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Abstract: A spherical Fe matrix composite powder containing a high volume fraction (82vol%) of fine TiC reinforcement was produced us-
ing a novel process combining in situ synthesis and plasma techniques. The composite powder exhibited good sphericity and a dense struc-
ture, and the fine sub-micron TiC particles were homogeneously distributed in the α-Fe matrix. A TiC–Fe cermet was prepared from the 
as-prepared spherical composite powder using powder metallurgy at a low sintering temperature; the product exhibited a hardness of HRA 
88.5 and a flexural strength of 1360 MPa. The grain size of the fine-grained TiC and special surface structure of the spherical powder played 
the key roles in the fabrication process. 
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1. Introduction 

As a typical metal matrix composite (MMC), TiC–Fe 
cermet draws significant attention because of its extremely 
high hardness and toughness. This unique combination of 
mechanical properties makes TiC–Fe very attractive for 
manufacturing high-performance wear parts and cutting 
tools [14]. In general, two routes are used to add rein-
forcement to the Fe matrix: direct addition and in situ syn-
thesis [510]. These broad categories can be further divided 
into more specialized processes such as powder metallurgy 
(PM), self-propagating high-temperature synthesis (SHS), 
and reaction casting [1112]. TiC–Fe composites are cur-
rently produced by PM routes involving the addition of TiC 
powder to Fe powder. The PM technique allows the use of a 
higher volume fraction of the ceramic particles but generally 
suffers from contaminated matrix–reinforcement interfaces 
and low wettability. One way to overcome these issues is to 
synthesize the TiC particles in situ. In situ synthesis tech-
niques such as SHS and reaction casting involve a chemical 
reaction, resulting in the formation of a fine and thermody-
namically stable ceramic phase within the metal matrix. Al-

though effective, the SHS technology imposes limitations on 
the intrinsic porosity during the reaction. Moreover, manu-
facturing the TiC–Fe composites using casting encounters 
certain difficulties. There are problems associated with ac-
commodating the volume fraction and attaining an even dis-
tribution of the TiC reinforcement because of the density 
difference between Fe and TiC and reduction of the liquid 
steel fluidity at high TiC levels. Thus, the higher volume 
fraction of the TiC reinforcement conflicts with the even 
distribution and wettability achieved using the current 
methods. 

Radio frequency (RF) plasma technology is especially 
useful for spheroidizing and synthesizing powder materials 
because of the relatively long available residence time and 
high quenching rate, which increase the number of nuclei 
and strongly suppress the growth of the product powders 
[1314]. Hence, a novel process is described in this study, 
where in situ techniques with plasma processing were used 
to manufacture spherical TiC–Fe composite powders with a 
high level of fine-sized TiC. Low-temperature sintering was 
used to prepare the TiC–Fe cermet. This article focuses on the 
reaction path, microstructure, and properties of the product. 
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2. Experimental 

In this experiment, the feedstock powder was prepared 
with a Ti:C molar ratio of 1:1. To obtain highly reactive and 
high-purity amorphous C, sucrose was used in the experi-
ment. Ferrotitanium (FeTi70) powder and sucrose were 
mixed in the presence of absolute ethyl alcohol as the dis-
persing agent for approximately 12 h using a planetary ball 
mill. Then, the ball milling mixture was pyrolyzed for 2 h at 
250C and for 1 h at 350C in a flowing Ar atmosphere, 
under which sucrose was completely carbonized. Finally, 
the Ti–Fe–C system feedstock powder was prepared by 
crushing and sieving the carbonized aggregates.  

The experimental apparatus (as shown in Fig. 1) con-
sisted of an RF inductively coupled plasma torch (3.5 MHz, 
100 kW), water-cooled steel chamber, powder feeder, and 
vacuum system (as high as 1.0 × 10−3 Pa). In this experiment, 

a stable plasma was first generated using Ar as the center 
gas and a sheath gas with flow rates of 28 L·min−1 and 85 
L·min−1, respectively. The feedstock powders were axially 
injected into the plasma torch at an Ar carrier flow rate of 5 
L·min−1, and then, spherical powders were collected at the 
bottom of the heat-exchange chamber. The experimental 
parameters used for the RF plasma processing of the TiC–Fe 
powders are listed in Table 1. The as-prepared TiC–Fe 
powders were compacted (350 MPa), vacuum sintered 
(1200C for 2 h), and hot treated (oil quenched at 900C and 
low-temperature tempered at 200C for 2 h) in sequence to 
obtain bulk TiC–Fe composites. Scanning electron micros-
copy (SEM) and X-ray diffraction (XRD) were used to char-
acterize the morphology and phase composition of the speci-
men before and after plasma processing. The hardness and 
flexural strength of the sintered samples were tested using a 
Rockwell hardness tester and universal testing machine. 

