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Introduction

Metal matrix composites (MMCs) with steel matrix and

ceramic particle reinforcements are candidates for structural

applications in wear-resistant materials [1–3]. Conventional

production route, such as powder metallurgy (PM), often

involves the addition of the reinforcing phases into the metal

matrix directly, which could lead to poor wetting behavior

between ceramic phase and metal matrix and segregation of

reinforcements. Moreover, it is expensive and time con-

suming to produce MMCs by conventional PM route.

Recently, in situ technique has been developed to produce

ceramic particle reinforced MMCs. For the in situ technique,

reinforcements are formed in situ by the chemical reaction

between elements or their compounds during the fabrication

process. Compared with the ex situ route, in situ process has

advantages such as uniform distribution of reinforcement,

finer reinforcement particle size, clear interface and ther-

modynamically stable reinforcement in the MMCs.

Spark plasma sintering (SPS) technique is a novel sin-

tering process [4–8]. During the process, the heating is

accomplished by spark discharges in voids between the

particles, generated by an instantaneous pulsed direct cur-

rent which is applied through electrodes at the top and bot-

tom punches of the graphite die. Due to these discharges, the

particle surface is activated and purified, and a self-heating

phenomenon is generated between the particles, as a result of

which heat transfer and mass transfer can be completed

instantaneously. Therefore, SPS is capable of sintering

ceramic particle reinforced composite quickly to its full

density at relatively low temperature and reduce the time

available for grain growth by enhancing sintering kinetics.

Among various ceramic particulates, TiB2 is expected to

be one of the best reinforcements for steel matrix due to its

high hardness (3400 HV), high melting point (3225 �C) and

outstanding wear-resistance properties. Naturally, the TiB2/

Fe composite has attracted a lot of attention due to its

excellent mechanical properties [9–13]. However, little

work has been done on the TiB2/Fe composite prepared by

SPS technique. Thus, the present work is aimed at exploring

the feasibility of fabricating TiB2 reinforced Fe matrix

composite in situ by SPS technique. It is expected that this

route can provide a novel way for rapidly synthesizing TiB2/

Fe composite and promote its commercial application.

Experimental procedure

Commercial ferrotitanium (88.6% purity) and ferroboron

(99.4% purity) were used as the starting materials. Fer-

rotitanium and ferroboron powders were obtained by high-

energy planetary ball mill with stainless steel balls and

steel vials in acetone for 2 h. Powder mixtures prepared in

stoichiometric ratio corresponding to TiB2 formation were

undertaken by mechanical mixing in acetone for 1 h. The

weight ratio of ball to powder is 3:1.

Then, the mixtures were put into a cylindrical graphite

die with an inner diameter of 20 mm. The in situ reaction

and densification of the milled powders were performed

using the SPS system (model SPS1050, Sumitomo Coal

Mining Co.). The milled powders were sintered to 800–

1100 �C with a holding pressure of 30 MPa in vacuum.

The applied heating rate was about 80 �C/min. During the

SPS process, the temperature was monitored by a pyrom-

eter which was focused on the surface of the die.
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The relative density of the sintered specimens was

determined by Archimedes’ principle. The theoretical

density of the corresponding composite, i.e. 6.30 g/cm3,

was simply calculated through rule of mixture [14], by

considering the density values of TiB2 and Fe as 4.52 and

7.87 g/cm3, respectively. X-ray phase analysis of the

specimens was performed with DX-2000 diffractometer

using Cu Ka radiation operated at 30 kV and 40 mA.

Microstructure investigation of the sintered composite

which was prepared by metallographic procedures was

done on FEI Nova NanoSEM 400 scanning electron

microscope (SEM). The micro-zone composition analysis

was investigated using Oxford INCA energy dispersive

X-ray spectrometry (EDS) system which was attached to

the SEM.

Results and discussion

Densification

The densification data and sintering behavior of the TiB2/

Fe composite sintered at various temperatures (900–

1100 �C) with 5 min holding time are shown in Fig. 1. It

can be seen that densification increases as the sintering

temperature increases, reaching a maximum for the speci-

men sintered at 1050 �C. A maximum relative density of

98.62% can be obtained due to the activation of the plasma.

The increment of the relative density is substantially in

accordance with the displacement of the punch, but the

displacement of the punches increases with the sintering

temperature all the time. The reasons for the densification

might be that with the increase of sintering temperature, the

wettability between liquid phase and TiB2 reinforcement is

improved, which intensifies dissolution–precipitation of

TiB2 particles and increases the amount of liquid phase. As

a result, the densification increases. However, higher sin-

tering temperature causes severe volatilization of metal

because of vacuum sintering. Furthermore, the composite

is melted and overflows from the end of the mould at

1100 �C, which results in the formation of voids in the

sintered specimen, thereby decreasing densification.

