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A B S T R A C T

Self-propagating high-temperature synthesis (SHS) is a combustion-based method that involves a self-heating 
chain reaction, which is effective for rapidly producing materials with high melting points. Herein, ultrafast 
high-temperature sintering (UHS) was leveraged to ignite the SHS of titanium carbide (TiC) from titanium and 
graphite powders, and the heat generation and microstructural evolution during the process were investigated. 
The exothermic heat generated during TiC synthesis was confirmed, demonstrating that SHS was initiated in the 
initial stage of UHS. The incubation time before SHS ignition decreased with an increase in the UHS temperature 
above the melting point of titanium. Scanning electron microscopy revealed that fine TiC grains formed during 
SHS, which became denser under continued UHS. Additionally, molten Ti spread over the graphite particles 
during SHS, which transformed into plate-like TiC grains with elongated voids between them under subsequent 
heating by UHS. This structural feature was found to hinder further densification.

1. Introduction

Self-propagating high-temperature synthesis (SHS) relies on com
bustion and is self-driven by the heat generated during exothermic re
actions between the raw elements, making it an attractive method from 
the perspective of energy conservation [1–3]. TiC, which has a high 
modulus, hardness, and melting point [4], has been intensively studied 
as a model material for SHS because 184  kJ/mol of heat is released 
during the reaction of Ti+C →TiC [5,6]. To ignite a self-propagating 
chain reaction for SHS, it is necessary to induce the first reaction via 
resistance heating, laser irradiation, arcing, or any other method of 
ignition [7–9]. In this study, we applied ultrafast high-temperature 
sintering (UHS) to initiate SHS in a green compact comprising tita
nium and graphite powders. The UHS, which uses carbon felt as a heater 
material, is capable of significant rapid heating up to 2000 ◦C within 
approximately 1 s and can easily achieve a very low oxygen partial 
pressure, suitable for producing TiC [10,11]. The heat generation and 
microstructural formation obtained during UHS-ignited SHS were 
investigated herein.

2. Materials and Methods

Titanium (>99.9 %, 63–90 µm) and graphite powders (>99.9 %, 50 
µm) supplied from Kojundo Chemical Laboratory Co., Ltd. were ground 
and mixed using an agate mortar and pestle, with a Ti:C ratio of 1:1. 
Disk-shaped green compacts (φ 10 mm × 1 mm) were then sintered in a 
vacuum (~4 Pa) using a custom UHS apparatus (Fig. 1(a)) [12]. The 
green compacts were inserted between the upper/lower carbon felt 
layers (GF-20-2FSH, Nippon Carbon Corporation), which were clamped 
between two electrodes. The current passing through the carbon felt, 
supplied using a power supply (PWR1201ML, Kikusui Electronics In
dustries, Ltd.), and the resulting temperature of the upper carbon felt, 
measured using a radiation thermometer (FTKX-TNE0240, Japan Sensor 
Corp.), were simultaneously recorded during UHS. Sample temperatures 
were estimated based on the upper carbon felt temperature using the 
finite element method (Autodesk Inventor Professional 2025), as pre
viously described [12]. The sample temperatures corresponding to the 
carbon felt currents are presented in Fig. 1(b). For each experiment, the 
current was raised to the set value within 1 s and held for 60 s. The 
resulting compacts were analyzed by X-ray diffraction (XRD; D2- 
PHASER, Bruker Corp.) and scanning electron microscopy (SEM; 
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MI4000L, Hitachi High-Tech Corp.).

3. Results & Discussion

Fig. 2(a) shows XRD profiles of the processed samples, and the 
diffraction peaks correspond with rock-salt TiC at all sintering temper
atures. The lattice constant was 0.433 ± 0.0002 nm, independent of the 
sintering temperature, consistent with a previous report of stoichio
metric TiC (0.432 nm) [13]. In all sample temperature profiles (Fig. 3), a 
steep temperature rise appears (indicated as Exo.), which is associated 
with Ti + C →TiC, where the sample temperature becomes higher than 
that assumed based on the carbon felt current, confirming that UHS can 
ignite SHS. The samples processed at 1800 and 2000 ◦C exhibit a slight 
drop before the Exo. peak (indicated as Endo.). This occurs because the 
titanium powder melts, considering that the melting point of titanium is 
1668 ◦C [15]. Thus, the initial reaction of Ti+C →TiC involves two 
cases, depending on the temperature set using the carbon felt current: a 
reaction between molten titanium and graphite and a reaction between 
solid titanium and graphite. The period indicated by arrow A corre
sponds to the incubation time before SHS ignites, which significantly 
decreases from ~ 10 s at 1440◦C to ~ 1 s at 2000 ◦C owing to the 
presence of molten titanium.

