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a  b  s  t  r  a  c  t

Al2O3 and  Ti–6Al–4V  alloy  were  brazed  using  Cu  +  TiB2 composite  filler,  which  manufactured  by  mechani-
cal  milling  of  Cu  and  TiB2 powders.  Typical  interface  microstructure  of  joint  was  Al2O3/Ti4(Cu,Al)2O/Ti2Cu
+ Ti3Al +  Ti2(Cu,Al)/Ti2(Cu,Al)  +  AlCu2Ti/Ti2Cu  +  AlCu2Ti +  Ti3Al  +  Ti2(Cu,Al)  +  TiB/Ti(s.s)  +  Ti2Cu/Ti–6Al–4V
alloy.  Based  on  temperature-  and  time-dependent  compositional  change,  the formation  of  intermetallics
in  joint  was  basically  divided  into  four  stages:  formation  of interfacial  Ti4(Cu,Al)2O  in  Al2O3 side,
formation  of Ti2Cu,  Ti3Al,  TiB,  Ti2Cu,  and  AlCu2Ti in  layers  II  and  IV,  formation  of  Ti2(Cu,Al)  and  AlCu2Ti
etals and alloys
icrostructure
echanical properties

in  layer  III, formation  of  Ti  +  Ti2Cu  hypereutectoid  organization  adjacent  to Ti–6Al–4V  alloy.  TiB  in  situ
synthesized  in  joint  not  only  acted  as  low  thermal  expansion  coefficient  reinforcement  to  improve
the  mechanical  properties  at room  temperature,  but  also as  skeleton  ceramic  of joint  to  increase  high
temperature  mechanical  properties  of  Al2O3/Ti–6Al–4V  alloy  joint  increasing.  When  the  joint  containing
30  vol.%  TiB  brazed  at 930 ◦C  and  10  min  of holding  time,  the  maximum  room  temperature  shear  strength
of joint  was  96.76  MPa,  and  the  high  temperature  shear  strength  of  joint  was  115.16  MPa  at  800 ◦C.
. Introduction

In view of the superplasticity, low weight and high mechani-
al resistance of Ti–6Al–4V alloy, it is widely used for aeronautical
pplication [1].  But it has poor wear resistance because of its low
esistance to plastic shearing. Al2O3 is characterized with wear
esistance, superior physical, chemical and mechanical properties,
o joining of Al2O3 and Ti–6Al–4V alloy is especially meaningful,
hich can broaden the application of them [2].

So far brazing with active filler metals is a preferred method
f joining, because active elements contained in filler metals can
romote wettability of ceramic surfaces [3].  However, a signif-

cant difference in thermal and mechanical properties between
eramics and metals make it difficult to obtain ceramic-metal joints
ith adequate mechanical integrity. Therefore, it should be noted

hat residual stress arises during the brazing process as a result
f the different thermal expansion coefficients between Al2O3
7.6 × 10−6 K−1) and Ti–6Al–4V alloy (8.6 × 10−6 K−1). The disad-
antage has been minimized using soft interlayer or adding low
TE materials into brazing filler metal till now [4–8]. Brochu et al.
9] have inserted a copper interlayer to absorb the residual stress

roduced during cooling of a Si3N4 brazed to an iron aluminide
lloy. The maximum bending strength obtained was  160 MPa. Blu-
an et al. [10] have brazed silicon nitride ceramic composite to steel
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using SiC-particle-reinforced commercially available active metal
braze filler alloy (Incusil ABA). Using of Incusil ABA + 30 vol.% SiC
resulted in a higher average flexural strength of 395 MPa  at room
temperature and lower residual thermal stresses.

In the present research, low CTE ceramic reinforcements were
in situ synthesized in order to minimize the joint residual thermal
stress. Furthermore, to have a successful joint between ceramic and
metal, accurate investigation of the effects of TiB2 content, braz-
ing temperature and holding time on the microstructure and shear
strength of Al2O3/Ti–6Al–4V alloy joint were taken into consid-
eration, and the influence of TiB on high temperature properties
of brazed joint was also investigated. The formation of the inter-
metallics in the joint was basically comprehensive analysis based
on the temperature- and time-dependent compositional change.

