
A

S
c
s
w
a
s
©

K

1

h
s
t
c
p
m
t
p
t
b
c

b
t
t
d

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 28 (2008) 2275–2279

Combustion synthesis of TiCx–TiB2 composites with hypoeutectic,
eutectic and hypereutectic microstructures

Binglin Zou a, Ping Shen a, Zhongming Gao b, Qichuan Jiang a,∗
a Key Laboratory of Automobile Materials of Ministry of Education, Department of Materials Science and Engineering,

Jilin University, Changchun, Jilin 130025, PR China
b State Key Laboratory of Inorganic Synthesis & Preparative Chemistry, Jilin University, Changchun, Jilin 130012, PR China

Received 5 November 2007; received in revised form 12 February 2008; accepted 29 February 2008
Available online 14 April 2008

bstract

elf-propagating high-temperature synthesis (SHS) of compacted blends of Ti, B4C and/or C powders was used to fabricate in situ TiCx–TiB2

omposites with different compositions. The microstructures of the resultant products were studied by X-ray diffraction (XRD) and field emission
canning electron microscopy (FESEM), and the reaction sequence in the SHS reaction process was explored by quenching the combustion

avefront. The results showed that the TiCx–TiB2 composites with 27.4, 36.7 and 61.7% TiB2 in molar fractions display hypoeutectic, eutectic

nd hypereutectic microstructures, respectively, and TiCx is the leading phase in formation of the eutectic phase during solidification. Moreover,
ubstoichiometric TiCx forms prior to TiB2 in phase formation sequence even for the hypereutectic composition sample.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

TiC–TiB2 composites possess not only high-melting points,
igh hardness, excellent wear resistance and good thermal
tability, but also superior properties such as enhanced frac-
ure toughness and bending strength compared with constituent
eramic components.1,2 Therefore, TiC–TiB2 ceramic com-
osites are attractive for application as advanced structural
aterials, and many methods, such as reactive sintering,3 reac-

ion hot pressing,4 spark plasma synthesis,5 transient plastic
hase processing,6 and self-propagating high-temperature syn-
hesis (SHS), also termed combustion synthesis (CS)2,7 have
een developed for the synthesis of such TiC–TiB2 ceramic
omposites.

On the other hand, TiCx–TiB2 has been demonstrated to
e a eutectic system8–12 and the eutectic composition and

emperature of this system are significantly dependent on
he composition of TiCx.8,11 According to the Ti–C phase
iagram,13 the value of x in TiCx ranges from 0.47 to 1.0 and the
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utectic point of the TiCx–TiB2 system, as indicated in Fig. 1,
ay shift from e1 to e2 as the value of x varies from 0.47 to

.0. The eutectic points given in Fig. 1 might not be accurate
ince considerable controversy exists in the reported eutectic
omposition and temperature for the TiCx–TiB2 system in the
ast years. Some representative values obtained by both exper-
mental measurement and theoretical calculation are shown in
able 1. One possible reason for the large scatter might be the

nfluence of the variable composition of TiCx with its range of
toichiometry, especially on the eutectic temperature. Another is
hat it might be rather difficult to accurately determine the eutec-
ic composition in the TiCx–TiB2 system regarding the difficulty
n measuring the compositions of the light elements (boron and
arbon). Therefore, more delicate and powerful measurements
eed to be carried out in order to clarify this confusion.

In this study, we prepared TiCx–TiB2 composites with dif-
erent compositions using Ti–B4C and Ti–B4C–C systems by
HS and examined their microstructures, from which the eutec-

ic composition for the TiCx–TiB2 system was suggested. It is

orth mentioning that Zhang et al.2 and Song et al.7 also fabri-

ated TiC–TiB2 composites with different compositions by SHS
sing proper proportions of Ti, B4C and C powders. However,
he relationship between the composition of the products and

mailto:jqc@jlu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.014
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Table 1
The reported eutectic composition and temperature in the TiCx–TiB2 system8–12

Reaction Eutectic composition (mol.% TiB2) Eutectic temperature (◦C) Method Reference

