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Abstract

C103 and Ti–6Al–4V alloys jointed with Ti–15Cu–15Ni (wt.%) commercial brazing foil by vacuum-furnace brazing were investigated.
Our previous study [I.-T. Hong, C.-H. Koo, Mater. Sci. Eng. A 398 (2005) 113] demonstrated that Ti–15Cu–15Ni (wt.%) filler-metal can
successfully braze C103 and Ti–6Al–4V alloys, and identified all phases in the joint interface. The relationship between the microstructure
and the joint performance, and the solidification process of the liquid filler-metal in the joint interface were also studied in detail. Therefore,
the current study mainly focuses on how to further improve the microstructure and mechanical properties of the C103/TiCuNi/Ti–6Al–4V
joint via post-brazing treatments or using various joint designs, such as overlap-length of joints, surface roughness of the parent-metals and
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oint clearance. Moreover, the high temperature shear strength of the C103/TiCuNi/Ti–6Al–4V joint was investigated to evaluat
ervice temperature. The experimental results reveal that the fracture load of joint reaches a maximum of 31,076 N, and the joi
n C103 parent-metal when the overlap-length of the joint increases to 3.5 times the thickness of the parent-metal (3.5T, 7 mm). However
he joint shear strength decreases with the overlap-length of the joint because of the non-uniform stress distribution in the lap j
hear test. Post-brazing treatment at 880◦C for 4 h increases the shear strength of the joint brazed at 960◦C for 15 min by 16%, from 352 t
11 MPa. However, prolonging the post-brazing time to 6 h reduces the shear strength of the joint to 299 MPa. A comparison with
idmansẗatten structure reveals that the presence of some fine Widmanstätten structure that forms in the joint interface during post-bra

reatment does not seem to deteriorate the joint shear strength. Moreover, the shear strength of joints decreases as the surface
arent-metals decreases or the joint clearance increases. The results of the high temperature shear test reveal that the shear s
103/TiCuNi/Ti–6Al–4V joint maintains at around 300 MPa at the test temperature below 600◦C. However, as the test temperature exce
00◦C, the shear strength of C103/TiCuNi/Ti–6Al–4V joint declines greatly.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The element columbium was discovered and identified in
801. It was until 1844 that the niobium was firstly sepa-
ated from columbium by a German scientist. Niobium is a
efractory metal with a high melting point of 2468◦C and a
elatively low density of 8.57 g cm−3 [1]. Niobium alloys are
idely applied for rocket and aerospace applications, because
iobium has low density and excellent strength at elevated-

emperature. One specific Nb alloy, C103 [Nb–10Hf–1Ti
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(wt.%)], exhibits superior strength at elevated-tempera
and is less susceptible to recrystallization and softening
pure niobium. Therefore, C103 is one of the most im
tant niobium alloys for use in rocket and missile applicat
[1,2,5].

Ti–6Al–4V alloy, an�–� Ti alloy which can be strength
ened by solutioning and aging heat treatments, is the
important and widely used titanium alloy[1]. Ti–6Al–4V
alloys are used in a wide range of areas, including d
life, aviation and nuclear industry, and particularly in
aerospace and defense industries[3].

Rocket-propulsion systems or missile combustion ch
bers may contain C103 refractory metal and Ti–6Al–4V a
Practical rocket and missile applications depend on joi
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two dissimilar alloys, C103 and Ti–6Al–4V. Therefore, tech-
nologies for joining C103 and Ti–6Al–4V alloys are very
important for the production of rocket-propulsion systems or
missile combustion chambers[1–3].