2. Experimental procedures

The base materials used in the experiment were Al2O3 and Ti–6Al–4V alloy.
Al2O3 was  sawn by diamond discs into specimens with size of 5.0 mm × 5.0 mm  ×
3.0  mm for microstructure examination and 4.0 mm × 4.0 mm × 3.0 mm for shear
testing. Ti–6Al–4V alloy was cut into the specimens with size of 10.0 mm × 8.0 mm ×
1.2  mm by wire electro-discharge machining. The surfaces to be brazed were
grounded by 800 grit SiC paper and then all specimens dipped into acetone and
were cleaned with ultrasonic washer for 30 min.

Five series composite fillers with different mass fractions of TiB2 powders
(∼5  �m in diameter, 95 wt.%) in Cu (∼50 �m in diameter, 99.5 wt.%) powders were

fabricated at room temperature under argon atmosphere by mechanical ball milling.
The  ball to powder weight ratio was 15:1, the rotation speed of value was 300 rpm
and  the milling time was 300 min. Fig. 1 shows the microstructure of four series
Cu  + TiB2 as-milled powders. TiB2 powders distribute uniformly in brazing filler
metal. The size of powders in composite fillers decreases with the increasing of

dx.doi.org/10.1016/j.jallcom.2011.09.082
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hithepeng@hit.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.09.082
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Fig. 1. Cu + TiB2 composite fillers with different TiB2 content corresponding to 

iB2 content. It can be attributed to the high hardness 34 GPa of TiB2. The compos-
te  filler was mixed with binder into paste, and then the mixed paste was  applied
etween Al2O3 and Ti–6Al–4V alloy by coating on the surface of Ti–6Al–4V alloy
∼100–200 �m).  After that the assembly was brazed at 930 ◦C for 10 min  in a vac-
um furnace with the vacuum of 3.0 × 10−4 Pa. During brazing, the assembly was
rst heated to 450 ◦C at a rate of 20 ◦C/min, and held for 10 min  to volatilize the
inder and ensure that the brazing surfaces were clean. Then the temperature was
ontinuously increased to 930 ◦C at a rate of 10 ◦C/min and held for 10 min. At last,
he  assembly was cooled down to 400 ◦C at 5 ◦C/min and then cooled in the furnace
ithout power.

The polished cross-sections of brazed joints were examined to characterize
he interfacial microstructure by S-3400 scanning electron microscope (SEM) and
nergy dispersive spectrometer (EDS) equipped with SEM. The JDX-3530M X-ray
iffraction (XRD) was used to identify the metallographic phases of each reaction

ayer, which paralleled to Al2O3/Ti–6Al–4V alloy joint by layered stripping. The XRD
esting with Cu K� radiation was operated at a voltage of 40 kV and angle inci-
ence of 20–100◦ . Joints shear strength at room and high temperature (400–600 ◦C)
ere both examined using Instron-1186 universal testing machine with a displace-
ent rate of 0.5 mm/min. At least five specimens were tested for each experimental

ondition.

. Results and discussion

.1. Typical microstructure of Al2O3/Ti–6Al–4V alloy joints

Fig. 2 shows the interfacial microstructure of Al2O3/Ti–6Al–4V
lloy joint brazed at 930 ◦C/10 min  (brazing temperature is 930 ◦C,
olding time is 10 min). 30 vol.% TiB in situ synthesize in the joint. It

ndicates the successful joining of Al2O3 and Ti–6Al–4V alloy using
he Cu + TiB2 composite filler that the integral microstructure of
he Al2O3/Ti–6Al–4V alloy joint as shown in Fig. 2(a). A variety of
roducts are generated by reaction between composite filler and
ase materials during the brazing process. The layer-like interfa-
ial microstructure of joint can be divided into five areas (marked
y Areas I, II, III, IV and V). The magnification microstructure at

nterfacial area is observed in Fig. 2(b). A continuous light reac-

ion layer (marked by Area I, ∼0.5–1 �m)  forms adjacent to Al2O3.
ight gray phase B, Gray phase C1 and dark phase D make up Area
I. Area III consists of dark gray phase C4 and just a little white
hase E. Gray phase C2, white phase E, whisker-like black phase F
nt volume fraction of TiB (a) 10 vol.%, (b) 20 vol.%, (c) 30 vol.%, and (d) 50 vol.%.

