaxially pressed and flash sintered samples. (b) Evolution of power and shrinkage during the flash sintering experiment, high
lighting the effect of the secondary TiAl amount. The voltage was set to 5 V and the pressure to 20 MPa.
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Fig. 7(b-c). Since TiAl, TiAl2, and TiAl3 have comparable diffraction 
patterns, it is impossible to pinpoint the precise stoichiometry of the 
aluminide; therefore, we will refer to it as TiAly [22]. Post-flash sinter
ing, the diffraction patterns of both TiC – 10TiAl and TiC – 20TiAl 
samples are characterised by TiC reflections (JCPDS: 00–031–1400). No 
additional peaks are observed in the sintered samples compared to the 
initial powders. The absence of distinct TiAl reflections in the sintered 
samples suggests either oxidation into phases below the XRD detection 
limit, or partial loss of aluminium during processing. These observations 
are supported by the EDS results discussed later (Fig. 9).

Fig. 8 shows SEM micrographs (in back-scattered mode) of pure TiC 
and TiC – TiAl composites sintered at 40 MPa with different durations. 
The pure TiC sample sintered for 60 s demonstrates a microstructure 
characterized by irregularly shaped grains and a significant proportion 
of interconnected porosity, a characteristics feature of incomplete sin
tering (Fig. 8(a)). The incorporation of TiAl results in a significant 
enhancement in microstructural development. The TiC – 10TiAl sample 
sintered for 30 s exhibits enhanced interparticle bonding and coarsening 
relative to pure TiC; yet, with the presence of interconnected porosity 
(Fig. 8(b)). No substantial amount of secondary phase could be 
observed. An additional increase in TiAl concentration to 20 vol% leads 
to a more consolidated microstructure after 30 s, characterised by a 
significant decrease in the interconnected porosity with a visible sec
ondary phase (Fig. 8(c)). Prolonging the dwell period to 60 s for the TiC 
– 20TiAl composition yields the densest microstructure, distinguished 
by isolated residual porosity and the presence of the secondary phase 
(Fig. 8(d)). Additionally, the existence of the secondary TiAl phase is 
shown to drastically change the grain shape during sintering. The TiC – 
20TiAl sample that was sintered for 60 s at 40 MPa exhibits more 
equiaxed and rounded grain morphologies (Fig. 8(d)) than pure TiC, 
which mostly displays irregular and angular grains (Fig. 8(a)).

Fig. 9 shows the EDXS elemental maps of Ti, Al, and O for pure TiC 
and TiC – TiAl composites sintered under 40 MPa and variable times. 
The pure TiC sample (60 s) exhibits a uniform distribution of Ti (Fig. 9
(a)). For the TiC – 10TiAl sample sintered for 30 s, Al-rich regions appear 
to be present in the Ti matrix as clusters (Fig. 9(b)). For compositions 
with 20 vol% TiAl, the Al signal becomes more intense and shows 
localized enrichment at specific regions, while Ti maintains a relatively 
uniform distribution (Fig. 9(c-d)). The oxygen signal partially overlaps 
with Al-enriched areas, suggesting the presence of oxides. However, 
prolonged treatment results in a reduction in the amount of Al- 
containing regions (Fig. 9(d)).

The EDXS line-scan shown in Fig. 9(e) for the TiC – 20TiAl sample 
indicates that the dark regions are characterized by a decrease in Ti 
intensity and a corresponding increase in Al intensity. However, Al 
enrichment is not always uniformly associated with the presence of 
oxygen. Table 2 summarizes the Al content obtained from EDXS anal
ysis. Although EDXS provides only semi-quantitative compositional in
formation, a clear reduction in Al signal is observed after sintering, 
indicating that approximately 70% of the Al is lost during sintering. 
Interestingly, the measured aluminium loss remains relatively constant 
despite increasing the holding time from 30 to 60 s. This observation 
suggests that most aluminium evaporation and oxidation occur during 
the initial flash event, when the temperature and heating rate are 
highest, rather than during the subsequent holding period.