So far, only limited data are available on refractory
metal and titanium alloy joints brazed with some filler-
metals[8,9,14,15]. The microstructures of Nb/Ti alloy joints
and their phase identifications have not been studied thor-
oughly in detail. Previous investigation[23,24] proved that
C103 and Ti–6Al–4V alloys can be successfully brazed
using Ti–15Cu–15Ni (wt.%) filler-metal foil. Therefore, this
study focuses on how to further improve the microstructure
and mechanical properties of the C103/TiCuNi/Ti–6Al–4V
brazed joint through various joint designs and post-brazing
treatments. Several brazing conditions and factors, such as
post-brazing treatment, overlap-length, the surface rough-
ness of parent-metals, joint clearance and the high temper-
ature shear strength of the C103/TiCuNi/Ti–6Al–4V joints,
are comprehensively investigated to elucidate the effect of
these brazing conditions and factors on the microstructure
and mechanical properties of joints. The failure mode of the
C103/TiCuNi/Ti–6Al–4V joint is also studied to realize the
relationships between the crack propagation and the shear
strength of the joints.
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around 960◦C. The brazing foil was cleaned in acetone
before brazing. The filler-metal is sandwiched between two
parent-metals fixed with a stainless steel clamp, and then
this sandwiched brazement was carefully placed into a vac-
uum furnace. Furnace brazing was performed in a vacuum
of 1× 10−6 Torr. The specimens were prepared and treated
in several ways to produce the test specimens with different
conditions for various investigations.Table 1lists the details
of various investigations for each specimen. After brazing,
all the specimens were furnace-cooled to room temperature.
Following bonding, specimens were cut by a low speed dia-
mond saw, mounted and polished. The cross-section of the
brazed specimens was examined by a Phillip XL-30 scanning
electron microscope (SEM) with an accelerating voltage of
20 kV. Quantitative chemical analysis was conducted by a
JEOL JXA-8800M electron probe microanalyzer (EPMA)
equipped with a wavelength dispersive spectrometer (WDS),
operating with the operation voltage of 20 kV and the spot
size of 1�m. Shear tests were conducted at 25–800◦C in a
Shimadzu AG-10 universal testing machine equipped with a
furnace at a constant speed of 1 mm/min.

3. Results and discussion

3.1. The microstructural analysis of the
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. Experimental procedures

The parent-metals used in this work are the shee
103 and Ti–6Al–4V alloys with a thickness of 2 m
oth alloy sheets were cut into 10 mm× 10 mm× 2 mm (for
icrostructural analysis) or 15 mm× 12 mm× 2 mm (for

hear strength testing) by wire-cutting for brazed join
hese specimens were then polished by wet SiC pape
ubsequently were ultrasonically cleaned by acetone b
razing. A brazing foil of Ti–15Cu–15Ni (wt.%) was ch
en as the filler-metal, with the size of 60�m in thickness
nd 50 mm wide. This clad Ti–15Cu–15Ni material i

hree-layered sandwich-like strip, in which Ti and the Cu
lloys are widely separated, and has liquidus tempera

able 1
ummary of brazing conditions used in the experiment

Brazing condition Overlap-len
(T= 2 mm)

verlap-length investigation 960◦C, 15 min 1T, 2T, 3T,
3.5T, 4T

nvestigation of post-brazing
treatment

960◦C, 15 min and
then heated at
880◦C for 2, 4 and
6 h

1T

nvestigation of surface
roughness

960◦C, 15 min 1T

nvestigation of joint
clearance

960◦C, 15 min 1T

nvestigation of high
temperature shear strength

960◦C, 15 min 1T
103/TiCuNi/Ti–6Al–4V joint brazed at 960◦C

Fig. 1 displays the SEM backscattered electron ima
BEIs) of the C103/TiCuNi/Ti–6Al–4V joint brazed
60◦C for 5 min and the line scan profile (LSP) curves

oint interface. The LSP curves show that the contents o
i, Cu and Ti change with the location of joint interfa
ausing the different microstructure in joint interface. Ad
ionally, the EPMA chemical analyses of seven characte
ones are also listed inFig. 1. According to the microstruc
ural morphology, the microstructure in joint interface can
ivided into seven characteristic zones, described as fol

Zones I and VII are the C103 and Ti–6Al–4V pare
etals, respectively. Zone II is the reaction area of the C

Joint clearance (�m) Surface roughness
(the grit of SiC paper)

Shear test
temperature (◦C)