Fig. 4 shows cross-sectional SEM images of two sintered compacts: a 
sintered compact in which the carbon felt current was stopped at the 

Fig. 1. (a) Illustration of the experimental set-up used for UHS. (b) Diagram of the carbon felt current vs. time, showing the sample temperatures estimated for the 
respective carbon felt currents.

Fig. 2. (a) XRD profiles of the UHS compacts and the referenced profile of TiC [14]. (b) Optical photograph of the compact processed at 2000 ◦C for 60 s. The values 
in parentheses indicate the carbon felt currents.

Fig. 3. Sample temperature variation during the UHS process.
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peak of the exothermic reaction (arrow B in Fig. 3), noted as SHS 
compact in Fig. 4(a)-(d), and a sintered compact in which the carbon felt 
current was held for 60 s (along the red line in Fig. 3), noted as UHS 
compact in Fig. 4(e)-(i). From the wide-field SEM images (Fig. 4(a, e)), 
densification progresses under prolonged heating by UHS. Examining 
the microstructure in the regions where densification has not fully 
progressed in the SHS compact, two characteristic structures can be 
identified: a structure in which numerous fine TiC particles are accu
mulated (Fig. 4(c)) and a structure where molten Ti spreads over the 
graphite to form smooth surfaces (Fig. 4(d)). Both structures are 
consistent with previous reports of TiC via SHS [7]. By inspecting the 
regions of the UHS compact that correspond to each characteristic 
structure, the structural evolution induced by heat-assisted UHS can be 
elucidated. The TiC fine particles generated during SHS (Fig. 4(c)) 
exhibit densification and growth (Fig. 4(g), note the image scale dif
ference between (c) and (g)). The densified regions shown in Fig. 4(b, f) 
correspond to fully densified TiC particles. In contrast, the structure in 
Fig. 4(d) has changed to a new characteristic structure consisting of 
plate-like TiC grains with elongated voids remaining between them 
(Fig. 4(h, i)). Unlike the regions consisting of fine TiC grains, once the 
structure shown in Fig. 4(d) is formed in the early stage of SHS, densi
fication barely progresses under continued UHS (Fig. 4(h, i)) because of 
the elongated voids. According to Lee [7], the structure in Fig. 4(d) 
corresponds to the spread of molten Ti over graphite. The formation of 
this structure depends on the morphology of the raw graphite powder. 
Using graphite in a flake form, a structure like that shown in Fig. 4(d) is 
more likely to form, which hinders further densification (Fig. 4(h, i), a 

side wall of the plate-like TiC grain can be seen in (i)). To promote 
effective densification under continued UHS, the graphite powder par
ticle size should be minimized to suppress the formation of the charac
teristic structure shown in Fig. 4(d).

Sun et al. conducted UHS for a green compact comprising TiC 
powder as the starting material, showing that 2200 ◦C for 60 s provided 
a relative density of 78 %, without applying external pressure or 
observing SHS [16]. In comparison, a lower relative density (roughly 70 
% around the body center of the UHS compact) was achieved in the 
present study using titanium and graphite powders as the starting ma
terial. This is attributed to the characteristic structure that forms during 
SHS (Fig. 4(d, h, i)), which depends on the morphology of the graphite 
powder used as the raw material. When using titanium and graphite as 
starting materials in UHS, it is necessary to optimize both the 
morphology of the graphite powder as well as ensure complete mixing of 
the titanium and graphite powders [17] and UHS temperature range for 
the given compact size.

4. Conclusions

A green compact containing titanium and graphite powders was 
consolidated by UHS, and SHS was confirmed to occur in the early 
stages, producing TiC. The incubation time before SHS ignition was 
significantly decreased by increasing the UHS temperature above the 
melting point of titanium. Microstructural analysis revealed that fine 
TiC grains were formed during SHS, as well as a structure in which 
molten titanium spread on graphite. Under continued UHS, the region 

Fig. 4. SEM images of the fractured surface in the (a-d) SHS and (e-i) UHS compacts. (j) Illustration of the change in TiC morphology.
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composed of fine TiC became denser, but the structure in which molten 
titanium spread on graphite changed to a structure composed of plate- 
like TiC with elongated voids, and further densification was not 
observed. To efficiently densify a green compact made from titanium 
and graphite powders by UHS-ignited SHS, it is necessary to optimize 
the morphology of the graphite powder to suppress the formation of the 
microstructure that inhibits densification.
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