and dark phase D constitute Area IV. The hypereutectoid organiza-
tion Ti + Ti2Cu comprise a continuous reaction layer denoted Area
V next to Ti–6Al–4V alloy, with a thickness of about 50 �m.The
compositions of A–F phases measured by EDS are listed in Table 1.
The joint interfacial products are confirmed by the results of XRD
as shown in Fig. 3. Combining with the results of EDS and XRD,
phase A is determined to be Ti4(Cu,Al)2O. As shown in Fig. 3(a),
some Al2O3 remain in the first layer in order to detect Area I. The
composition analysis results confirm similar elemental contents of
gray phase in Area II (19.99 at.% Al + 65.75 at.% Ti + 14.26 at.% Cu),
in Area III (8.93 at.% Al + 69.91 at.% Ti + 21.16 at.% Cu) and in Area IV
(11.97 at.% Al + 65.85 at.% Ti + 22.19 at.% Cu), which are all demon-
strated to be Ti2(Cu,Al). Because Al atoms dissolve into brazing layer
from Al2O3 and Ti–6Al–4V alloy, and then interdissolve in Cu or
Ti atoms [11]. The light gray phase B and dark phase D are Ti2Cu
and Ti3Al. In Fig. 3(a)–(d), the XRD studies show obvious diffraction
peaks associated with Ti2Cu and Ti3Al. The white phase E is AlCu2Ti
and whisker-like black phase F is TiB, which are detected in XRD
results as shown in Fig. 3(d).

Eventually, the typical interface structure of joint brazed at
930 ◦C for 10 min  is determined to be Al2O3/Ti4(Cu,Al)2O/Ti2Cu
+ Ti3Al + Ti2(Cu,Al)/Ti2(Cu,Al) + AlCu2Ti/Ti2Cu + AlCu2Ti + Ti3Al +
Ti2(Cu,Al) + TiB/Ti(s.s) + Ti2Cu/Ti–6Al–4V alloy.

3.2. Effect of different TiB2 content on Al2O3/Ti–6Al–4V alloy
joints microstructure

In addition to the joint containing 30 vol.% described above,
Fig. 4 shows the microstructure of joint with four compositions
of TiB2 versus in situ synthesizing 0, 10, 20 and 50 vol.% TiB. For
the brazing filler without TiB2, the joint microstructure is mainly
composed of Ti2Cu and Ti + Ti2Cu hypereutectoid organization. A

distinct cracking appears near the interface between Al2O3 and
brazing layer as shown in Fig. 4(a). Fig. 4 indicates that the vol-
ume fraction of TiB increase with the addition increasing of TiB2.
During brazing process, TiB in situ synthesize by the reaction of
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ig. 2. The microstructure of Al2O3/Ti–6Al–4V alloy joint using Cu + TiB2 (in situ
ynthesizing 30 vol.% TiB) composite filler brazed at 930 ◦C for 10 min  (a) integral
oint, (b) in Al2O3 side, and (c) in Area IV.

iB2 + Ti → TiB, together with the interaction of Cu–Ti (−10 kJ/mol)
nd B–Ti (−42 kJ/mol), thus Ti dissolution in the melt increases by
iB2. For the joint containing 10 vol.% TiB, AlCu2Ti and Ti2(Cu,Al)
orm Area II in the center of joint. For joint with 20 vol.% and
0 vol.% TiB, the content of AlCu2Ti decreases, and that of Ti2(Cu,Al)

ncreases as shown in Fig. 2. Ti2(Cu,Al) is refined, which com-

osed Area III compacts and moves to Al2O3 side. For the joint
ith 50 vol.% TiB, AlCu2Ti intermetallics disappear. The content of

i2(Cu,Al) increases continuously while the size decreases, and they
ssemble in Al2O3 side. Hence, the increase in the addition of TiB2 in

able 1
DS compositional analysis results of the Al2O3/Ti–6Al–4V joint (T = 930◦ ,  t = 10 min).

