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bstract

iC ceramics were reaction joined in the temperature range of 1450–1800 ◦C using TiB2-based composites starting from four types of joining
aterials, namely Ti–BN, Ti–B4C, Ti–BN–Al and Ti–B4C–Si. XRD analysis and microstructure examination were carried out on SiC joints.

t is found that the former two joining materials do not yield good bond for SiC ceramics at temperatures up to 1600 ◦C. However, Ti–BN–Al

ystem results in the connection of SiC substrates at 1450 ◦C by the formation of TiB2–AlN composite. Furthermore, nearly dense SiC joints with
rack-free interface have been produced from Ti–BN–Al and Ti–B4C–Si systems at 1800 ◦C, i.e. joints TBNA80 and TBCS80, whose average
ending strengths are measured to be 65 MPa and 142 MPa, respectively. The joining mechanisms involved are also discussed.
rown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Silicon carbide (SiC) has been known as a useful mate-
ial for more than one century. SiC whiskers and compounds
ave been widely used in abrasives, cutting tools, structural
arts, nuclear fuel elements, and so on.1–3 Recently, SiC cat-
lyst support and astronomical telescope mirror have also been
eveloped.4,5 Moreover, SiC ceramics are good candidates for
igh-temperature applications because of the good mechani-
al properties and thermal stability at elevated temperatures.6,7

o produce large-size components and engineering parts that
an serve at high temperatures, developments of SiC joints
ossessing desired high-temperature properties are very funda-
ental.
It is well-known that TiB2 exhibits exceptional hardness and

lastic modulus, high melting point, good corrosion resistance
o chemicals or molten metal and oxidation resistance at tem-
eratures up to 1100 ◦C.8 TiB2-containing ceramic composites
sually possess superior properties than monolithic TiB2 when
hey share similar microstructure after sintering, such as fracture

oughness, mechanical strength and oxidation resistance.9–13

mong the various methods to fabricate TiB2-based compos-
tes, reactive sintering has been paid much attention because of
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elatively low sintering temperature, cheap starting powders and
ess consumption of sintering additives.14

Our motivation of present work, therefore, is to evaluate the
ossibility of using TiB2-based composites to bind SiC ceramics
ith reactive sintering process. Four kinds of joining materials,

.e. Ti–BN, Ti–B4C, Ti–BN–Al and Ti–B4C–Si, were used to
orm the composite interlayers containing TiB2 in the temper-
ture range of 1450–1800 ◦C. The produced SiC joints were
haracterized and evaluated with XRD analysis and microstruc-
ure examination. Mechanical properties of dense joints were

easured. In addition, the involved mechanisms for joining tests
re discussed.

. Experimental procedure

.1. Joining materials preparation

The characteristics of starting constituents of interlayer,
ncluding titanium, boron nitride, boron carbide, aluminium and
ilicon, were listed in Table 1. Four kinds of joining materials
ere used to bind SiC sintered bodies, viz. Ti–BN, Ti–B4C,
i–BN–Al and Ti–B4C–Si, as summarized in Table 2, where the
abels of bonded samples, composition of interlayer and joining
rocesses were also presented.

The starting powders were weighted according to designed
ompositions and blended in ethanol by ball milling for

All rights reserved.
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Table 1
Characteristics of starting powders.

Powder Purity (%) D50 (�m) SSA (m2/g) Major impurities (elements/wt.%) Maker

Ti 99.9 10 – – Kojundo Chemical Lab., Japan
BN 97.5 0.1 50 – Zikusu Industry Co., Ltd., Japan
B4C HS grade 0.63 20 Si/0.1, Fe/0.01 H.C. STARCK, Germany
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, Data unknown.

4 h using silicon carbide balls as media. After mixing, the
lurry was dried using a vacuum evaporator and then placed
nto an oven at 70 ◦C for overnight. The dried mixtures
creened through a 150 mesh sieve were served as joining
aterials.

