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A casting penetration technology combined with in situ synthesis is applied to produce a TiC particle
reinforced iron matrix composite. The interface between reaction zone and matrix is in good quality and no
defects are found. The TiC particles in the reaction zone are fine with the average size of 2-5 lm, which may
be beneficial for the interface quality and reinforcing effect. Analysis shows the growth of TiC particles is
mainly controlled by the diffusion of carbon atoms.
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1. Introduction

Composites are a leading candidate for applications where a
good combination of strength and plasticity is required. Among
all kinds of composites, ceramic particle reinforced metal matrix
composites have excellent wearability, corrosion resistance, and
high temperature creep resistance. Up to now, the methods of
producing ceramic particle reinforced metal matrix composites
include common powder metallurgy, conventional melting, and
casting as well as some subsequently developed technologies
[e.g., mechanical alloying associated with heat treatment (Ref 1-
6) or laser melting (Ref 7, 8)]. However, in order to obtain
desirable microstructure, a series of complicated technological
parameters must be considered during optimization of the
composites. For example, it is necessary to study the techno-
logical parameters for improving the linking performance
between ceramic reinforcing phase and metal matrix. Previous
study showed that in situ synthesis could be used for the
preparation of composites (Ref 6, 7, 9). However, the effect of in
situ synthesis on the interface of reinforcing phase and matrix
was seldom addressed. In the present work, this effect is focused
on. Besides, a casting penetration technology combined with in
situ synthesis is put forward. This new technology can not only
ensure excellent linking performance between reinforcing phase
and matrix, but also provide a simple practical method to
produce the composites with excellent properties.

In recent years, particle reinforced iron matrix composites
have been a focus within the scope of new materials. Due to
fine wettability with liquid iron, TiC particles with high
hardness are widely used as the reinforcing phase for iron
matrix composites (Ref 10, 11). Nowadays, the preparation

technologies of TiC particle reinforced iron matrix composites
mainly include casting method and self-propagating high-
temperature synthesis (SHS) (Ref 12-14). However, there exists
some limitation for both technologies: the flowability of casting
liquid is greatly affected by the volume fraction of TiC and the
segregation of TiC is prone to occur during casting; composites
produced by SHS cannot be directly used as structural material
because of porous microstructure. Therefore, it is very mean-
ingful to seek a proper method of producing TiC particle
reinforced iron matrix composites with excellent properties.
Fortunately, the simple casting penetration technology com-
bined with in situ synthesis in this study can be used to avoid
the above difficulty.

2. Experimental

The raw materials used in this experiment are cast iron and
titanium wire, whose compositions are listed in Table 1.
Titanium wires with the diameter of 0.7 mm were uniformly
fixed at the bottom of the graphite crucible. The initial distance
between the wires was set as �2 mm. Then liquid cast iron was
poured to the graphite crucible at about 1400 �C and cooled to
room temperature, leading to the formation of Ti/Fe composite
(hereafter, specimen A). Specimen A in size of 89 89 15 mm
obtained through wire cutting was wrapped with graphite paper
and held at 1138± 5 �C for an hour in a tube furnace. After
cooling to room temperature, specimen B was formed. Argon
was used as protection against oxidation during the whole heat
treatment. Microscopic observation and composition analysis
were made by SEM (JEOL JSM-6301F) after mechanical
polishing and etching in 4% nitric acid/alcohol. Phase identi-
fication was carried out by x-ray diffractometer (XRD TTR-3).
Phase transformations in the tube furnace were characterized by
differential thermal analysis (DTA DZ3320A).

3. Results and Discussion

3.1 Microstructure and Morphology Analysis

Figure 1(a) shows the cross section of reaction zone for a
single titanium wire. The cross section of reaction zone is in
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diameter of about 1.3 mm. Figure 1(b) shows the interface
between reaction zone and matrix. The interface is in good
quality and no defects are found. Particles in nearly equiaxial
shape with the size of 2-5 lm distribute in the reaction zone, as
shown in Fig. 1(c). From the composition analysis on the point
in Fig. 1(c), it is known that the atom rate of Ti:C is about 1:1.
Therefore, it is supposed that the particles in the reaction zone
are TiC.

Figure 2 exhibits the line scanning composition analysis,
from which it can be known that (1) the carbon content within
the reaction zone is lower than that in the matrix; (2) Fe diffuses
into the reaction zone from the matrix; and (3) a small quantity
of Ti can diffuse into the matrix. Notably, mutual penetration
between Ti and Fe occurs at the interface between reaction zone
and matrix. This may be attributed to the high concentration
gradient of Ti and Fe between reaction zone and matrix during
isothermal process at 1138± 5 �C.

3.2 Thermodynamic Analysis on the In situ Synthesis

During the whole heat treatment process in this study,
several main reactions may occur:

½Ti� þ ½C� ¼ TiCðsÞ ðEq 1Þ

½C� þ 3½Fe� ¼ Fe3C(s) ðEq 2Þ

½Ti� þ ½Fe� ¼ FeTi(s) ðEq 3Þ

½Ti� þ 2½Fe� ¼ Fe2Ti(s) ðEq 4Þ

The changes of Gibbs free energy DG� of the above
reactions calculated at 800-1600 �C using thermodynamic data
(Ref 15) are shown in Fig. 3(a). It is commonly known that
jDG�j affects the driving force of the reactions. A larger jDG�j
indicates a stronger driving force and a more stable reaction
resultant. From Fig. 3(a), it can be seen that jDG�jTiC is the
largest within the temperature range of 800-1600 �C for the
Fe-C-Ti system. Therefore, TiC is the most thermodynamically
stable among the above four reaction resultants. Thermody-
namic stability of the four resultants, in a descending order, is
TiC, Fe2Ti, FeTi, and Fe3C.

