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bstract

he joining of titanium aluminum carbides has been successfully performed at high temperature and low oxygen partial pressure. The mechanism
f the bonding is attributed to the preferential oxidation of Al atoms in the titanium aluminum carbides at low oxygen partial pressure, which leads
o the formation of an Al2O3 layer through the joint interface. The specimens joined at 1400 ◦C exhibit a high flexural strength of 315 ± 19.1 MPa
or Ti AlC and 332 ± 2.83 MPa for Ti AlC , which is about 95% and 88% of the substrates, respectively, and the high flexural strength can be
2 3 2

etained up to 1000 ◦C. The high mechanical performance of the joints is attributed to the similar density and thermal expansion coefficient values
f Al2O3 to those of the Ti2AlC and Ti3AlC2 substrates. It indicates that bonding via preferential oxidation at low oxygen partial pressure is a
ractical and efficient method for Ti2AlC and Ti3AlC2.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The nanolaminated ternary ceramics Mn+1AXn, where M is
n early transitional metal, A is an A-group element, and X is
arbon and/or nitrogen, have attracted extensive attention due
o their combination of the excellent properties of both met-
ls and ceramics.1 Among these layered ternary compounds,
he materials in the Ti–Al–C system, i.e., Ti2AlC and Ti3AlC2,
ave promoted comprehensive research activity because of their
xtraordinary mechanical, physical and chemical properties.
ther than the merits of high bulk modulus, good damage-

olerance and machinability commonly shared by the ternary
arbides of the same family, the ternary carbides in the Ti–Al–C
ystem have low density, excellent thermal-shock and oxidation
esistance.1–21 Such unique properties make them promising

andidates for high-temperature structural applications and
xidation-resistant coatings on alloys.12 However, similar to
ther ceramics, it is difficult to synthesize bulk materials in
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he Ti–Al–C system with complex shape and large dimensions,
hich greatly limits their widespread applications. A conve-
ient and effective approach to solve this problem is the joining
echnology, which allows the manufacture of large, complex,

ultifunctional assemblies through the controlled integration
f smaller, simpler, more easily manufactured parts. Joining is
critical enabling technology, being essential to the widespread
pplication of ceramics in many fields.22 Therefore, studies on
he joining of Ti–Al–C ceramics are significant for promoting
heir application. However, only a few papers on the joining of
itanium aluminum carbides can be found in the literature. Yin
t al.23 bonded Ti3AlC2 ceramic via a Si interlayer based on the
tructural characteristics of Ti3AlC2 and the easy formation of a
i3Al1-xSixC2 solid solution. Firstly, a Si layer with a thickness
f about 4 �m was deposited on the faying face of Ti3AlC2 spec-
mens using a magnetron sputtering method, and then joining
as performed at 1300–1400 ◦C for 120 min under 5 MPa. The
echanism of bonding is attributed to the inward diffusion of sil-

con into the Ti3AlC2 to form a Ti3Al(Si)C2 solid solution at the
nterface. A manufacturing process with pressure applied by pro-

ram and magnetron sputtering goes against the widespread use
f this process because of its high cost and complexity. There-
ore, searching for a more practical and efficient joining method
s significant for the widespread use of Ti–Al–C ceramics.

mailto:yczhou@imr.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.014
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Table 1
Physical and mechanical properties of Ti2AlC and Ti3AlC2.

Properties Values

Ti3AlC2 Ti2AlC

Molecular weight (g/mol) 196.64 134.75
Space group P63/mmc3 P63/mmc2

Lattice constants (nm)
a 0.307533 0.3057929

c 1.85783 1.3642929

Density (g/cm3)
Theoretical 4.25 4.11
Measured 4.26 4.110

Vickers hardness (GPa) 2.79 2.87

Modulus (GPa)
Young’s modulus 2981 27530,31

Shear modulus 1241 11830

Poisson’s ratio 0.201 0.1730,31

Compressive strength (MPa)
Room temperature 7649 76316

1200 ◦C 1969 10316
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phologies of the etched Ti2AlC and Ti3AlC2 surfaces before and
after bonding were also observed by SEM in order to evaluate
the changes in grain size.