60 100 25

60 100 25

60 40, 100, 600, 1200 25

60, 120, 180, 240 100 25

60 100 25, 200, 400, 60
700, 800
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Fig. 1. (a) The microstructure of C103/TiCuNi/Ti–6Al–4V joint brazed at
960◦C for 5 min, showing the seven zones of different phases in joint inter-
face. (b) The line scan profile (LSP) curves of Nb, Ni, Cu and Ti elements.
(c) The EPMA analyses of the seven characteristic zones.

parent-metal with the molten filler-metal. During brazing, the
dissolved elements of C103 parent-metal react with molten
filler-metal in this layer, which is a mixed region of three
phases consisting of the Ti-rich phase, the Nb-rich phase
and acicular intermetallic phase, such as Ti2(Ni, Cu) and/or
Ti2(Cu, Ni).

Zone III is the continuous intermetallic-layer, which is
mainly comprised of Ti2(Ni, Cu) and/or Ti2(Cu, Ni) inter-
metallic phases[24]. Because of the segregation occurred
during isothermal solidification, zone III contains higher Cu
and Ni concentration than the original filler-metal.

Zones IV and V are the hypoeutectic and hypereutectoid
structure, respectively. The composition of the TiCuNi filler-
metal is close to that of the Ti–Cu–Ni ternary eutectic point
[7]. With the diffusion of molten filler-metal and the dilution
of parent-metals, the composition of the molten filler-metal
deviates from eutectic to hypoeutectic and/or hypereutec-

Fig. 2. The pseudo Ti–(Ni, Cu) binary phase diagram. There are four types
of phase-transformation path produced by isothermal diffusion and dilution
of parent-metals (Paths 1 and 3), and cooling (Paths 2 and 4). The filled
circle denotes the composition of original filler-metal[6].

toid [24], as depicted by paths 1 and 3 inFig. 2. Therefore,
the joint interface mainly consists of hypoeutectic and/or
hypereutectoid structure, marked by IV and V inFig. 1. Addi-
tionally, during brazing, the diffusion of alloying elements
from parent-metals into liquid filler-metal is preferable than
that from liquid filler-metal into parent-metals because the
diffusivity of elements in molten state is much higher than
that in solid state[16–18,21]. Therefore, for zones IV and V,
the dilution of parent-metals might be the dominating mech-
anism in this brazing system.

Zone VI is the acicular Widmanstätten structure area.
During brazing, the Cu and Ni atoms in filler-metal diffuse
into the front of the Ti–6Al–4V parent-metal, as shown in
Fig. 1(b), and reduce its�-transus temperature. Therefore,
the�-Ti matrix, wherein the Cu and Ni atoms diffuse, trans-
forms into the� phase during brazing. On cooling, the�
phase transforms back into the� phase and forms the acicu-
lar Widmansẗatten structure[19,20].

3.2. Room temperature and high temperature shear
testing of the C103/TiCuNi/Ti–6Al–4V joint

Fig. 3 shows the room temperature shear strength of
the C103/TiCuNi/Ti–6Al–4V joint brazed at 960◦C for
5–20 min. As a result, the shear strength of the joint brazed
a ◦ ous
i ter-
m ce,
a to
1 nd is
d ture,
a of
t 960 C for 5 min is insufficient because the continu
ntermetallic-layer consisting of large amounts of in

etallics remains in the central region of joint interfa
s shown inFig. 4(a). As the brazing time is prolonged
5 min, the continuous intermetallic-layer disappears a
isplaced by the hypoeutectic and hypoeutectoid struc
s shown inFig. 4(c). The maximum shear strength
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Fig. 3. The shear strength of the C103/TiCuNI/Ti–6Al–4V joint brazed at
960◦C for various brazing times.