Element (at.%) O Al Ti 

A 15.99 8.68 55.40 

B  – 7.29 60.73 

C1  – 20.65 64.07 

C2 – 11.14 67.72 

C3  – 11.35 67.45 

C4  – 8.93 69.91 

D –  22.31 70.06 

E  – 22.65 24.48 

F –  3.79 43.56 
ompounds 512 (2012) 282– 289

brazing filler leads to form increasingly Ti-rich intermetallics due to
the increasing of Ti atoms dissolution. From the location and shape
of Ti2(Cu,Al) and Ti3Al it may  be concluded that they precipitate
at the cooling [12]. Furthermore, the intermetallics formed during
brazing temperature are also observed, mainly in the large block
forms near Al2O3 and Ti–6Al–4V alloy side.

It is noticeable that Ti2(Cu,Al) intermetallics, i.e. Area III forma-
tion in brazing joint occur when TiB2 powders are added into the
Cu powders. This substantial difference results from an important
factor that affects Ti2(Cu,Al) intermetallics formation, namely the
presence of B atoms in the composite filler. The examination of
the mixing enthalpies of Ti–B (−42 kJ/mol) clearly indicates that
its formation in the liquid generate plenty of heat, as a result, the
temperature of reaction zone is improved, thus a large amount
of TiB distributes in the joint and that of Ti or Al atoms from
Ti–6Al–4V alloy inwardly diffuse into brazing joint, eventually,
joint microstructure with Cu + TiB2 composite filler compared with
pure Cu filler changes apparently. On the other hand, a significant
decrease in Area II is detected. This decrease can be attributed to
trapping of part of Ti atoms available in the liquid alloy by TiB2
action during brazing process.

3.3. Effect of brazing temperature and holding time on
Al2O3/Ti–6Al–4V alloy joints microstructure

Two  composition joints (10 and 30 vol.% TiB) are studied as
shown in Figs. 5(a) and (c), 2(a) and 4(b). Joint shown in Fig. 5(a) and
(c) are brazed at 970 ◦C/10 min, and that shown in Figs. 2(a) and 4(b)
are brazed at 930 ◦C/10 min. Effect of brazing temperature on joint
microstructure is investigated by Figs. 5(a) and (c), 2(a) and 4(b).
The most visible change comes in Area III. For the joint with
10 vol.% TiB, the quantity of dissolved Ti and the generated quantum
of Ti2(Cu,Al) increases at 970 ◦C of brazing temperature, com-
pared with 930 ◦C. However, for the joint containing 30 vol.% TiB,
Ti2(Cu,Al) content decreases at 970 ◦C of brazing temperature own-
ing to the addition increasing of TiB2. In agreement with the
analysis presented in the previous Section 3.2,  the strong tempera-
ture effect is a combination of two effects. One direct effect is related
to the temperature. The other indirect effect may  result from the
increase in B atoms from TiB2 powders. Both of the factors favor
Ti2(Cu,Al) intermetallics forming.

The effect of holding time is studied for the joint with 10 and
30 vol.% TiB, respectively as shown in Figs. 5(b) and (d), 2(a)
and 4(b). The joint microstructure tends to be even and Ti2Cu inter-
metallics distribute in the whole joint when the holding time is
30 min. For the joint with 10 vol.% TiB, Area III moves to Ti–6Al–4V
alloy side and Area IV becomes narrow when the holding time is
30 min. For the joint with 30 vol.% TiB, however, Area III moves to
Al2O3 side, and Area IV broadens. The reaction between B atoms and

Ti atoms is an important factor, which leads to the evolution of con-
siderable heat with the increasing of B atoms. Therefore, the change
of Area IV results from the long holding time and the released heat
as TiB forming.

Cu B Possible phase

19.93 – Ti4(Cu,Al)2O
31.97 – Ti2Cu
15.28 – Ti2(Cu,Al)
21.14 – Ti2(Cu,Al)
21.19 – Ti2(Cu,Al)
21.16 – Ti2(Cu,Al)

7.63 – Ti3Al
52.87 – AlCu2Ti

6.78 45.87 TiB
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Fig. 3. XRD results of every area after striping layer by layer (a) mixing layer of Areas I and II, (b) Area II, (c) Area III, and (d) Area IV.