Table 2
620 A. Li et al. / Journal of the Europea

The isothermal oxidation of Ti2AlC and Ti3AlC2 in air has
een extensively investigated.11–14 It was found that the scales
ormed on Ti3AlC2 substrate at 1000–1300 ◦C consisted of a
ontinuous inner layer of Al2O3 and an outer layer of rutile
iO2 or a mixture of Al2TiO5 and TiO2. The scales formed on
Ti2AlC substrate over the 1000–1300 ◦C range consisted of
continuous inner layer of Al2O3 and a discontinuous outer

ayer of rutile TiO2. The scales formed on Ti2AlC and Ti3AlC2
ubstrates at all temperatures were dense, adherent, and resis-
ant to thermal cycling due to the negligible differences in the
ensities and thermal expansion coefficients between the Al2O3
cales and the Ti2AlC or Ti3AlC2 substrates. The stability of
he nanolaminated Ti3AlC2 upon heating at low oxygen partial
ressure was also investigated.15 It was demonstrated that the
elective oxidation of Al in Ti3AlC2 took place on the surface of
he specimen, which resulted in the transformation of Ti3AlC2
nto substiochiometric TiCx and Al2O3. Previous investigation
nto the oxidation behavior of Ti2AlC and Ti3AlC2 demonstrated
hat a dense and crack-free Al2O3 layer rapidly formed on the
urface of these materials at higher temperatures. The mecha-
ism for the rapid formation of the Al2O3 layer was the weak
onding between Al and the adjacent Ti–C–Ti covalent bond
hain.24,25 Also, Al has a higher affinity for oxygen than that
f Ti and C because the Gibbs free energy for the reaction of
l with oxygen to form Al2O3 is more negative than that of Ti

nd C.15,26 Thus, it is thermodynamically favorable for the pref-
rential oxidation of Al in Ti2AlC and Ti3AlC2. With the low
xygen content in argon, Ti2AlC and Ti3AlC2 were selectively
xidized to Al2O3. It is possible to bond Ti2AlC and Ti3AlC2 via
n Al2O3 interlayer formed at the interface through oxidation at
ow oxygen partial pressure.

The present work concentrates on the bonding through oxida-
ion at low oxygen partial pressure to form an Al2O3 interlayer
t the interface. The main purpose is to select proper bonding
arameters to form joints without remarkable deterioration of
he excellent properties of Ti2AlC and Ti3AlC2 at both room
nd elevated temperatures.

. Experimental procedures

Bulk Ti2AlC and Ti3AlC2 used in this work were synthe-
ized by in situ hot pressing/solid–liquid reaction method using
i, Al and graphite powders as starting materials. Details on the
ynthesis and characteristics of Ti2AlC and Ti3AlC2 have been
escribed elsewhere.7,8 The physical and mechanical proper-
ies of Ti2AlC and Ti3AlC2 are listed in Table 1. The measured
ensity of bulk Ti2AlC is 4.01 g/cm3 which is 98% of the the-
retical density, while the density of Ti3AlC2 is 4.20 g/cm3

hich is 99% of the theoretical density. Specimens with dimen-
ions of 3 mm × 8 mm × 8 mm were cut from the as-synthesized
ulk Ti2AlC and Ti3AlC2 ceramics by an electrical-discharge
ethod. The faying face of every specimen was ground down to

200 grit SiC paper and polished using 0.5 �m diamond paste.

fterwards, the samples were degreased ultrasonically in ace-

one, cleaned by distilled water and then dried. The two samples
ere joined in stagger in order to find the interfacial region accu-

ately after the bonding process. In order to have good contact

I

O

<

Flexural strength (MPa) 3409 2757

Fracture toughness 7.29 6.57

etween two faying faces, a block was set on top of the two
pecimens. The pressure applied on the specimens can be calcu-
ated by measuring the weight of the block using the expression
= mg/s, where m is the weight of the block, s is the area of the

pecimens, and g is the acceleration of gravity. The calculated
niaxial pressure was ∼10−1 MPa. The bonding was conducted
n a furnace under a flowing argon atmosphere. The joining tem-
erature was from 1300 ◦C to 1400 ◦C, while the holding time
as set as 120 min. The heating rate was 15 ◦C/min in all runs,

nd the joints were cooled in the furnace after bonding. The
urity of the argon used in this study was 99.99%, and the oxygen
artial pressure was about 1 Pa. The impurity contents claimed
y the manufacturer are listed in Table 2.