L ↔ TiC0.92 + TiB2 43 2620 Experiment [8]
L ↔ TiC0.95 + TiB2 44 2520 Experiment [9]
L ↔ TiC0.68 + TiB2 – 2380 Experiment [9]
L ↔ TiC0.92 + TiB2 35 2600 Experiment [10]
L ↔ TiC0.6 + TiB2 40.1 2637 Calculation [11]
L ↔ TiC0.8 + TiB2 40.5 268
L ↔ TiC1.0 + TiB2 40.2 266
L ↔ TiC + TiB2 28
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The reaction was initiated by arc heating, which was generated
by passing a strong current between the tungsten electrode and
the graphite-flat. As soon as the SHS reaction was initiated, the
power was switched off. Phase analysis and microstructure of
ig. 1. A schematic projection of liquidus surface of the Ti–B–C ternary phase
iagram (after Rudy and Windisch8).

heir microstructures was not reported therein. Also, the for-
ation mechanism of TiCx and TiB2 in the SHS reaction was

roposed in the present paper. Such understandings are expected
o promote the development of the TiCx–TiB2 composites with
ailored microstructures.
. Experimental procedure

The characteristics of the starting powders with their sources
re presented in Table 2. The theoretical molar ratios of TiC:TiB2

able 2
he characteristics of the powder reactants used in this study

eactant Source Purity (wt.%) Particle size
(�m)

i Institute of Nonferrous
Metals, Pekin, China

99.5 ∼50

4C Abrasive Ltd. Co., Dunhua,
China

≥95a ∼3.5

raphite Graphite Ltd. Co., Jilin,
China

99.5 ∼1

a The main impurities are dissociative boron and carbon together with <1 wt.%
e2O3.

F
(

8 Calculation [11]
3 Calculation [11]
– Experiment [12]

n the products were predetermined to be 2.33:1, 1.47:1 and 1:2,
ased on the following reactions:

.33Ti + 0.5B4C + 1.83C → 2.33TiC + TiB2 (1)

.47Ti + 0.5B4C + 0.97C → 1.47TiC + TiB2 (2)

Ti + B4C → TiC + 2TiB2 (3)

owder blends with proper proportions were dry-mixed in a
tainless-steel container using stainless-steel balls at a low speed
∼35 rpm) for 8 h to ensure homogeneity. The mixtures were
niaxially pressed into cylindrical compacts of 22 mm in diam-
ter and 15 mm in height at pressure ∼60 MPa with green
ensities of 65 ± 2% of theoretical, as determined from weight
nd geometric measurements.

The SHS experiments were conducted in a self-made
tainless-steel vessel. The compact was placed on a graphite-flat
ith a thickness of ∼2 mm, below which a tungsten electrode
as set up as the reaction ignition source. The vessel was first

vacuated and then filled with industrial argon (99.9%) at 1 atm.
ig. 2. XRD patterns of the SHS reaction products with (a) 27.4 mol.% TiB2,
b) 36.7 mol.% TiB2 and (c) 61.7 mol.% TiB2, respectively.
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he SHS products were investigated by X-ray diffraction (XRD)
D/Max 2500PC Rigaku, Tokyo, Japan) using Cu K� radiation
nd field emission scanning electron microscopy (FESEM, JSM
700F, Tokyo, Japan). In order to eliminate residual stress in
he SHS products, which could have an effect on the lattice
arameter calculation for the synthesized TiCx, the samples were
rushed into fine powders for XRD examination. In order to fur-
her release the residual stress, the powders were annealed at
00 ◦C for 2 h in a vacuum (5 × 10−3 Pa) furnace with heating
nd cooling rates of 20 ◦C/min and then reexamined by XRD.

In order to make clear the phase formation sequence in the
HS process, it was necessary to quench the combustion wave
uring its passage through the sample. Considerable efforts were
hen made for an automatic arresting of the combustion wave and
uccess was achieved by using coarse B4C powder (20–28 �m)

nd a rectangular bar in dimensions of 65 mm × 10 mm × 2 mm
ith a relative green density of ∼65 ± 2%. Both the coarse B4C
article and the long and thin shape of the rectangular bar favor
he extinction of combustion at the halfway point by reduc-

i
e
t
i

ig. 3. FESEM micrographs of the fractured surfaces for the samples with (a) 27.4 mo
a) hypoeutectic, (b) eutectic and (c) hypereutectic microstructures (A-repulsed eute
iC0.77–TiB2 phase diagram without consideration of temperature.
ramic Society 28 (2008) 2275–2279 2277

ng heat production and increasing heat loss. The phases in the
ifferent regions of the quenched sample were identified by X-
ay micro-diffraction (D8 Discover with GADDS, Bruker AXS,
arlsruhe, Germany).