.2. Joining method

SiC plates with dimensions of 20 mm × 20 mm × 3 mm or
0 mm × 20 mm × 20 mm were used for joining tests. Prior to
oining, SiC plate surface (20 mm × 20 mm) was polished down
o 0.5 �m diamond suspension and ultrasonically cleaned in
thanol. The average surface roughness (Ra) of the polished SiC
as measured to be 0.01 �m by a surface roughness measuring
achine (Surftest SV-624, Mitutoyo, Japan). The powder-like

oining materials were sandwiched between two polished SiC
lates. Joining procedures were performed in a graphite elements
urnace with 1 atm flowing Ar and proceeded in the temperature
ange of 1450–1800 ◦C for 60 min under a mechanical pressure
f 12.5 MPa or 15 MPa.

.3. XRD analysis and microstructure characterization

Phase constituents were determined by X-ray diffractometry
XRD, RINT2000, Rigaku, Japan) on the joint interlayers. The
oined SiC samples were sectioned perpendicular to the inter-
ayer and polished in the same manner as the polished surfaces
f the SiC plates. Microstructure observations on the polished

urfaces were conducted via SEM (JSM-5600, JEOL, Japan)
quipped with energy dispersive spectrometer (EDS JED-2300,
EOL, Japan) or optical microscope (ECLIPSE ME600, Nikon,
apan).

w
s
i
c

able 2
ample label, interlayer composition and joining process of bonded SiC ceramics.

ample label Interlayer composition (mole ratio)

Ti BN B4C Al Si

BN45 3 2 0 0 0
BN60 3 2 0 0 0
BC45 3 0 1 0 0
BC60 3 0 1 0 0
BNA45 1 2 0 2 0
BNA70 1 2 0 2 0
BCS70 2 0 1 0 1
Si/0.03, Fe/0.06 Kojundo Chemical Lab., Japan
– Kojundo Chemical Lab., Japan

.4. Mechanical properties measurements

Vickers hardness was determined by means of indentation
ethod (MVK-G3 hardness tester, Akashi, Japan) with a load

f 9.8 N for 15 s. Room temperature 4-point bending strength
as measured on 4 mm × 3 mm × 40 mm beams with outer and

nner span of 30 mm and 10 mm, respectively, at a crosshead
peed of 0.5 mm/min. The tensile surface was polished using
he same procedure for the bonding surfaces of SiC blocks and
he edges of tested specimens were beveled.

. Results and discussion

.1. Ti–BN and Ti–B4C systems

For the joining material of Ti–BN system, XRD patterns of
iC joint interlayers bonded at 1450 ◦C and 1600 ◦C are pre-
ented in Fig. 1. It is clear that the interlayers joined at the two
emperatures consist of TiB2 and TiN major phases, and trace
mount of un-reacted BN, suggesting the near completion of
eactions between Ti and BN. These results are not surprised
ecause the formation of TiB2–TiN composite is found to be
ompleted at temperatures higher than 1200 ◦C as starting from
i and polyborazylene (B3N3H4) polymer.15 However, SiC sub-
trates separate completely from the reaction-formed interlayer
fter the joining tests. These results point to a conclusion that
i–BN joining material does not weld SiC substrates well at

emperatures up to 1600 ◦C.
The joining tests of SiC using Ti–B4C powder mixtures
ere also conducted at 1450 ◦C and 1600 ◦C, and the corre-
ponding XRD patterns of interlayers are shown in Fig. 2. It
s noted that the phase constituents of interlayers are similarly
omposed of TiB2 and TiC compounds, suggesting that the for-

Target constituents of interlayer Joining process (◦C/MPa/min)

TiB2 + 2TiN 1450/12.5/60
TiB2 + 2TiN 1600/12.5/60
2TiB2 + TiC 1450/12.5/60
2TiB2 + TiC 1600/12.5/60
TiB2 + 2AlN 1450/12.5/60
TiB2 + 2AlN 1700/12.5/60
2TiB2 + SiC 1700/12.5/60
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ig. 1. XRD patterns of joints TBN45 and TBN60 in Ti–BN system that were
oined at 1450 ◦C and 1600 ◦C, respectively.

ation of composite is finished at temperatures above 1450 ◦C.
o reaction-formed layer is observed between interlayer and
iC substrate, where cracking along their interface takes place
fter the joining process. These results demonstrate that Ti–B4C
ystem does not yield good bond for SiC substrates at present
oining conditions.