To identify the change in phase compositions of Ti2AlC and
i3AlC2 after bonding, phase compositions before and after
onding at 1400 ◦C were analyzed by X-ray diffraction (XRD).
he XRD data were collected by a step-scanning diffractome-

er with Cu K� radiation (Rigaku D/max-2400, Tokyo, Japan).
he joint interface and fracture surface were investigated by a
canning electron microscope (SEM, LEO, Oberkochem, Ger-
any) equipped with an energy-dispersive X-ray spectroscopy

EDS) system. After bonding, the sample was sliced in the direc-
ion perpendicular to the stagger joint and polished. The SEM
nvestigation was carried out along the joint interface. The mor-
mpurities and their contents in argon.

2 N2 H2O H2 CnHn

10 ppm <70 ppm <15 ppm <5 ppm <10 ppm
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In order to determine the bending strength of joined samples,
our-point bending tests were performed on a universal testing
achine with an outer span of 30 mm and inner span of 10 mm
t a crosshead speed of 0.5 mm/min at room temperature, 600,
00 and 1000 ◦C, respectively. Initially, two Ti2AlC or Ti3AlC2
locks with dimensions of 12 mm × 20 mm × 20 mm were

t
t
f

ig. 1. SEM images of the interfacial structure of the Ti2AlC couples bonded at (a a
300 ◦C and (f) 1400 ◦C for 120 min, respectively (the insets are the EDS maps of th
amic Society 29 (2009) 2619–2625 2621

onded. After joining, the bonded specimens were machined
nto dimensions of 3 mm × 4 mm × 40 mm and polished. The
oint was set in the middle of the span. Three samples were

ested for each testing condition. When tested at high tempera-
ures, the samples were heated to the target temperature and held
or 10 min to achieve temperature equilibrium. Because of the

nd b) 1300 ◦C and (c) 1400 ◦C, and the Ti3AlC2 couples bonded at (d and e)
e interfacial layer).
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xcellent oxidation resistance of Ti2AlC and Ti3AlC2 at temper-
tures below 1000 ◦C and the short annealing time, no attempt
as made to avoid the slight oxidation of the samples during

esting.

. Results and discussion

Apparently, all of the Ti2AlC and Ti3AlC2 couples could
e joined together. Fig. 1 presents the cross-sectional views of
ypical microstructures of Ti2AlC couples bonded at 1300 ◦C
Fig. 1a and b) and 1400 ◦C (Fig. 1c), and Ti3AlC2 couples
onded at 1300 ◦C (Fig. 1d and e) and 1400 ◦C (Fig. 1f) for
20 min, respectively. An oxidation layer formed in Fig. 1a, c, d
nd f, and the EDS dot maps (the inset images) proved that the
xidation layer was Al2O3. Joints bonded at 1300 ◦C had two
ifferent morphologies. Fig. 1a for Ti2AlC couple and Fig. 1d
or Ti3AlC2 couple had continuous Al2O3 layer, while Fig. 1b
or Ti2AlC couple and Fig. 1e for Ti3AlC2 couple had hardly any
l2O3 layer. Joints bonded at 1400 ◦C had Al2O3 layer through

he whole joint interface. Wang and Zhou13 revealed that the
elative amount of the Al2O3 formed on the Ti3AlC2 samples
ncreased with the increasing temperature through isothermal
xidation, originated from the rise in temperature promoted
iffusion of Al from the matrix to the surface and enhances
ucleation and growth of Al2O3. This is in accordance with our
esults, i.e., at 1300 ◦C Al2O3 layer was discontinuous while at
400 ◦C Al2O3 layer was through the whole joint interface.

