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TiB,-C preforms formed with different compositions and processing parameters were reactively infil-
trated by Si melts at 1450 °C to fabricate TiB,-SiC-Si composites. Phase constituent and microstructure of
these composites were analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The
resulting composites are generally composed of TiB, and reaction-formed 3-SiC major phases, together
with a quantity of residual Si. Unreacted carbon is detected in the samples with a starting composition
of 2TiB; + 1C formed at higher pressure and in all of the ones at the composition of 1TiB, + 1C. The dis-
tribution of these phases is fairly homogeneous in microstructure. TiB,-SiC-Si composites show good
mechanical properties, with representative values of 19.9 GPa in hardness, 395 GPa in elastic modu-
lus, 3.5MPam'? in fracture toughness and 604 MPa in bending strength. The primary toughening and
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strengthening mechanism is attributed to the crack deflection of TiB, particles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Reaction-bonded silicon carbide (RBSC) was firstly introduced
by Popper in 1960s [1,2] and subsequently developed by other
investigators [3-5]. This technique contains the reactive infiltration
of silicon melt into a preform typically containing SiC and carbon
powders combined with polymer binders. The resultant materials
consist of the original SiC, reaction-formed SiC and residual Si. The
merits of RBSC processes are the low processing temperature and
the near net-shape ability as compare it with conventional ceramics
processing methods [6]. In addition, RBSC was reported to exhibit
good mechanical properties at room temperature while the high-
est service temperature was limited to the melting point of silicon
(~1410°C) [7,8].

Variants of RBSC were made by Hucke et al. [9,10] and Chi-
ang et al. [6,11], in which a polymer-derived carbon preform
was used to fabricate dense SiC-Si composites. Furthermore, RBSC
was modified by replacing original SiC with B4,C [12,13] or incor-
porating other carbides as additives together with TiB, as the
microcrack toughening phase [14]. Here, we present a modi-
fied reaction bonding process to prepare TiB,-SiC-Si composite
through the infiltration of Si melt to TiB,-C preform. The pro-
cessing, microstructure and mechanical properties of this novel
material are evaluated and discussed.
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2. Experimental procedure

Titanium boride (1.65 wm, Grade NF) and pure carbon (5 wm, purity of 99.7%)
with addition of 1wt.% dispersant and 3 wt.% binder were ball milled for 24h in
ethanol. The weight ratio of TiB;, to carbon was selected to be 2:1 or 1:1. The free
carbon come from the dispersant and binder is less than 0.3 wt.% and therefore is
not to be concerned. The mixtures were dried with a rotary evaporator, crushed
and screened through a 150 mesh sieve. Green compacts, ~®20 mm x 5 mm, were
formed by uniaxial pressing at about 20 MPa, followed by CIPing at 200 MPa or
400 MPa. Then the compacts were debinded at 600°C in N, or at 1500°C in vac-
uum for 2 h to pyrolyze binder. Finally, the porous TiB,-C preforms were infiltrated
with silicon melt at 1450°C for 1 h in vacuum. The heating rate was 10 °C/min, and
the cooling rate was 10 °C/min from 1450 °C to 1200 °C, followed by furnace cooling.
These testing conditions were summarized in Table 1, including the sample label and
the measured properties of infiltrated composites. The sample label obeyed the fol-
lowing rules: 1) the first number and the following two letters reminded the weight
ratio of TiB; to carbon; 2) the numbers after dash suggested the CIP forming pres-
sure and the debinding temperature. For example, 2TC-215 meant that the preform
was composed of TiB, and carbon with a weight ratio of 2:1, CIPed under 200 MPa,
debinded at 1500 °C and finally infiltrated in vacuum.

The green densities of preforms were calculated from the measured weights
and dimensions. Bulk densities of infiltrated samples were measured by the
Archimedes method. Phase constituents were determined by X-ray diffractometry
(XRD, RINT2000, Rigaku, Japan) with Cu K, radiation on the ground surface of sam-
ple. The residual Si fraction in the composite was calculated from the measured bulk
density (dm) and the theoretical densities of Si, SiC and TiB; (here, ds; =2.33 g/cm?,
dsic =3.21g/cm3 and drip, = 4.56 g/c:m3 ), according to the following equations.