The Vickers hardness of the sintered samples reported in Table 3 and 
Fig. 10 suggests that, although the densification of TiC was limited to 

Fig. 4. Power-time curves for TiC with (a) 10 vol% TiAl, and (b) 20 vol% TiAl as a function of the applied pressure during the flash sintering experiments. The 
voltage was set to 5 V.

Fig. 5. Incubation time as a function of the applied pressure during the flash 
sintering experiments.

Fig. 6. Variation of density and open porosity of the flash-sintered samples as a 
function of voltage, pressure, and holding time.
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78%, its hardness remains high due to the intrinsically high hardness of 
the TiC powder. With increasing TiAl content and holding time, the 
hardness increases and reaches a maximum of ~13 GPa for TiC –20TiAl 
sintered for 60 s. Owing to the significant porosity of the samples, the 
measured Vickers hardness values may lack absolute accuracy but still 
provide useful comparative trends.

4. Discussion

In a typical flash sintering experiment on NTC ceramics, the appli
cation of an electric field at a sufficiently high furnace temperature al
lows electrical current to pass through the sample. This leads to a rapid 
increase in power dissipation due to Joule heating, resulting in almost 

instantaneous shrinkage and near-full densification within a few sec
onds, accompanied by extremely high heating rates. A similar behaviour 
is also observed in the present work for TiC at room temperature, which 
is a PTC ceramic (Fig. 3,4).

The electrical parameters play a crucial role in determining both the 
peak power and the steady-state power dissipation during flash sinter
ing. In the present study, the applied voltage was used as the primary 
control parameter. A voltage of 5 V was selected to allow a higher 
current to pass through the green compact, resulting in a higher steady- 
state power dissipation. It is important to note that increasing the 
voltage to 6 V leads to the melting of the molybdenum electrodes. 
Although the pyrometer indicated a temperature of ~2000 ◦C, the actual 
sample temperature is expected to be higher, since the pyrometer was 

Fig. 7. X-ray diffraction (XRD) patterns of the synthesized powder and the flash sintered samples processed at a voltage of 5 V and a pressure of 40 MPa.

Fig. 8. Microstructural analysis of the flash sintered samples: (a) Pure TiC for 60 s, (b) TiC with 10 vol% TiAl for 30 s, and TiC with 20 vol% TiAl for (c) 30 s, and (d) 
60 s. All samples are sintered at 5 V with a pressure of 40 MPa.
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Fig. 9. EDXS maps showing the elemental distribution in the flash sintered samples: (a) Pure TiC for 60 s, (b) TiC with 10 vol% TiAl for 30 s, and TiC with 20 vol% 
TiAl for (c) 30 s, and (d) 60 s. The scale bar in all images (a–d) corresponds to 10 μm. (e) EDXS line-scan in TiC with 20 vol% TiAl for 60 s. All samples are sintered at 
5 V and a pressure of 40 MPa.
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focused on the die rather than directly on the sample, and heat losses to 
the surroundings should also be considered. Nevertheless, the heating 
rate can be approximated in the order of 103 ◦C/min, which is in good 
agreement with the literature.

It is interesting to note that our experiments revealed two distinct 
characteristics. First, the applied pressure has a significant influence on 
the incubation time: with an increase in the applied pressure, the time 
required to reach the power peak decreases (Figs. 4,5). This behaviour 
can be attributed to the effect of pressure on the initial electrical re
sistivity of the green compact, which is determined by the contact area 
between adjacent particles. Higher applied pressure increases the actual 
interparticle contact area, lowering the contact resistance and facili
tating current flow through the compact [34,35]. One could argue that 
applying pressure to the electrodes increases green density, and thus 
improves current flow. However, a relatively high pressure was already 
applied during compaction, while the pressure used during flash sin
tering was limited to 20 – 60 MPa.

Considering that the flash event leads to estimated temperatures 

approaching 2000 ◦C within a few seconds, densification is likely gov
erned primarily by rapid Joule heating and liquid-phase formation 
rather than by externally applied pressure. Although pressure influences 
the incubation time by modifying interparticle contact resistance, its 
effect on final densification appears limited once thermal runaway is 
established.