Fig. 2a and b shows the XRD patterns of powders drilled from
he substrate away from the interface of Ti2AlC and Ti3AlC2
oints bonded at 1400 ◦C for 120 min, respectively. For com-
arison, XRD patterns of powders from Ti2AlC and Ti3AlC2
ubstrates before bonding are also presented. As shown in Fig. 2,
o impurity phases were detected in the Ti2AlC and Ti3AlC2
ubstrates before bonding. After joining, no new reaction phase
an be detected within the resolution of the X-ray diffractometer.

Fig. 3a shows the measured flexural strength of the Ti2AlC
oint bonded at 1400 ◦C for 120 min as a function of testing
emperature. For comparison, the flexural strength of Ti2AlC
ested under the same conditions is also presented in Fig. 3a. In
rder to maintain consistency, the joint and substrate used for
omparison are from the same bulk Ti2AlC material. The flexu-
al strength of the joint at room temperature is 315 ± 19.1 MPa,
hich is only slightly lower than that of the Ti2AlC substrate

330 ± 63.1 MPa). At higher temperatures, the joint can still
etain a strength of above 90% of the Ti2AlC substrate. At
00 ◦C, the joint has roughly the same flexural strength as the
i2AlC substrate. At 1000 ◦C, the flexural strength of the joint

s still as high as 262 ± 41.5 MPa. Fig. 3b shows the flexural
trength of the Ti3AlC2 joint bonded at 1400 ◦C for 120 min.
he flexural strength of Ti3AlC2 substrate from the same bulk
aterial is also presented in Fig. 3b. The flexural strength of

he joint at room temperature is 332 ± 2.83 MPa, which is about
8% of that of the Ti3AlC2 substrate, and the high strength can

e retained up to 1000 ◦C. At 1000 ◦C, the flexural strength of the
oint is still as high as 255 ± 2.12 MPa. The flexural strength of
he joints bonded at 1300 ◦C for 120 min is 117 MPa for Ti2AlC
nd 121 MPa for Ti3AlC2, respectively. The flexural strength

a
f
j

ig. 2. XRD of the (a) Ti2AlC and (b) Ti3AlC2 before and after bonding at
400 ◦C in argon for 120 min.

f the joints bonded at 1300 ◦C is much lower than that of
he joints bonded at 1400 ◦C. This can be ascribed to the dis-
ontinuous Al2O3 oxidation layer formed at 1300 ◦C compared
o the continuous Al2O3 layer through the whole interface at
400 ◦C. These results indicate that the Ti2AlC and Ti3AlC2
oints bonded at 1400 ◦C with high mechanical performance can
e achieved through oxidation bonding. Thus, they may meet
he requirements for high-temperature applications. The room
emperature flexural strength of joints in this work compared
ith those reported by Yin et al. is presented in Table 3. The

dvantages of the joining process in this work can be obviously
een, i.e., no silicon interlayer deposited by magnetron sputter-
ng before joining, no high pressure applied during joining, and
etter mechanical performance. According to the work by Yin
t al., the room temperature flexural strength of joints bonded at
400 ◦C for 120 min under 5 MPa.23 is 285 ± 11 MPa, which is
nly 80% of that for the Ti3AlC2 substrate.
Fig. 4a and b shows the optical images of the fractured Ti2AlC
nd Ti3AlC2 joints after room-temperature bending test. It was
ound that all the joints bonded at 1400 ◦C failed away from the
oint interfaces, while the joints bonded at 1300 ◦C failed from
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ig. 3. Four-point bending strength of the joints bonded at 1400 ◦C compared
ith the substrate as a function of testing temperature: (a) Ti2AlC and (b)
i3AlC2.

he interfacial layer, which also indicates the joints formed at
400 ◦C are much stronger than those formed at 1300 ◦C.

Although joined samples bonded at 1400 ◦C fractured away
rom the joint interfaces, i.e., they fractured through the Ti2AlC
nd Ti3AlC2 substrates, the strength of joined samples is still

ower than that of the substrates at room temperature. This can
e ascribed to the growth of Ti2AlC and Ti3AlC2 grains through
onding at 1400 ◦C for 120 min in argon. Fig. 5 presents the
orphologies of the Ti2AlC and Ti3AlC2 grains before and after

e
a
w
s

able 3
oom temperature mechanical strength of joints and substrates in this work compare
f joints to substrates).