Vsi + Vsic + Vi, = 1 (1)

dsi x Vsi + dsic x Vsic + drip, x Vrip, = dm (2)
Vrig MW¢

drig, x 2 =nx 3

B2 ™ g x Vsic MWsic (3)
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Vsi

_ (drig, x (dsic + dsic x 1 x MWc/MWsic)) — (dm x (drip, + dsic x 1 x MWc/MWs;ic))

where Vs;, Vsic and Vr;p, were the volume fraction of Si, SiC and TiB; respectively, n
was the weight ratio of TiB; to carbon, MW¢ and MWs;c were the molecular weight
of carbon and SiC respectively. Note that this calculation was not suitable for the
composite containing unreacted carbon.

Microstructure observations on the polished surface and the fracture surface
were performed via scanning electron microscope (JSM-5600, JEOL, Japan) equipped
with energy dispersive spectrometer (EDS JED-2300, JEOL, Japan). Vickers hard-
ness was determined by means of indentation method (MVK-G3 hardness tester,
Akashi, Japan) with aload of 19.6 N for 15 s. Ten indentations were made on the pol-
ished surface for each sample. Fracture toughness was evaluated by measuring the
crack length after Vickers hardness tests and calculated using the following equation
proposed by Anstis et al. [15].

0.5
E P
kic = 0.016 x (HT) x (c}?) (5)

where E is the Young’s modulus, Hy is the Vickers hardness, Pis the indentation load
and ¢y is the square root of the measured crack lengths c; and c¢,. Young's modulus
was measured by the pulse-echo method and was the average of three measure-
ments. A green compact with a dimension of 45 mm x 45 mm x 5 mm was used for
the infiltration test and the strength measurement. 4-point bending strength was
measured on 4 mm x 3 mm x 40 mm beams with outer and inner span of 30 mm
and 10 mm, respectively, at a crosshead speed of 0.5 mm/min. The tensile surfaces
of the specimens were polished to a 0.5 wm diamond finish and the edges of tested
specimens were beveled. At least 5 bars were used for the strength measurements.

3. Results and discussion
3.1. XRD analysis

At a fixed TiB,/C ratio of 2, i.e., 2TC series, the XRD patterns of
the TiB,-SiC-Si composites infiltrated at 1450°C for 1 h are shown
in Fig. 1. It is clear that the prepared samples are composed of TiB,
and reaction-formed (3-SiC major phases, together with a quantity
of residual Si. Unreacted carbon is detected in the samples CIPed at
higher pressure. The forming pressure and debinding temperature
are found to influence the phase constituents of resultant compos-
ites, mainly the residual Si fraction. Because all of the XRD patterns
in Fig. 1 are conducted in the fairly identical testing conditions and
have been normalized, it is reasonable to semi-quantitatively eval-
uate the residual Si fraction with the integrated intensity of Si peak
at 28.4°.

Under the same forming pressure, the composite debinded
at higher temperature contains more residual Si. For example,
the residual Si fraction of sample 2TC-215 preheated at 1500°C
(21 vol.%) is higher than that of sample 2TC-206 debinded at 600 °C
(19vol.%), presuming the complete transformation of carbon in
starting powder into SiC. This is because the high debinding tem-
perature leads to a fast debinding rate and thus a strong mass loss
of preform within the same time, including the binder and possibly
the impurities of starting TiB, and carbon, which results in high
porosity and subsequently a large amount of residual Si. In addi-
tion, after debinded at the same temperature, the preform CIPed at
higher pressure results in the composite containing lessresidual Si

Table 1

" (dni, x (dsic + dsic x 1 x MWc/MWsic)) — (ds; x (drig, + dsic x 1 x MW¢/MWs;c))

(4)

and a small amount of carbon, which is attributed to the increased
green density of preform (Table 1) that leads to the lower porosity
and the more difficult penetration of Si melt.

For the 1TiB, + 1C preforms (1TC series), the effect of forming
pressure and debinding temperature on the phase constituents of
TiB,-SiC-Si composites is also investigated and the corresponding
XRD results are shown in Fig. 2. The resulting composites consist
of TiB,, reaction-formed SiC, residual Si and unreacted carbon, in
which SiC instead of TiB, displays the strongest peak. The resid-
ual Si fraction is found to increase with debinding temperature
but decrease with forming pressure as keeping the other process-
ing parameters the same, which is similar to that of 2TC samples,
as discussed above. The amount of unreacted carbon in 1TC sam-
ples is higher than that of 2TC ones when fabricated at the same
conditions, demonstrating that the accomplishment of reactive
infiltration becomes difficult with the increase of carbon content in
preforms, which is more evident in the samples formed at higher
pressure.