The second notable feature was the increase in the incubation time 
with an increase in the TiAl content (Fig. 5). Compared to TiC, TiAl 
exhibits lower electrical conductivity at room temperature and elevated 
temperatures [36,37]. This implies that the connectivity of the 
conductive TiC network is disrupted by an increase in the TiAl content, 
which can result in a delay in the establishment of a continuous current 
percolation path. Moreover, TiAl has been reported to undergo plastic 
deformation under applied pressure and elevated temperature [38], 
allowing it to accommodate strain during initial heating and potentially 
delaying the onset of localised thermal instabilities.

The densification of the sintered samples is primarily governed by 
the amount of sintering aid and the holding time (Fig. 6). While the 
applied pressure does not show a significant influence on the densifi
cation behaviour, a pressure of 10 MPa was insufficient to initiate the 
flash process, as the low pressure did not ensure adequate contact be
tween the electrodes and the sample. A pressure of 20 MPa appeared to 
be sufficient; however, large noise was observed (Fig. 3(b), Fig. 4(b)), 
likely due to poor contact. Therefore, a higher pressure of 40 MPa was 
selected to ensure better electrical contact and produce the final set of 
samples for analysis. The density of the sintered samples increased with 
increasing TiAl content, as clearly shown in Fig. 6. This observation 
suggests that TiAl acts as an effective sintering aid, facilitating densifi
cation through the formation of a transient liquid-phase leading to more 
rounded grains compared to the irregularly shaped grains observed in 
pure TiC (Fig. 8,9).

Pure TiC exhibits inherently limited sinterability as a result of its 
strong covalent bonding and low self-diffusion rates, which restrict mass 
transport during short dwell times and lead to insufficient neck devel
opment and a high level of residual porosity. The incorporation of TiAl 
alters the densification behaviour by introducing a phase with signifi
cantly higher diffusion capability, thereby facilitating the particle 
rearrangement under the applied pressure. During sintering, the TiAl 
phase may undergo localized melting, which improves its ability to wet 
TiC particles, enhances interparticle contact, and accelerates neck 
growth between adjacent grains. An increase in TiAl content further 
amplifies these effects by increasing the fraction of the diffusion-active 
phase, promoting more effective pore closure and grain consolidation. 
Extending the holding time allows these mechanisms to progress more 
fully, enabling continued mass transport and pore shrinkage, and ulti
mately resulting in a more densified microstructure.

As shown in Fig. 6, the maximum relative density was approximately 
91% for the composites with 20 vol% TiAl. When compared to other 
reports on the sintering of TiC, this value might seem low. However, it is 
crucial to keep in mind that the initial powder properties, specifically 
the particle size, have a significant impact on the densification kinetics 
[39]. In the present work, TiC particles were relatively coarse (micro
metric range < 5 μm). Since the driving force for sintering is directly 
related to the curvature of the particle surface, coarser particles exhibit a 
lower surface curvature, leading to a reduced sintering driving pressure 
and therefore slower densification [40]. Moreover, it should be 
emphasized that the present densification was achieved under an 
extremely rapid thermal cycle and, importantly, in air. This processing 
route is significantly faster than conventional pressure-assisted tech
niques such as Spark Plasma Sintering and Hot Pressing, which are 
typically conducted under inert or vacuum conditions.

EDXS analysis reveals that, after sintering, TiAl (Tm= 1460 ◦C) does 
not remain fully in its original form as depicted in Fig. 9. Given its 
relatively low melting temperature compared to the sintering tempera
ture, TiAl is expected to melt at an early stage, thereby promoting liquid 
phase sintering and contributing to the initial densification of the 

Table 2 
Comparing the semi-quantitative compositional information of the Al lost during 
the flash sintering process. The samples were processed at 5 V and a pressure of 
40 MPa.