Joining process Bending streng

Ti3AlC2 substr

in et al.23 1400 ◦C, 2 h in argon under 5 MPa
with silicon interlayer

356

his work 1400 ◦C, 2 h in argon under
∼10−1 MPa free of silicon interlayer

376
ig. 4. Optical images of the fractured joints after room-temperature bending
est: (a) Ti2AlC and (b) Ti3AlC2.

he bonding treatment. The grain size of Ti2AlC before bonding
s about 27 ± 7 �m in length and 15 ± 3 �m in width, which
s smaller than that of the sample after bonding (33 ± 11 �m
n length and 16 ± 5 �m in width). The grain size of Ti3AlC2
efore bonding is about 38 ± 21 �m in length and 8 ± 3 �m in
idth, while that after bonding is about 48 ± 27 �m in length

nd 11 ± 4 �m in width. So the decrease in strength of the joined
amples is attributed to the growth of Ti2AlC and Ti3AlC2 grains
uring the bonding treatment.

The formation of the Al2O3 oxidation layer through the whole
oint interface leads to the joints to possess high strength. Lin

t al. evaluated the adhesive strength between the oxide scale
nd Ti–Al–C substrates. It was found that the adhesive strength
as above 85 MPa. The oxidation scales are adherent to the sub-

trates, which is attributed to the negligible difference between

d with those reported by Yin et al. (superscripts denote the strength percentage

th (MPa)

ate Ti3AlC2 joint Ti2AlC substrate Ti2AlC joint

285(80%) – –

332(88%) 330 315(95%)
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ig. 5. SEM morphologies of (a and b) Ti2AlC and (c and d) Ti3AlC2 grains bef

he density of the oxide layer formed and those of the substrates.
he densities of Ti2AlC and Ti3AlC2 are 4.1 and 4.2 g/cm3,

espectly,6,10 while the density of Al2O3 is 3.98 g/cm3.28 So
here are only small volume changes as the scales form.
hus, the oxide scales have good adhesion to the substrates.
he thermal expansion coefficients of Ti2AlC and Ti3AlC2
re 8.8 × 10−6 K−1 and 9.0 × 10−6 K−1, respectively,1,6 while
hat of Al2O3 is 8.8 × 10−6 K−1 (parallel to the c-axis) and
.0 × 10−6 K−1 (normal to the c-axis), respectively.28 The small
ifference in thermal expansion coefficients between the sub-
trates and Al2O3 accounts for the good adhesion of the Al2O3
ayer to the substrates because the thermal stress generated dur-
ng cooling after oxidation is proportional to the difference in
hermal expansion coefficients between the substrates and the
xidation layer formed.12 So bonding via the Al2O3 oxidation
ayer formed in situ through heat treatment is a practical and
fficient method for joining titanium aluminum carbides.

. Conclusions
Strong joints of titanium aluminum carbide ceramics can be
chieved at 1400 ◦C through preferential oxidation to form an
l2O3 oxidation layer through the whole joint interface. The

S
r

d after bonding treatment: (a and c) before bonding and (b and d) after bonding.

echanism of bonding is attributed to the preferential oxidation
f Al atoms in the Ti2AlC and Ti3AlC2 substrates in argon with
low oxygen partial pressure. The formation of Al2O3 causes

he joint to possess high strength, owing to the similar density
nd thermal expansion coefficient values of Al2O3 to those of
he Ti2AlC and Ti3AlC2 substrates. The room temperature flex-
ral strength of the Ti2AlC joint bonded at 1400 ◦C for 120 min
s 315 ± 19.1 MPa, which is about 95% of that of the Ti2AlC.
t 1000 ◦C, the flexural strength of the joint is still as high as
62 ± 41.5 MPa. The room temperature flexural strength of the
i3AlC2 joint bonded at 1400 ◦C for 120 min is 332 ± 2.83 MPa,
hich is about 88% of that of the Ti3AlC2, and the high strength

an be retained up to 1000 ◦C. The high mechanical performance
f the joints indicates that bonding through preferential oxida-
ion to form an Al2O3 layer through the whole joint interface is
n effective method for bonding the titanium aluminum carbide
eramics.
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