3.2. SEM examination

Backscattered SEM micrographs of the infiltrated 2TC samples
are shown in Fig. 3(a) through (d). The XRD results suggest that
these samples predominantly consist of TiB,, SiC and Si phases and
small amount of carbon is detected in sample 2TC-406 and 2TC-415

2TiB,+1C preforms infiltrated at 1450 °C for 1h
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Fig. 1. The XRD patterns of 2TiB, + 1C preforms prepared at different conditions and
infiltrated at 1450°C for 1h.

Summary of the starting composition, processing parameters, measured density and mechanical properties of TiB,-SiC-Si composites reaction-infiltrated at 1450°C for
1h (W;: weight ratio of TiB, to carbon, P;: CIP forming pressure, Tq: debinding temperature, dg: calculated green density of preform after CIP forming and debinding, dn:
measured density, Rs;: residual Si fraction, Hy: Vickers hardness, E: elastic modulus, Kic: fracture toughness).

Sample label W; TiB,:C P; (MPa) T4 (°C) dg (g/cm?) dm (g/cm3) Rs; (vol. %) Hy (GPa) E (GPa) Kic (MPam'/2)
2TC-206 2:1 200 600 1.86 3.37 18.6 206 + 1.1 397 £ 1 36+04
2TC-215 2:1 200 1500 1.75 3.34 214 199+ 13 395+ 5 35+ 04
2TC-406 2:1 400 600 2.02 3.45 - 2244+ 0.6 397 +£ 2 39+0.2
2TC-415 2:1 400 1500 1.91 341 - 21.1+£09 410+ 3 35+03
1TC-206 1:1 200 600 2.10 3.32 - 219+ 1.0 380+ 5 32+03
1TC-215 1:1 200 1500 1.93 3.27 - 215+ 0.6 363 +9 29+ 0.2
1TC-406 1:1 400 600 2.21 3.28 - 211+ 1.0 323+ 19 2.6 +£0.1
1TC-415 1:1 400 1500 2.08 3.27 - 20.1 +£1.0 320+ 5 35+04

-, residual Si fraction cannot be calculated because of the presence of unreacted carbon.
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Fig. 2. The XRD patterns of 1TiB, + 1C preforms prepared at different conditions and
infiltrated at 1450°C for 1h.

(see Fig. 1). The SEM images agree well with the XRD results. For
instance, in composite 2TC-206 and 2TC-215, the obtained samples
show homogeneous microstructure, in which the bright TiB, parti-
cles distribute homogeneously in gray mixed phases of SiC and Si.
And in the case of sample 2TC-406 and 2TC-415, some dark phases
found to be rich in element C by the EDS analysis (not shown) are
coincident with the unreacted carbon. It should be noted that the
color contrast between SiC and Si is not distinct here due to the
complicated phase constituents. The estimation of residual Si from
microstructure, therefore, is not conducted in present work.

For the 1TC samples, all of the infiltrated composites contain
the dark carbon phase and its content rises remarkably with the
increase of forming pressure, which can be clearly seen from the
microstructures in Fig. 4(a)-(d). Note that the microstructure of 1TC
composites is fairly homogeneous. In addition, the volume fraction
of TiB, phase decreases due to the declining TiB,/C ratio in start-
ing composition. Although most of the composites are nearly full
dense on the basis of the microstructure observations, a quantity
of dark pores are found in the sample 2TC-406 and 1TC-406 (indi-
cated by arrows in Figs. 3(c) and 4(c)), suggesting that the forming
pressure and debinding temperature affect not only the phase con-
stituents but also the densification of microstructure in TiB,-SiC-Si
composites.

3.3. Mechanical properties

The mechanical properties of fabricated TiB,-SiC-Si compos-
ites, such as hardness, elastic modulus and fracture toughness, are
summarized in Table 1. The measured properties are found to cor-
relate with the phase constituents, density and microstructure. For
example, the phase constituents of prepared composites consist of
relatively hard phases such as TiB;, and SiC and soft phases like Si
and carbon. For the same starting preforms, the resulted samples
containing higher fraction of Si and/or carbon show lower hardness.
With a close fraction of soft phases, 1TC samples usually exhibit
higher hardness than 2TC ones because of the larger amount of hard
SiC phase. Elastic modulus is found to be predominantly affected
by the phase content and related to the porosity of sample. The
lower modulus of 1TC relative to 2TC is mainly attributed to the
less amount of stiff TiB, phase and the larger amount of soft carbon
phase. The fracture toughness is closely correlated with the TiB,
content because the toughening mechanism in these systems is
the cracking deflection effect of TiB, particles, as discussed below,