354 MPa is achieved. However, further prolonging the braz-
ing time to 20 min causes the formation of coarse acicular
Widmansẗatten structure in front of Ti–6Al–4V parent-metal,
as shown inFig. 4(d), and reduces the shear strength to

298 MPa. According to the observations of fracture surface,
the specimens brazed at 960◦C for 5 or 10 min are fractured
in the continuous intermetallic-layer, and such a failure mode
is denoted as mode I in this study. When the brazing time
is prolonged to 15 or 20 min, the specimens are fractured
near the joint interface between the C103 parent-metal and
C103 reaction area, and the failure mode of the joint changes
from mode I to mode II. Three kinds of failure modes
of the C103/TiCuNi/Ti–6Al–4V joint can be observed in
the fracture surface of all specimens and are discussed in
Section 3.3. In addition, for mechanical prospect of the
C103/TiCuNi/Ti–6Al–4V joint, brazing at 960◦C for 15 min
is the optimized condition to achieve the maximum shear
strength[24]. Therefore, specimens used in the other investi-
gations in this study are also brazed under the same condition.

Fig. 5 shows the high temperature shear strength of
the C103/TiCuNi/Ti–6Al–4V joint, indicating that the shear
strength of the C103/TiCuNi/Ti–6Al–4V joint can be main-
tained around 300 MPa at a temperature below 600◦C. How-
ever, the joint shear strength declines significantly as the
temperature exceeds 600◦C. Accordingly, the limit service
temperature of the C103/TiCuNi/Ti–6Al–4V joint is below
700◦C. Exceeding the limit service temperature causes the
joints to failure under low loading.

3.3. Overlap-length investigation of the
C

joint
d rlap-
l ired

F 6Al4V in.
ig. 4. The back-scattering electron images (BEIs) of C103/TiCuNi/Ti
103/TiCuNi/Ti–6Al–4V joint

The shear strength or tensile strength of the brazed
epends mainly on its overlap-length. Too small an ove

ength causes the brazed joint to fail below the requ

specimens brazed at 960◦C for: (a) 5 min, (b) 10 min, (c) 15 min and (d) 20 m
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Fig. 5. The high temperature shear strength of the C103/TiCuNi/Ti–6Al–4V
joint brazed at 960◦C for 15 min.

loading, whereas too large an overlap-length means an unnec-
essarily wasteful material. Generally, the brazed joint with
an overlap-length of three to five times the thickness of the
parent-metals can achieve the maximum load-bearing capac-
ity [4]. However, a large number of tests must be conducted
to optimize the overlap-length for a specific brazed joint.

Fig. 6 is the correlation diagram between the fracture
load, shear strength and the overlap-length of the brazed
joint. The fracture load of the joint with an overlap-length
of 2 mm, which is one time the thickness of parent-metal, is
as low as 10,613 N, because of its short overlap-length. The
load-bearing capacity of the brazed joint generally increases

F nce of
t

with the overlap-length or overlap area. As a result, the frac-
ture load of the joint rises to 28,165 N as its overlap-length
increases to three times the thickness of the parent-metal (3T,
6 mm). Further increasing the overlap-length to 3.5 times the
thickness of the parent-metal (3.5T, 7 mm) raises the fracture
load to as high as 31,076 N, and the brazed joint fractures
in C103 parent-metal. InFig. 6, the point of intersection
between the horizontal line and the oblique line is the critical
overlap-length of the joint, and this value is about 3.2.

Additionally, the fracture shear strength for each overlap-
length was calculated as the failure load divided by the over-
lap area, as shown inFig. 6. The trend of the shear strength
reduction with the increase of the overlap-length is different
from that of the fracture load. This phenomenon had been dis-
cussed in some references[25–28], in which the Von Mises
stress was utilized to demonstrate the decreasing of the joint
shear strength. As the overlap-length of joint increases, the
Von Mises stress distribution becomes less and less uniform.
The middle portion of the overlap contributes less and less
to the overall load-carrying capacity of the joint, whereas
the ends of the joint become “overloaded”. The non-uniform
stress distribution in the lap joint causes the decreasing of the
shear strength[26,27].