. Results and discussion

Fig. 2 shows the XRD patterns for the product powders before
nnealing. The products consist of TiCx, TiB2 and a trace of
arbon in all the samples. The reason why carbon remains is
scribed to the substoichiometry of the TiCx phase, making car-
on overabundant. During the SHS process, the reaction time
s short (ranging between several seconds to several tens of
econds for temperature higher than 727 ◦C) and cooling rate
s rapid (of the order of 10–102 ◦C/s) so that it was generally

ncomplete for the stoichiometric TiC to develop. The stoichiom-
try of the TiCx phase was estimated to be 0.77 ± 0.02 before
he annealing treatment and to be 0.74 ± 0.02 after the anneal-
ng treatment based on the available relationship between the

l.% TiB2, (b) 36.7 mol.% TiB2 and (c) 61.7 mol.% TiB2 in the products showing
ctic and B-engulfed eutectic), respectively, and (d) the schematic quasi-binary
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Fig. 4. X-ray micro-diffraction patterns for the quenched 3Ti–B4C sample in
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attice parameter of TiCx and its stoichiometry,13 and it does
ot seem to vary significantly with the carbon content in the
eactants. The elimination of the residual stress by annealing
oes not seem to exert a significant effect on the TiCx lattice
arameter. Based on the quantitative calculations using the XRD
esults (Fig. 2), the volume fractions of TiB2 in the synthe-
ized composites were approximately 32.4, 42.3 and 67.1%,
espectively, without taking the remnant carbon into account.
ssuming that the theoretical densities of TiC and TiB2 are
.92 × 103 kg m−3 and 4.53 × 103 kg m−3,14 the molar fractions
f TiB2 in the synthesized composites are 27.4, 36.7 and 61.7%,
espectively.

Fig. 3(a–c) shows the typical microstructures of the fractured
urfaces of the synthesized samples. As indicated in Fig. 3(a),
he agglomerated phases with spherical or irregular shapes are
rimary TiCx and the TiCx–TiB2 eutectic phases are observed
mong the primary TiCx, which implies that during the solid-
fication process, the redistribution of the boron solute in the

elt proceeds as the crystallization of the primary TiCx phase
ccurs, and the eutectic melt among the primary TiCx parti-
les solidifies in the end. The fine granular phase (see more
learly in the embedded enlarged graph) in the eutectic phases
s TiB2. The entire structure corresponds to a hypoeutectic one
f the schematic quasi-binary phase diagram of TiC0.77–TiB2
see Fig. 3(d)] is followed. In Fig. 3(b), a fine laminar eutectic
tructure (see the embedded enlarged graph) is widely observed
n the spherical phases, suggesting that the eutectic reaction
f liquid → TiCx + TiB2 proceeds extensively during the solid-
fication process. The width of the eutectic stripes obtained
y the SHS reaction is ∼100 nm. Repeated experiments gave
he similar compositions and microstructures, implying that
he eutectic composition in the TiC0.77–TiB2 system is around
6.7 mol.% TiB2, as inferred from the quantitative XRD results.
his result is in general agreement with the compositions exper-

mentally determined by Beratan10 and theoretically calculated
y Gusev,11 as presented in Table 1, but is somewhat differ-
nt from the compositions measured by Rudy and Windisch8

nd Ordanyan et al.9 Moreover, the eutectic composition of
8 mol.% TiB2 measured by Li et al.12 obviously conflicts with
he above results. Fig. 3(c) shows a hypereutectic structure for
he TiC0.77–TiB2 system with a composition of 61.7 mol.%
iB2, in which the net-shaped skeleton phase is TiB2 and the
urrounded fine granular or laminar phases are the TiCx–TiB2
utectics. It is worth noting that most TiCx–TiB2 eutectics are
istributed at the grain boundaries of the primary TiB2 phase
as indicated by arrows A), even though some are engulfed (as
ndicated by arrows B), which implies that the carbon solute
n the melt redistributes and its concentration increases with
he progress of the solidification, and finally the eutectic melt
olidifies.