Fig. 3. Backscattered SEM micrographs of the infiltrated (a) 2TC-206, (b) 2TC-215, (c) 2TC-406 and (d) 2TC-415 samples.
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Fig. 4. Backscattered SEM examinations on the polished surfaces of infiltrated (a) 1TC-206, (b) 1TC-215, (¢) 1TC-406 and (d) 1TC-415 composites.

which is confirmed by the relatively lower fracture toughness of
1TC samples that containing less amount of TiB, phase.

Here, we make a detailed annotation to the well infiltrated com-
posite 2TC-215 for clarity and compared with the broadly studied
reaction-bonded SiC [5,11,12] and B4C [12,13]. The hardness of
composite TiB,-SiC-Si is around 19.9 GPa, which is usually close to
those of RBSC(17-22 GPa) and generally smaller than those of com-
posites B4C-SiC-Si (20-28 GPa). This is attributed to the different
phase hardness and residual Si fraction in composites. The fracture
toughness of composite 2TC-215 is 3.5 MPam!/2, which is compa-
rable to the RBSC (3.5-4.5 MPam!/2) but lower than B4C-SiC-Si
composites (5.0-7.9 MPam'/2), A typical crack propagation path

of sample 2TC-215 is shown in Fig. 5(a), in which the crack prop-
agates straightly in both Si and SiC areas but changes its direction
by the deflection of TiB, particles (indicated by white arrows). The
thermal mismatch between TiB; and SiC/Si and the weak interface
around TiB, particles are responsible for this phenomenon. Crack
deflection was also found in the in situ synthesized TiB; toughened
SiC [16], which contributed to the fracture toughness. With a value
of 395 GPa, the elastic modulus of composite 2TC-215 is compara-
ble to those of composites SiC-Si and B4C-SiC-Si. Considering the
high theoretically elastic modulus of TiB, [17], the modulus of com-
posite TiB,C-SiC-Si is expected to be tailored by adjusting the TiB,
content in obtained samples.

Fig.5. (a) Typical crack propagation path of sample 2TC-215. The white arrows denote the deflection of TiB; particle to crack. (b) Representative fracture surface of TiB,-SiC-Si
composite. The hindering and deflecting effects of TiB, particles on fracture are denoted by white arrows.
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Furthermore, the bending strength of composite 2TC-215 is
measured to be 604 MPa, which is higher or at least comparable
with the reaction-bonded composites [5,11-13]. This is an indica-
tion of good strengthening effect of TiB, phase. A representative
fracture surface of TiB,-SiC-Si composite is given in Fig. 5(b),
from which the hindering and deflecting effects of TiB, particles
(denoted by white arrows) on fracture are evident. As the cracking
propagates from the left to the right, the fracture surface forwards
not flat but wavily due to the presence of TiB, particles. The rela-
tively rough surface implies more fracture surface energy required
and thus higher mechanical strength achieved. Note that the hard-
ness, elastic modulus and mechanical strength of this composite
could beimproved ifreducing the relatively high fraction of residual
Si.

4. Conclusions

TiB,-C preforms, prepared with different TiB, /C ratios, forming
pressure and debinding temperature, were reactively infiltrated
by Si melts at 1450°C to synthesize TiB,-SiC-Si composites. The
resulting composites generally consist of TiB, and reaction-formed
[3-SiC major phases, together with a quantity of residual Si. Unre-
acted carbon is detected in the 2TC samples formed at higher
pressure and in all of the 1TC ones. The residual Si fraction is found
to increase with debinding temperature but decrease with form-
ing pressure and the amount of unreacted carbon in 1TC samples
is usually higher than that of 2TC ones. The distribution of these
phases is fairly homogeneous in microstructure. The mechanical
properties of TiB,-SiC-Si composites, with representative values
of 19.9GPa in hardness, 395 GPa in elastic modulus, 3.5 MPam!/2
in fracture toughness and 604 MPa in bending strength, are found
to correlate with the phase constituents, density and microstruc-
ture. Furthermore, the crack deflection of TiB, particles is found to
be the primary toughening and strengthening mechanism.
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