 
Fig. 1.  Schematic illustration of the plasma processing equipment. 

Table 1.  Experimental parameters for RF plasma processing 

Carrier gas flow rate (argon), Q1 / (L·min1)  5 

Center gas flow rate (argon), Q2 / (L·min1) 28 

Sheath gas flow rate (argon), Q3 / (L·min1) 85 

Powder feed rate / (g·min1) 10 

Reactor pressure / KPa 90 

Plasma power / kW 65 

 

To evaluate the synthesis process, a two-dimensional finite 
element model was computed and analyzed using FLUENT 

software. GAMBIT software was employed for geometric 
modeling and meshing based on the characteristic dimensions 
of the plasma generator, as illustrated in Fig. 2. The mathe-
matical model included Maxwell and conservation equations 
for the RF plasma. The plasma model was based on assump-
tions that the plasma was a steady-state turbulent flow in an 
axisymmetric cylindrical geometry, in local thermodynamic 
equilibrium, and optically thin, and that there was negligible 
viscous dissipation. Therefore, the flow field of the plasma 
reactor was computed using the standard κε turbulent model 
and PISO pressure–velocity coupling algorithm with a pressure 
relaxation factor of 0.3 and a speed relaxation factor of 0.7. 
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Fig. 2.  Characteristic dimensions of the plasma reactor: L1 = 
100 mm, L2 = 120 mm, L3 = 30 mm, L4 = 350 mm, R1 = 1.5 mm, 
R2 = 18 mm, R3 = 29 mm, R4 = 45 mm, δ1 = δ2 = δ3 = 3 mm, and 
D1 = 8 mm. 

3. Results and discussion 

Fig. 3(a) shows the raw morphology of the Ti–Fe–C 
feedstock powder. The feedstock powder is irregular, rang-
ing in size from 45 to 75 μm. Fig. 3(b) presents an SEM mi-
crograph of the plasma-prepared powder. The majority of 
the products exhibit good spherical shapes, which indicates 
that the Ti–Fe–C feedstock powder can be melted and 
spheroidized with the combination of a plasma flame and 
the heat of the in situ reaction. However, more or less im-
perfect spheroidization occurs, which can be improved by 
the appropriate adjustment of the plasma processing pa-
rameters. 

Fig. 3(c) presents an XRD diffraction pattern of the 
spherical composite powder, in which the detectable phases 
are TiC and -Fe. According to the thermodynamics analy-
sis [1516], the standard Gibbs free energy of the TiC for-
mation is lower, compared with Fe2Ti and Fe3C. Hence, the 
formation of the TiC phase is favored over Fe2Ti and Fe3C. 
Because of the very short plasma processing time, there is 
not sufficient time for the other phases to form. 

Fig. 4 presents cross-sectional SEM images of the micro-
structures of the feedstock powder and spherical TiC–Fe 
powder. The feedstock powder is composed of ferrotitanium 
particles with sizes of less than 5 μm and amorphous C, 
which acts as a binder between the ferrotitanium powder 

  

Fig. 3.  SEM micrographs of (a) pre-
cursor powder and (b) spherical com-
posite powder; (c) XRD pattern of the
spherical composite powder. 
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Fig. 4.  Cross-sectional SEM micrographs of powder before and after plasma processing: (a) precursor powder; (b) spherical com-
posite powder. 

particles. A comparison of the cross-sectional SEM micro-
graph (Fig. 4(b)) with the XRD pattern of the spherical 
TiC–Fe composite powder indicates that the gray phase is 
TiC and the white phase is the Fe matrix. The TiC grains are 
spherically shaped, uniformly distributed, and have uncon-
taminated surfaces in the Fe matrix. There is good wettabil-
ity between the binder matrix and TiC reinforcement; hence, 
a strong bonding interface can be obtained. Furthermore, the 
volume fraction of the TiC fabricated by the novel process 
can reach 82vol%, while the average diameter of the TiC 
grains can remain at approximately 1 μm, which has been 
impossible to achieve using other methods. To obtain TiC 
particles with sizes of 1 μm using conventional methods, the 
content of liquid Fe must usually be greater than 50% 
[1718]. However, using this approach, the TiC–Fe com-
posite powder with uniform dispersion of a high volume 
fraction of fine TiC grains can be achieved under a combi-
nation of a high enough energy, short processing time, and 
fast cooling rate, even though the Fe content is low. 