Fig. 4. Microstructure of Al2O3/Ti–6Al–4V alloy joints containing different volume fraction of TiB (a) 0 vol.%, (b) 10 vol.%, (c) 20 vol.%, and (d) 50 vol.%.
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ig. 5. Microstructure of Al2O3/Ti–6Al–4V alloy joints containing 10 vol.% TiB braze
t  970 ◦C for 10 min, (d) at 930 ◦C for 30 min.

.4. Formation mechanism and microstructural evolution of
l2O3/Ti–6Al–4V alloy joints

The formed phases are largely Ti–Cu based compounds in
l2O3/Ti–6Al–4V alloy joint brazed at 930 ◦C/10 min  as shown in
ig. 2. Some of Ti–Cu based compounds are stable not only at
oom temperature but also at 930 ◦C of brazing temperature. It is
xpected that the formation of the phases is closely related with
n isothermal solidification and a subsequent solid-state inter-
iffusion between the base metals and molten liquid during the

sothermal holding at brazing temperature [13]. The others are
ot stable at 930 ◦C and form during cooling. The microstructure
volution during brazing process can also be estimated by the
icrostructure and compositions of each joint at room tempera-

ure, although the cooling rate after the isothermal holding is not
apid enough to eliminate a compositional change.

Figs. 4 and 5 show that the atomic interdiffusion occurs through
he amount and distribution of formed phases varying in joint.
ased on the compositional variation and the morphologies of

ormed phase as shown in Fig. 2, the microstructure evolution of
oint brazed at 930 ◦C/10 min  is divided into four stages: (1) for-

ation of interfacial Ti4(Cu,Al)2O in Al2O3 side (labeled layer I), (2)
ormation of Ti2Cu and Ti3Al in Al2O3 side, together with TiB, Ti2Cu,
nd AlCu2Ti in Ti–6Al–4V alloy side, (3) formation of Ti2(Cu,Al) and
lCu2Ti intermetallics, (4) formation of Ti + Ti2Cu hypereutectoid
rganization adjacent to Ti–6Al–4V alloy (labeled layer V).

Stage (1): according to Cu–Ti phase diagram, the system has
 eutectic temperature of 875 ◦C. When the temperature is ele-
ated to the eutectic temperature of Cu–Ti system, Cu atoms
rom Cu + TiB2 composite filler start to react with Ti atoms from
i–6Al–4V alloy. Liquid Cu–Ti eutectic then forms at the interface

etween brazing filler and Ti–6Al–4V alloy. Cu, B atoms from braz-

ng filler and Ti, Al from Ti–6Al–4V alloy begin to dissolve into the
ppeared liquid until the brazing filler entirely melts as temper-
ture rises. Cu atoms diffuse towards Al2O3 side and Ti–6Al–4V
at 970 ◦C for 10 min, (b) at 930 ◦C for 30 min, and containing 30 vol.% TiB brazed (c)

alloy side, respectively. Ti and Al atoms dissolved from Ti–6Al–4V
alloy diffuse towards liquid brazing filler. The reaction among Ti,
Cu, Al and O atoms occurs on the Al2O3 surface by sufficient Ti
atoms aggregating at the Al2O3/brazing alloy interface under the
action of concentration gradient, and the attraction of O atoms on
the Ti atoms as well. Ti4(Cu,Al)2O compounds form immediately
to Al2O3. Moreover, at Ti–6Al–4V alloy side, the inwardly diffused
Ti atoms are isothermally solidified into the Ti solid solution layer
by reacting with the Cu atoms outwardly diffused from the molten
liquid.