Phase identification

The X-ray diffraction (XRD) patterns of the starting

powders and the specimen sintered at various temperatures

for 5 min are shown in Fig. 2. It can be seen that the

starting materials mainly consists of Fe2Ti and FeB

(Fig. 2a). After sintering at 1000 �C, the phases present in

the specimen are a-Fe and TiB2 (Fig. 2e). It indicates that

the Fe2Ti and FeB precursors were reduced into TiB2/Fe

composite.

Furthermore, as shown in Fig. 2, it indicates that the in

situ formation of TiB2 reinforcement from ferrotitanium

and ferroboron mixtures hardly occurs below 800 �C and

practically completed at 1000 �C. The formation mecha-

nism of TiB2/Fe composite in situ from ferrotitanium and

ferroboron may be as follows:

Fig. 1 Effects of sintering temperature on the relative density and

displacement of TiB2/Fe composite

Fig. 2 XRD patterns of the specimens sintered at various tempera-

tures: (a) starting materials, (b) 800 �C, (c) 900 �C, (d) 950 �C,

(e) 1000 �C, and (f) 1050 �C

3910 J Mater Sci (2009) 44:3909–3912

123



Fe2Tiþ 6FeB ¼ 4Fe2Bþ TiB2 ð1Þ
2Fe2Bþ Fe2Ti ¼ 6a-Feþ TiB2 ð2Þ

The first step is the solid–solid interface reaction

between Fe2Ti and FeB below 950 �C, resulting in the

formation of a small amount of TiB2 and a large amount of

Fe2B (shown in reaction (1)). The second step is the

solution–precipitation in the Fe–Ti–B system at higher

temperatures. The liquid phase exists at 1174 �C in Fe–

Fe2B system, but with the help of the activation of spark

plasma, the liquid phase seems to appear much earlier [1,

4]. In addition, the energy from the exothermic reaction

between titanium and boron may cause the temperature of

the specimen in the die higher than that detected by the

pyrometer [15]. When the concentration of titanium and

boron in the liquids reaches supersaturation, the nucleation

of TiB2 becomes thermodynamically feasible, and then

TiB2 will be formed and precipitated out from the liquids.

The hybrid formation mechanism containing solid reaction

and solution–precipitation reaction were responsible for the

in situ formation of TiB2 reinforced Fe matrix composite.

Microstructure of the composite

The EDS analysis of TiB2/Fe composite sintered at

1050 �C for 5 min is shown in Fig. 3. From the secondary

electron (SE) micrograph of the specimen (Fig. 3a), it is

clear that hexagonal and rectangular particulates with a size

of *2 lm are homogeneously distributed in the Fe matrix.

The hexagonal particulates are typical TiB2 reinforcements

[11]. In addition, a few microspores can be seen in the

composite. Figure 3b shows the EDS spectra of the rect-

angular particulates (marked by point A in Fig. 3a).

Obviously, this region is rich in titanium and boron.

Table 1 shows the chemical composition of the rectangular

particulates. As shown in Table 1, the atomic ratio of

titanium and boron is about 1:2. With the combination of

the XRD results, it is evident that the rectangular

particulates can be identified as TiB2. The microstructure

of the TiB2 particulates is in agreement with Ref. [16], but

the size of the particulates synthesized by SPS is much

smaller. It may be because that TiB2 has not enough time to

grow by the rapid SPS process, thus resulting in the fine

TiB2 particles in the matrix.

Conclusion

SPS technique has been successfully applied to the rapid

synthesis of TiB2 reinforced Fe matrix composite in situ

using cheap ferrotitanium and ferroboron powders as pre-

cursors. A maximum relative density of 98.62% was

obtained when the composite was sintered at 1050 �C for

5 min by the method. The in situ formation mechanism of

TiB2/Fe composite is a hybrid formation mechanism con-

taining solid reaction and solution–precipitation reaction:

first, the solid–solid interface reaction between Fe2Ti and

FeB below 950 �C, resulting in the formation of a small

amount of TiB2 and a large amount of lower melting point

Fe2B; second, the solution–precipitation reaction in the Fe–

Ti–B system from 950 to 1000 �C, resulting the formation

of the main TiB2 reinforcements.
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