Sample Aluminium [Al] in 
wt% from EDS

Theoretical amount 
of [Al] in wt%

Weight fraction of Al 
lost during sintering in 

%

TiC 60s 0 0
TiC 10 
TiAl 30 

s

0.7 ± 0.1 2.9 ~ 75

TiC 20 
TiAl 30 

s

1.8 ± 0.1 6.0 ~ 71

TiC 20 
TiAl 60 

s

1.4 ± 0.1 6.0 ~ 77

Table 3 
The relative density and Vickers hardness of the flash sintered samples processed 
at 5 V and pressure 40 MPa.

Sample Relative density 
(%)

Vickers Hardness 
(GPa)

TiC 60s 78.5 ± 3.1 16.2 ± 1.9
TiC 10 TiAl 30s 77.3 ± 2.6 8.2 ± 1.4
TiC 20 TiAl 30s 81.4 ± 2.9 10.1 ± 1.2
TiC 20 TiAl 60s 91.2 ± 1.5 13.2 ± 1.0

Fig. 10. Hardness as a function of relative density for the flash-sintered sam
ples processed in this work at 5 V and an applied pressure of 40 MPa. The re
sults obtained in this study are compared with selected literature data for 
samples processed using SPS (Ref no [18,22,23]).

S. Bhandari et al.                                                                                                                                                                                                                               Open Ceramics 27 (2026) 101001 

7 



composite. At elevated temperatures, aluminium exhibits high vapor 
pressure and strong oxygen affinity; consequently, partial evaporation 
and oxidation occur, leading to the formation of Al2O3. This interpre
tation is consistent with the data presented in Tables 2 and 3. For the 
composite containing 20 vol% TiAl, the relative density increases from 
81.4% to 91.2% as the holding time is extended from 30 to 60 s, whereas 
the Al loss remains nearly unchanged. This suggests that most TiAl 
decomposition and oxidation occur during the initial stage of flash 
sintering. The resulting alumina, having a much higher melting tem
perature (Tm= 2050 ◦C), remains stable at higher temperatures and 
function as a refractory phase after the transient liquid phase, thereby 
contributing to high-temperature stability of the composite.

Nevertheless, alumina was not observed in the XRD patterns (Fig. 7), 
most likely due to its content being below the detection limit of the 
instrument. The Al content in the sintered samples, as reported in 
Table 2, was significantly lower than the corresponding theoretical 
value, indicating that TiAl is partially lost during sintering or trans
formed into alumina. The latter is supported by the EDS elemental maps 
shown in Fig. 9(e), which reveal Al–O–rich regions consistent with the 
formation of Al2O3. At the same time, Al enrichment is observed within 
and around the residual pores, suggesting that Al-containing phases are 
expelled from the bulk due to the application of pressure and redis
tributed during sintering. This behaviour is likely promoted by the 
combined effects of rapid heating and applied pressure, leading to 
extrusion or migration of the Al-rich phase toward the pore channels. 
Such redistribution also provides a plausible explanation for the 
increased shrinkage observed in the TiC – 20 vol% TiAl composite, 
where the larger fraction of a deformable Al-containing phase enhances 
particle rearrangement and pore collapse during densification.

The reported hardness values for the sintered composites are still low 
compared to those of pure TiC, even though the latter has a lower 
density. This can be attributed to the lower hardness values of TiAl or 
Al2O3 when compared to TiC. The measured hardness values are also 
lower than those reported in the literature (Fig. 10; Table 3) for both TiC 
and TiC-based composites, suggesting that the comparatively lower 
densification achieved in this study is the primary factor governing the 
reduced hardness.

5. Conclusion

The present work demonstrates that TiC can be flash sintered in air in 
a very short time, especially when TiAl is added. The composite con
taining 20 vol.% TiAl achieved a relative density of approximately 90% 
in 60 s. Such an achievement is particularly remarkable considering the 
long processing times typically required to process such materials using 
conventional techniques. No other phases apart from TiC are observed 
although EDXS analysis reveals the presence of aluminium oxide. Future 
studies should focus on enhancing the density of the sintered composites 
but the results of the present work point out the possibility of producing 
ultra-high temperature ceramics using very simple equipment and by 
using limited amount of energy.
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