Stage (2): Ti2Cu phases form not only in Ti–6Al–4V alloy inter-
facial area, but also in Al2O3 interfacial area (light gray phases in
Areas II and IV). Ti–6Al–4V alloy dissolves actively at the initial
stage of brazing. The reactions between Cu from brazing filler and
Ti, Al from Ti–6Al–4V alloy proceed. Ti2Cu phases start to nucle-
ate in Ti4(Cu,Al)2O or �Ti site and grow into the joint. With the
diffusion of Al atoms, Ti3Al phases precipitate in interdendritic
region. TiB phases in situ synthesize and distribute in Ti2Cu formed
at Ti–6Al–4V alloy side. This is because B atoms diffuse towards
Ti–6Al–4V alloy due to the strong interaction between B and Ti
(−42 kJ/mol). As its melting point of 2980 ◦C (much higher than the
brazing temperature), TiB2 powders, which contact with the liquid
system, will react with Ti atoms as well [14]. With the reaction of
Ti + TiB2 → TiB, TiB forms with a needle-like shape because TiB has
an anisotropic growth behavior [15], as shown in Fig. 2(c). Areas II
and IV are thereby evolved by the isothermal solidification of the
molten liquid at stage (2). But there are some liquid existed in the
grain boundary of Ti2Cu, and others are ejected into the center of
Al2O3/Ti–6Al–4V alloy joint by Ti2Cu.

Stage (3): it is expected that Ti2(Cu,Al) forms through the resid-
ual molten liquid in the grain boundary of Ti2Cu because the

diffusion of Al atoms dissolve in Cu atoms. Similar to the molten liq-
uid in the vicinity of the previously formed Ti2Cu phase, Ti2(Cu,Al)
intermetallics start to solidify isothermally, and then AlCu2Ti solid-
ify at this area as Ti atoms decrease in residual molten liquid.
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Fig. 6. Shear strength of Al2O3/Ti–6Al–4V alloy joints with (a) different volume frac-
M. Yang et al. / Journal of Alloys

he solute concentration of residual liquid rises because of the
nbalanced inward diffusion of the Ti and Al atoms that lowers
he solidification temperature. Simultaneously, the composition
ndercooling of this area increases gradually, and that will lead to
ucleate and serve as nucleus of equiaxed grain during the heated
rocess. It is the reason why Ti2(Cu,Al) and AlCu2Ti form from
esidual molten liquid. Namely Al atoms previously included in the
u or Ti atoms dissolve out for limited solubility as temperature
rops. For the joint with 10 vol.% TiB, Ti2(Cu,Al) content in Area III

ncreases with the rise of brazing temperature or holding time as
hown in Fig. 5(a) and (b) compared with that brazed at normal
arameter as shown in Fig. 4(b) due to the increasing diffusion of
i and Al atoms through the solid/liquid interface from Ti–6Al–4V
lloy. Ti2(Cu,Al) content decreases, however, when the joint with
0 vol.% TiB is brazed at high brazing temperature or long holding
ime as shown in Fig. 5(c) and (d) compared with that brazed at
ormal parameter as shown in Fig. 2(a). Because some of Ti atoms
eact with TiB2, others form Ti2Cu firstly in Areas II and IV, respec-
ively. The high brazing temperature means the high growth rates
n intermetallics. The key factor to the formation of Ti2(Cu,Al) and
lCu2Ti is the interdiffusion of Ti and Al atoms between residual
olten liquid and Ti2Cu solidified previously.
Stage (4): temperature decreases after the holding process,

ypereutectoid �Ti + Ti2Cu organizations precipitate by the eutec-
oid reaction: (�Ti) ↔ (�Ti) + Ti2Cu during cooling process until the
emperature drops to 790 ◦C. So far Al2O3/Ti–6Al–4V alloy joint has
lready well formed.

.5. Mechanical properties of Al2O3/Ti–6Al–4V alloy joints

.5.1. Room temperature properties
The joints keep their mechanical integrity although the differ-

nce in CTE among Al2O3 (˛Al2O3
= 7.6 × 10−6 ◦C−1), brazing filler

˛Cu = 17 × 10−6 ◦C−1) and Ti–6Al–4V (˛Ti–6Al–4V = 8.6 × 10−6 ◦C−1).
he microstructure of joint shows that TiB content has an impor-
ant effect on forming a stable reaction layer between Al2O3 and
i–6Al–4V alloy in Figs. 2 and 4. Thus to be able to optimize the
eactive brazing process it is necessary to understand the influence
f TiB content on the mechanical performance of the joint due to
he low CTE (˛TiB = 8 × 10−6 ◦C−1) of TiB.