Reasons why Ti–BN and Ti–B4C systems fail to adhere
trongly to SiC substrate are mainly attributed to the following
wo aspects. On the one hand, the thermal expansion coefficients
f composite interlayers are larger than that of SiC substrate, and
herefore the residual stress in interlayer and the weak adhe-
ion at interface occur within all SiC joints during cooling from
he joining temperature. Choy et al. studied the adhesion of
iB2, TiC and TiN protective coatings to SiC fibers and found
n adhesion sequence in TiB2 > TiC > TiN, which was strongly
orrelated with their thermal properties.16 On the other hand,
lthough the diffusion of Si and C from SiC base to starting Ti
articles and the subsequent formation of TiC and Ti–Si sili-
ide probably take place at these joining temperatures,17 they

re negligible because the contact area between Ti and SiC is
mall, which results from the large particle size of titanium that
s surrounded by fine BN or B4C (Table 1).

ig. 2. XRD patterns of joints TBC45 and TBC60 in Ti–B4C system that were
onded at 1450 ◦C and 1600 ◦C, respectively.
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ig. 3. (a) XRD pattern and (b) SEM image of joint TBNA45 that was sintered
t 1450 ◦C using Ti–BN–Al joining materials.

.2. Ti–BN–Al system

Reasonably, we add Al into the joining material Ti–BN,
hich not only improves the wetting properties of interlayer on
iC surface but also decreases the coefficient of thermal expan-
ion of composite interlayer because AlN is formed instead of
iN. As expected, Ti–BN–Al joining material results in the con-
ection of SiC plates at 1450 ◦C (TBNA45). The XRD pattern
f interlayer suggests that the main phases are TiB2 and AlN
Fig. 3(a)). The appearance of SiC phase in Fig. 3(a) comes from
iC substrate when conducting XRD measurement. Although
iC blocks are successfully bonded by Ti–BN–Al starting mate-
ial, the resulted interlayer is not dense and cracks along interface
re obvious (Fig. 3(b)). This suggests that the densification of
oint is not accomplished and the adhesion of interlayer to SiC
ubstrate is still weak at 1450 ◦C. Accordingly, high joining tem-
eratures were applied to improve the interlayer density and slow
ooling rate was used to compromise the cracking at interface.

Microstructural observations of SiC joints performed at
700 ◦C (TBNA70) and 1800 ◦C (TBNA80) at a cooling rate
f 5 ◦C/min are presented in Fig. 4(a) and (b), respectively.
he XRD result of joint TBNA45 shows that the reaction for-

ation of TiB2–AlN composite from Ti–BN–Al is finished at

450 ◦C (Fig. 3(a)), and therefore the phase constituents of joints
BNA70 and TBNA80 are fairly assumed to be the same as

hat of TBNA45. According to the color contrast of exposed
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Fig. 4. (a) Backscattered SEM image of joint TBNA70 and (b) optical
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measured, as listed in Table 3. We can see that both hardness
icrostructure of joint TBNA80 in Ti–BN–Al system that were joined at 1700 ◦C
nd 1800 ◦C, respectively.

hases in interlayer, it is ease to conclude that the bright phase
nd the gray phase are TiB2 and AlN, respectively, coexisting
ith small amount of dark pores. Note that two main phases
istribute homogeneously inside interlayer and the interfaces
etween interlayer and SiC substrate are crack-free. Some cracks
early perpendicular to interface are found inside SiC joints
as indicated in Fig. 4(a)), which are attributed to the thermal
xpansion mismatch between interlayer and SiC base, and the
ubsequently induced thermal stress.