Fig. 5 presents the numerical results for the temperature 
field of the plasma reactor. The plasma torch has a 
heart-shaped high-temperature region with a maximum 
value of 10148 K, which can provide enough energy for 
melting, synthesis, and spheroidization. Therefore, the melt-
ing–solution–precipitation mechanism can be used to 
explain the synthesis of TiC–Fe. As illustrated in Fig. 6, ini-
tially, the surface of the original aggregate (Fig. 6(a)) ab-
sorbed heat from the plasma torch and then melted. The 
Fe–Ti liquid formed first (Fig. 6(b)); hence, the wetting of 
the powder particles increased. As the temperature increased, 
the dissolution of the amorphous C particles and then the 
formation and precipitation of TiC were accelerated. At the 
same time, the liquid phase was promoted by the 
high-temperature plasma from the exterior to the interior. As 
a result, whole molten droplets can be produced (Fig. 6(c)). 
In the molten droplets, however, there was no crystal nu-

cleus of heterogeneous nucleation, and supersaturation over 
the equilibrium concentration occurred. Thus, the nucleation 
mode of the round fine TiC particles is homogeneous nu-
cleation. The small size of the TiC grains is attributed to the 
rapid melting and cooling, depending on the RF plasma 
generator. Finally, the surface tension transformed the drop-
lets into spherical solid particles with a high level of fine 
TiC reinforcement (Fig. 6(d)). 

 
Fig. 5.  Temperature field of the plasma reactor. 
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Fig. 6.  Schematic illustration of the reaction mechanism: (a) 
original aggregate; (b) Fe–Ti liquid formed; (c) whole molten 
droplets; (d) spherical solid particles with a high level of fine 
TiC reinforcement. 

Fig. 7(a) presents an SEM image of the microstructure of 
the TiC–Fe composite. The TiC–Fe cermet with fine TiC 

grains is compact, uniform, and free from cracks. The low 
sintering temperature can prevent TiC grain growth. Fig. 7(b) 
shows the special surface morphology of the composite 
powder. The outer layers of the powder consisted of Fe; thus, 
the sintering process was actually equivalent to the sintering 
of Fe layers of the adjacent particles (Fig. 7(c)), which can 
be completed at 1200C. Furthermore, during the powder 
compacting and sintering processing, the cohesive powder 
strength was improved by the “gear bite”, which depends on 
the uneven surface of the spherical powder. The hardness of 
HRA 88.5 and flexural strength of 1360 MPa were achieved 
by heat treatment of the composites. This novel method is 
less expensive and more efficient than other methods. 

 
Fig. 7.  (a) SEM micrographs of the sintered sample; (b) surface morphology of the spherical composite powder; (c) schematic dia-
gram of the TiC–Fe composite particle sintering process. 

4. Conclusions 

(1) In summary, using a novel process combining an in 
situ reaction with plasma techniques, a spherical TiC–Fe 
composite powder was successfully produced. The main 
innovation of this technique is that the volume fraction of 
TiC is approximately 82vol%, while the average diameter of 
the TiC grains can remain at approximately 1 μm. The ade-
quate high energy, short processing time, and fast cooling 
rate of the plasma torch play the key roles in the melt-
ing–solution–precipitation process. The TiC grains formed 

by the special in situ reaction are fine, spherical, and uni-
formly dispersed and have a clean interface with the metal 
matrix.  

(2) The TiC–Fe cermet sintered at low temperature ex-
hibited high hardness and flexural strength because of the 
fine TiC grain size and special surface structure of the pow-
der. 

(3) The spherical composite powder was also appropriate 
for hot spraying and other PM techniques. Used as a mate-
rial for injection molding, it is expected to boost the near net 
shape technology of the TiC–Fe cermet. Different grades of 
the TiC–Fe cermet powder can be prepared by adjusting the 
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process parameters. The method described in this study is 
also applicable to other MMC systems. 
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