The shear strength of Al2O3/Ti–6Al–4V alloy joints brazed at
30 ◦C/10 min  with different volume fraction of TiB is shown

n Fig. 6(a). The joints shear strength increases from 26.45 to
6.76 MPa  with the TiB content from 0 to 30 vol.%. The notable

ncrease in joint shear strength results from the adequate amount
f TiB, which can reasonably match the CTE of the brazing alloy
o that of Al2O3 for alleviating the residual thermal stress of the
oint. On the other hand, the formation of multi-layer structure of
uctile-rigid-ductile as shown in Fig. 7 due to the addition of TiB2,
an reduce the strain energy most effectively and help to allevi-
te the joint residual stress [16,17].  TiB phases distribute in Ti2Cu
nd make Area IV act as metal matrix composite liked structure
18,19]. Furthermore, in situ synthesized TiB can act as reinforce-

ent of Al2O3/Ti–6Al–4V alloy joints. But the joint shear strength
rops from 96.76 MPa  to 44.31 MPa  till TiB content increased from
0 to 50 vol.%. It was believed that more TiB brought more rein-
orcements in joint and led to a brazing layer with a higher elastic

odulus [20]. Then the joint thermal stress, generating during
razing process, cannot be relaxed effectively, and a high thermal
esidual stress will be kept in the joint. As a result, only with suitable
iB whiskers contents can the shear strength of joints be improved.

Fig. 6(b) shows the shear strength of Al2O3/Ti–6Al–4V alloy

oint with 30 vol.% TiB at 930 ◦C/10 min, 970 ◦C/10 min  and
30 ◦C/30 min, respectively. The joint shear strength achieves the
aximum value 96.76 MPa  at 930 ◦C/10 min. For the joint brazed at

70 ◦C/10 min  and 930 ◦C/30 min, the joint shear strength decreases
tion of TiB at 930 ◦C for 10 min, (b) 30 vol.% TiB at different brazing parameter, and
(c) 10 vol.% TiB at different brazing parameter.

to 26.63 MPa  and 43.45 MPa, respectively. This decrease results
from much more Ti and Al atoms diffusing into brazing layer from
Ti–6Al–4V alloy, that leads to increasingly hard, brittle Ti3Al phases
form in joints under excessive temperature or long holding time.

And the multi-layer structure of ductile-rigid-ductile disappears
gradually in joints due to Ti2Cu rapid growth rate. At the same
time, Ti2(Cu,Al) content reduces, and Area III becomes thin, that is
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ig. 7. (a) Elastic modulus and (b) hardness of each area on the Al2O3/Ti–6Al–4V
lloy joint with 30 vol.% TiB at 930 ◦C for 10 min.

onsistent with the interpretation of the stages (3) and (4). Eventu-
lly, the joint residual stress is not readily alleviated, and the joint
hear strength decreases.

Fig. 6(c) shows the shear strength of Al2O3/Ti–6Al–4V alloy
oints with 10 vol.% TiB brazed at 930 ◦C/10 min, 970 ◦C/10 min  and
30 ◦C/30 min. It is noteworthy that the shear strength of joint with
0 vol.% TiB brazed at 930 ◦C/10 min  is 38.63 MPa, which is lower
han the results in 970 ◦C/10 min  and 930 ◦C/30 min. As the braz-
ng parameter is 930 ◦C/30 min, the joint shear strength reaches
he maximum of 74.11 MPa. It can be attributed to the forma-
ion of ductile-rigid-ductile multi-layer structure. When the joint is
razed at 970 ◦C/10 min, the multi-layer structure does not appear,
nd Ti2(Cu,Al) phases randomly distribute in the whole joint. Thus
he joint shear strength is only 40.30 MPa, which is almost not
mproved. The variation of joint room shear strength is associated

ith the joint microstructure, and they are mainly decided by the
ontent of Ti atoms dissolved in joint.