The eutectic temperature was not determined in this study,
ut the adiabatic combustion temperatures (Tad) for reactions
1)–(3) were calculated to be 2920 ◦C (i.e., the melting point of

iB2. It is worthwhile to mention that although the Tad values are

he same for reactions (1)–(3), the melting fraction of TiB2 in the
roducts is quite different) using thermodynamic data15 based
n the assumptions of the SHS reaction initiating at 25 ◦C and

t

5

6

he different regions: (1) green reactant region, (2) preheated region, (3) between
he preheated region and combustion region, (4) combustion region, (5) post-
ombustion region and (6) product region.

o eutectic transformation between TiCx and TiB2. The reported
utectic temperatures, as shown in Table 1, are generally in the
ange of 2380–2688 ◦C. In this sense, the eutectic transformation
as quite possible for the synthesized products to experience
uring the solidification process.

In order to investigate the phase formation sequence in the
HS reaction, quenching the combustion front of the 3Ti–B4C
ample was carried out. Fig. 4 shows the X-ray micro-diffraction
atterns for the quenched sample in the different regions. As
ndicated, the phase transformation sequence could be described
s

Ti + B4C → Ti + B13C2 + TiCx

→ Ti + B13C2 + TiCx + TiB

→ Ti + B13C2 + TiCx + TiB + TiB2

→ B13C2 + TiCx + TiB + TiB2 → TiCx + TiB2

herefore, the SHS reaction path for the Ti–B4C system might
e as follows:

i + B4C → B13C2 + TiCx (4)

i + B13C2 → TiCx + TiB (5)

iB + B13C2 → TiCx + TiB2 (6)

hao and Cheng3 investigated the reaction path for the 3Ti–B4C
ample during the reactive sintering process and proposed that

◦
he reaction path at high temperatures (T > 1320 C) was

Ti + B4C → TiC + 4TiB (7)

TiB + B4C → TiC + 5TiB2 (8)
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n comparison, the difference lies in that boron-rich carbide
B13C2) substituted for B4C and nonstoichiometric TiCx forms
rior to TiB. The reasons have been detailedly described in
ur previous paper,16 and could be attributed to the fact of
uch faster dissociation and diffusion rates of carbon from the
4C crystal than those of boron. As for the Ti–B4C–C system,
lthough the quenching of the combustion front was not carried
ut, the reaction:

i + C → TiCx (9)

ould be the first step in the SHS reaction, and a similar con-
lusion has been drawn by Locci et al.5 in their spark plasma
ynthesis reaction study.

It should be pointed out that although TiCx forms prior to
itanium boride in the phase formation sequence, the TiCx pre-
ursor is highly substoichiometric in nature. According to the
i–C phase diagram,13 the melting point of TiCx is dependent on

ts stoichiometry. For example, when x = 0.47, the melting point
s approximately 1645 ◦C, and when x = 0.75, it increases to
pproximately 3070 ◦C. Therefore, the TiCx precursor will dis-
olve back into the titanium melt with the increase in temperature
s the SHS reaction progresses (namely, the highly substoichio-
etric TiCx precursor could be retained only when the reaction is

uenched, as shown in Fig. 4). During solidification, TiCx nucle-
tes preferentially in the hypoeutectic 27.4 mol.% TiB2 sample
nd so does TiB2 in the hypereutectic 61.7 mol.% TiB2 sample.
hey are primary TiCx and TiB2 phases, respectively, as shown

n Fig. 3(a) and (c). When the composition moves to the eutectic
oint or alternatively, for the eutectic composition sample, the
eading phase in the eutectic transformation is TiCx rather than
iB2. This can be inferred from the spherical morphology of the
utectic phases as shown in Fig. 3(b), which is similar to the
ypical shape of TiCx in the combustion-synthesized samples.17

n the other hand, the concentration condition for TiCx nucle-
tion is easier to be satisfied as compared with that of TiB2
ecause of the substoichiometry nature of TiCx and the much
aster diffusion rate of carbon in titanium than that of boron.6,16

. Conclusions

The TiCx–TiB2 composites with the hypoeutectic, eutectic
nd hypereutectic microstructures have been successfully fabri-
ated using titanium, boron carbide and graphite reactants by the
HS reactions. The eutectic composition for the TiC0.77–TiB2
ystem was around 63.3 mol.% TiC–36.7 mol.% TiB2, and TiCx
s the leading phase for the formation of the eutectic. The
eaction path in the Ti–B4C–C samples during the SHS pro-
ess was (i) Ti + C → TiCx, (ii) Ti + B4C → B13C2 + TiCx, (iii)
i + B13C2 → TiCx + TiB, and (iv) TiB + B13C2 → TiCx + TiB2.
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