It is interesting to find that some TiB2 grains seem to
gglomerate at interface in joint TBNA70 and TBNA80. This
icrostructure can be explained by the reaction path during join-

ng process. ZrB2–AlN composite prepared using Zr–Al–BN
tarting materials shows fine and homogeneous microstructure
ecause of the low melting point of Al and the high solubil-
ty of Al in Zr.18,19 The contact angle data suggest that the
etting of Al or aluminium alloy on BN and SiC is usually

ood.20–23 These studies not only give an explanation of the uni-
orm microstructure inside interlayer in present study but also
emind the good spreading of Ti–Al liquid phase on SiC surface.

a
h
o

ramic Society 30 (2010) 3203–3208

ue to the faster diffusion coefficient of Al, the agglomerates of
lN are not remarkable. The slower diffusion of Ti, therefore,

s responsible for the agglomerate of TiB2 grains at interface.
imilar phenomenon, e.g. agglomeration of a VN reaction layer
t the interface of joint, was also reported for Si3N4/Si3N4 joint
s brazed by Au–Ni–V filler alloys.24

.3. Ti–B4C–Si system

Following the same train of thought, the joining of SiC was
onducted by adding Si into Ti–B4C powder mixture and sin-
ering at 1800 ◦C at a cooling rate of 5 ◦C/min (TBCS80). SEM
mage of joint TBCS80 is shown in Fig. 5(a), in which dense
nterlayer and crack-free interface between interlayer and SiC
ase are successfully produced. Representatively backscattered
EM around interface is shown in Fig. 5(b), in which the dark
hase and the bright phase inside interlayer correspond to SiC
nd TiB2, respectively, based on the EDS results in Fig. 5(c)
nd (d). Cracks generally normal to interface are also found
n joint TBCS80 because the thermal stress within interlayer is
ompressive.25,26 The reactions and thermodynamic calculation
f some boride-containing composites were elaborated in refer-
nce [18], from which we can see that the reactions of Ti–B4C–Si
atisfy the thermodynamic possibility to run (the free enthalpy of
eaction at 1500 K: −509.429 kJ) and are highly exothermic (the
nthalpy of reaction: −569.526 kJ). Therefore, the TiB2–SiC
omposite interlayer is formed preferably at present joining
onditions.

The improved SiC joint in Ti–B4C–Si system is attributed
o some chemical reactions at interfaces, which are accelerated
y the addition of element Si. Gottselig et al.27 investigated the
eaction behavior of Ti film sputtered on SiC in the temperature
ange of 1250–1500 ◦C and found that the formation of Ti3SiC2
eads to join strengths comparable to the strength of SiC sub-
trate. Li et al.28 studied the brazing of SiC at 1400 ◦C using
i–78%Si alloy, in which TiC and Ti5Si3 phases are identified
t the interface and responsible for the bonding of SiC. These
esults demonstrate that the reactions between Ti and SiC have
ignificant influence on the microstructure and final mechanical
roperties of joints. For present study, Ti–Si intermetallic melt
ould be formed firstly and wetted with SiC substrate well at

he joining temperature due to the good wettability.28–30 Then
4C particles and partial SiC substrates dissolve into the liq-
id according to their solubility. The following precipitations of
iB2 and SiC phases on the SiC substrates as well as the reac-

ion products of Ti–SiC at interface lead to the good bonding of
oint. More detailed micro-analysis on the interface area will be
elpful to understand the joining mechanisms.

.4. Mechanical properties of SiC joints

For the dense joints TBNA80 and TBCS80, Vickers hardness
f interlayer and bending strength of bonded SiC joint were
nd strength of TBNA80 are inferior to those of TBCS80. The
igher hardness of the latter joint is due to the larger amount
f hard TiB2 phase formed in composite interlayer. The signifi-
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Table 3
Summaries of the joining process and the characteristics of SiC joints.