.5.2. High temperature properties
The effect of in situ synthesized TiB on high temperature shear

trength of Al2O3/Ti–6Al–4V alloy joints is investigated as shown
n Fig. 8. The shear strength of joint with 30 vol.% TiB brazed at

30 ◦C/10 min  is compared with that of joint without TiB at high
emperature, i.e. 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C and 800 ◦C. It indi-
ates that the high temperature shear strength of joint with 30 vol.%
iB can be maintained above 70 MPa, and all of that are higher than
Fig. 8. Summary of the high temperature shear strength results of Al2O3/Ti–6Al–4V
alloy joints.

joints without TiB. The high temperature shear strength of joint
without TiB is higher than the room temperature shear strength
of the joint. As can be seen that the shear strength of joints with-
out TiB decreases firstly, and then increases as the temperature
rises. Because brazing alloy increasingly soften with the increas-
ing of testing temperature, subsequently leading to the decrease
in load-carrying. When the testing temperature ranges from 700
to 800 ◦C, the increase in joint shear strength can be attributed to
the residual stress release and increase in adhesive force between
brazed seam and based materials.

The high temperature shear strength of joint with 30 vol.% TiB
is lower than room temperature shear strength of the joint. The
joint shear strength increases to 90.39 MPa  at 500 ◦C, decreases to
71.99 MPa  at 600 ◦C, and then increases to 115.16 MPa  at 800 ◦C,
which is about 118% in room temperature shear strength. It can
be attributed to that TiB acted as ceramic skeleton exists in joints
owning to its high melting point. Therefore, the joint containing TiB
phases will be less likely to fail at high temperature.

4. Conclusions

With regard to using Cu + TiB2 composite filler to braze Al2O3
and Ti–6Al–4V alloy, the effect of in situ synthesized TiB content,
brazing temperature and holding time on joint microstructure and
shear strength is investigated. Furthermore, the joint microstruc-
ture evolution is particularly interpreted.

(1) The typical microstructure of Al2O3/Ti–6Al–4V alloy joint
brazed at 930 ◦C/10 min  is Al2O3/Ti4(Cu,Al)2O/Ti2Cu + Ti3Al +
Ti2(Cu,Al)/Ti2(Cu,Al) + AlCu2Ti/Ti2Cu + AlCu2Ti + Ti3Al + Ti2(Cu,
Al) + TiB/Ti + Ti2Cu/Ti–6Al–4V alloy.

(2) The addition increasing of TiB2 leads to an increase in both the
volume fraction of TiB and the dissolution of Ti from Ti–6Al–4V
alloy. Moreover, the generation amount of Ti2(Cu,Al) inter-
metallics increases and the location of them mainly assembles
in Al2O3 side. Meanwhile, AlCu2Ti intermetallics disappear in
Area III as TiB2 content rises.

(3) The content of Ti2(Cu,Al) intermetallics increases in joint con-
taining 10 vol.% TiB brazed at high brazing parameter, but
decreases in joint containing 30 vol.% TiB brazed at high brazing

parameter. Likewise, area III of joint moves to Ti–6Al–4V alloy
side in former joint, but moves to Al2O3 side at the latter joint.

(4) Based on the compositional variation and the formed
phase morphology, the joint microstructure evolution at
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930 ◦C/10 min  is divided into four stages: (1) formation of inter-
facial Ti4(Cu,Al)2O in Al2O3 side, (2) formation of Ti2Cu and
Ti3Al in Al2O3 side, together with TiB, Ti2Cu, and AlCu2Ti in
Ti–6Al–4V alloy side, (3) formation of Ti2(Cu,Al) and AlCu2Ti, (4)
formation of Ti + Ti2Cu hypereutectoid organization adjacent to
Ti–6Al–4V alloy.

5) When the tests are performed at room temperature, the shear
strength of joint with 30 vol.% TiB reaches the maximum of
96.76 MPa  at 930 ◦C/10 min, and the shear strength of joint
containing 10 vol.% TiB reaches the maximum of 74.11 MPa  at
930 ◦C/30 min. When the tests are performed at high tempera-
ture, the high temperature shear strength of joint with 30 vol.%
TiB was 115.16 MPa  at 800 ◦C, which is about 118% in room
temperature shear strength of joint, because TiB can serve to
ceramic skeleton in joints at high temperature.
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