XRD pattern of specimen B is shown in Fig. 3(b). Only TiC
and a-Fe exist in the specimen, which indicates that Ti
transforms completely during heat treatment and TiC is finally
formed. This is consistent with the above thermodynamic
analysis.

3.3 Differential Thermal Analysis

The results of the differential thermal analysis on specimen
A are shown in Fig. 3(c). Actually, the analysis process is
similar to a simulation for the whole heat treatment process in
this article from which we can identify phase transformations in
the tube furnace. From Fig. 3(c), it is easily seen that two
strong endothermic peaks exist at 755 and 1060 �C; two weak
endothermic peaks exist at 1121 and 1131 �C; a strong
exothermic peak exists at 1137 �C.

The transformation temperature from a-Fe to c-Fe for the
Fe-C-Ti system could fall within 730-800 �C (Ref 16). There-
fore, the endothermic peak at 755 �C may be caused by the
allotropic transformation. From Ti-Fe phase diagram, it is
known that the eutectic point is about 1085 �C. Therefore, it is
supposed that the formation of Fe2Ti leads to the occurrence of
the endothermic peak at 1060 �C. Since XRD pattern of
specimen B in Fig. 3(b) identifies the existence of TiC, the
formation of TiC from C and Fe2Ti may be considered as the
reason for the occurrence of the strong exothermic peak at
1137 �C. Besides, no Fe2Ti exists in specimen B, which
indicates that Fe2Ti transforms fully. The endothermic peaks at
1121 and 1131 �C suggest endothermic intermediate reactions
caused by some intermediate products such as Fe2Ti. During the
isothermal process at 1138±5 �C, intermediate products may
transform to the end product TiC fully. This can be identified by
the XRD pattern of specimen B in Fig. 3(b), which shows only
the end product TiC and Fe exists in specimen B.

3.4 Analysis on the In situ Synthesis Process

During the whole heat treatment process in the tube furnace,
melting does not occur. Therefore, only solid phase reactions take
place in the alloy system. The simulated in situ synthesis process
is shown in Fig. 4 (denoted by the cross section of a single
titanium wire), which can be divided into the following steps:

(1) During the temperature rising process after specimen A
is put into the furnace, carbon atoms in the iron matrix
diffuse toward the titanium wire and titanium atoms also

Table 1 Composition of raw materials (wt.%)

Raw materials C Si Mn P S N H O Fe Ti

Cast iron 4.22 0.58 0.268 0.224 0.024 ÆÆÆ ÆÆÆ ÆÆÆ Balance ÆÆÆ
Titanium 0.05 0.10 ÆÆÆ ÆÆÆ ÆÆÆ 0.03 0.015 0.10 0.15 Balance

Fig. 1 SEM morphology of (a) the cross section for the reaction
zone between a single titanium wire and iron matrix, (b) the inter-
face between the reaction zone and matrix, and (c) particles in the
reaction zone
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diffuse slowly to the matrix. Due to the relatively low
temperature and insufficient diffusion at the beginning,
the substance existing state is titanium wire surrounded
by iron matrix (as shown in Fig. 4a).

(2) Differential thermal analysis shows that Ti and Fe may
form Fe2Ti when the temperature is enough high (as

shown in Fig. 4b). The formation of Fe2Ti may acceler-
ate diffusion.

(3) With the continuing rise of temperature, carbon atoms in
iron matrix diffuse toward reaction zone very fast and
may even react with Fe2Ti to form TiCx (as shown in
Fig. 4c).

Fig. 2 The line scanning composition analysis from reaction zone to matrix

Fig. 3 (a) The DG�-T curve of the main reactions during the whole heat treatment process, (b) XRD pattern of specimen B, and (c) the
differential thermal analysis result of specimen A
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(4) With all reactions going on, carbon atoms in iron matrix
may continue to diffuse toward the reaction zone,
leading to the formation of TiC by reacting with TiCx.
Finally, Fe2Ti disappears (as shown in Fig. 4d).

According to the above analysis, the whole in situ synthesis
process is mainly controlled by diffusion. The growth of TiC
particles occurs along with the diffusion process. Therefore, the
growing rate is slow. As a result, the TiC particles obtained in
this technology are relatively fine with the average size of
2-5 lm, in accordance with SEM results in Fig. 1(c).

4. Conclusion

(1) A TiC particle reinforced iron matrix composite is
synthesized by a casting penetration technology com-
bined with in situ synthesis. After the in situ synthesis
is completed, the cross section diameter of the reaction
zone for a single titanium wire is about twice as large
as that of the original titanium wire. The interface
between reaction zone and matrix is in good quality and
no defects are found.

(2) The formation of Fe2Ti occurs during the in situ synthe-
sis process. With carbon atoms continuing to diffuse at
high temperature, Fe2Ti may react with C so that Fe2Ti
disappears and TiC is finally obtained. Thermodynamic

analysis shows that TiC is the most stable reaction
resultant.

(3) TiC particles formed by the casting penetration technol-
ogy combined with in situ synthesis are relatively fine
with the average size of 2-5 lm.
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Fig. 4 The simulating scheme of in situ synthesis process
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