Sample ID Starting materials
(mole ratio)

Joining processing
(◦C/min/MPa)

Interlayer thickness (�m) Vickers hardness (GPa) Bending strength (MPa)

TBNA80 Ti/2BN/2Al 1800/60/15 102 16.5 ± 0.8 65 ± 19
TBCS80 2Ti/B4C/Si 1800/60/15 68 22.2 ± 1.0 142 ± 44
T
T
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BCS80t 2Ti/B4C/Si 1800/60/15 24
BCS80g 2Ti/B4C/Si 1800/60/15 69

, tape-like joining material; g, 400# ground SiC substrate.

antly lower strength of TBNA80 (65 MPa) than that of TBCS80
142 MPa) is related to the following aspects: on the one hand,
he microstructure of interlayer, especially the agglomerate of
iB2 phase at interface, affects mechanical properties. On the
ther hand, comparing with the reactive element Si in Ti–B4C–Si
ystem, element Al in Ti–BN–Al system melts at relatively low
emperature and finally leads to high porosity in interlayer (com-
aring Fig. 4(b) with Fig. 5(b)). In addition, the cracks induced
y thermal stress in both joining systems have effects on mechan-
cal strength. However, since the tensile stress during bending
ests is parallel to crack direction, this effect is not remarkable

nd predominant.26

To further alleviate the cracking issues in above SiC joints
nd improve the joint strengths, we prepared a SiC joint using a
hin Ti–B4C–Si tape as joining material at the same conditions

j
n
b
T

ig. 5. (a) SEM image of joint TBCS80 that was bonded at 1800 ◦C at a cooling
ackscattered SEM around the interface. EDS results of the dark phase and the brigh
– 169 ± 60
– 148 ± 42

o TBCS80, i.e. TBCS80t. The strength of SiC joint is measured
o increase from 142 MPa in TBCS80 to 169 MPa in TBCS80t
ith decreasing interlayer thickness from 68 �m to 24 �m, as

isted in Table 3. Furthermore, SiC can join to itself through dif-
usion bonding or superplastic joining process, which requires
ood surface condition and fine microstructure of the host SiC
aterial. The reaction bonding process used in present work,

owever, does not need such requirements, although these vari-
bles have close relationship with the final mechanical properties
f SiC joints. To confirm this, we ground the SiC plates by 400#
iamond wheel (average surface roughness Ra = 0.13 �m) and

oined the ground SiC by Ti–B4C–Si powder mixture at 1800 ◦C,
amely TBCS80g. The obtained SiC joint exhibits an average
ending strength of 148 MPa, which is fairly close to that of
BCS80 (Table 3).

rate of 5 ◦C/min using Ti–B4C–Si powder mixture. (b) The representatively
t phase in (b) are presented in (c) and (d), respectively.
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of boron carbide with liquid aluminum, silicon, nickel, and iron. Powder
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. Conclusion

SiC ceramics were reaction joined in the temperature range of
450–1800 ◦C using TiB2-based composites starting from four
inds of joining materials, namely Ti–BN, Ti–B4C, Ti–BN–Al
nd Ti–B4C–Si. For the former two systems, SiC substrates sep-
rate completely from interlayer after joined at temperatures up
o 1600 ◦C. By adding Al into Ti–BN system, the connection
f SiC substrates is achieved at 1450 ◦C and the main phases of
nterlayer are confirmed to be TiB2 and AlN. Dense SiC joints
ith crack-free interface have been produced from Ti–BN–Al

nd Ti–B4C–Si systems at 1800 ◦C, i.e. joints TBNA80 and
BCS80. Average bending strengths of joints TBNA80 and
BCS80 are 65 MPa and 142 MPa, respectively. The strength
f TBCS80 joint can be further improved by decreasing the
nterlayer thickness.
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