Observations of all fracture surfaces reveal that the failure
modes of joints can be divided into three types, based on the
crack propagation of the fracture surface. These failure modes
d face,
b th or
t g the
c tals,
a
f s in
t e. In
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a ed
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ig. 6. Correlation diagram between shear strength and overlap dista
he C103/TiCuNi/Ti–6Al–4V joint brazed at 960◦C for 15 min.
epend not only on the phase appeared in the joint inter
ut also on the joint designs, such as the overlap-leng
he joint clearance. In mode I, the cracks propagate alon
ontinuous intermetallic-layer and toward the parent-me
s shown inFig. 7(a). When the joints are brazed at 960◦C

or 5 or 10 min, the continuous intermetallic-layer remain
he joint interface, and the joints are fractured in this mod
ode II, the cracks are initiated in C103 parent-metal and

ransferred through the interface into the C103 reaction
s shown inFig. 7(b). When the brazing time is increas

rom 10 to 15 min at 960◦C, the continuous intermetalli
ayer disappears so that the failure mode changes from
to mode II. In mode III, the cracks propagate in the jo

nterface and penetrate the coarse acicular Widmansätten
tructure. When the brazing temperature is too high o
razing time is too long, the coarse acicular Widmanstätten
tructure would be formed in the joint interface, and the j
ould fracture in this mode, as shown inFig. 7(c).

.4. Investigation of the post-brazing treatment of the
103/TiCuNi/Ti–6Al–4V joint

A proper post-brazing treatment can improve the mec
cal properties and microstructure of joints. The jo
nderwent post-brazing treatments at 880◦C for 2, 4 and
h after brazing at 960◦C for 15 min, to determine th
ptimized conditions for the post-brazing treatment of
103/TiCuNi/Ti–6Al–4V joint.
In this work, the temperature of post-brazing treatme

et to 880◦C, which is far lower than the melting point of t
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Fig. 7. Three sorts of failure mode of the C103/TiCuNi/Ti–6Al–4V joint.
(a) Mode I, the cracks propagate along the residual filler-metal and toward
the parent-metals. (b) Mode II, the cracks are initiated in C103 parent-metal
and then transfer through the interface into the C103 reaction area. (c) Mode
III, the cracks pass through the coarse acicular Widmanstätten.

filler-metal and the�-transus temperature of the Ti–6Al–4V
parent-metal. Therefore, during post-brazing treatment, the
TiCuNi filler-metal does not remelt and the acicular Wid-
mansẗatten structure should not form in the joint interface.

Fig. 9. The evolution of shear strength of the C103/TiCuNi/Ti–6Al–4V joint
after post-brazing treatment at 880◦C for 2, 4 and 6 h, which was preceded
by brazing at 960◦C for 15 min.

However, microstructural observations reveal that the aci-
cular Widmansẗatten structure is still formed in the front
of Ti–6Al–4V parent-metal, as shown inFig. 8. Although
the temperature of post-brazing treatment is lower than the
�-transus temperature, the Cu and Ni atoms in filler-metal
diffuse into the Ti–6Al–4V parent-metal to decrease its�-
transus temperature during post-brazing treatment at 880◦C,
causing the formation of Widmanstätten structure.

Fig. 9 shows the evolution of the shear strength of joints
conducted various post-brazing treatments after brazing at

F post-b as
p nstätten s
ig. 8. The microstructure of the C103/TiCuNi/Ti–6Al–4V joint after
receded by brazing at 960◦C for 15 min, showing fine, acicular Widma
razing treatment at 880◦C for: (a) 0 h, (b) 2 h, (c) 4 h and (d) 6 h, which w
tructure throughout the joint.
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Fig. 10. The microstructure of the C103/TiCuNi/Ti–6Al–4V joint brazed
at 1050◦C for 15 min, showing the coarse Widmanstätten structure which
deteriorates the joint shear strength.

960◦C for 15 min, indicating that post-brazing treatment
at 880◦C for 2 h does not markedly improve the joint
strength, because of the short period of heat treatment.
However, when the time of post-brazing treatment is pro-
longed to 4 h, the joint shear strength increases by 16% from

F
o
1

354 to 411 MPa, because the hypoeutectic structure disap-
pears and is displaced by a fine hypereutectoid structure,
and no coarse Widmanstätten structure forms in the joint
interface.

As mentioned in our previous study[24], if the total Ni
amount (Ni plus Cu contents) in the joint interface can be
reduced to below 12 wt.% by the isothermal diffusion or
the dilution of parent-metals, then the hypoeutectic structure
does not form in the joint interface and is replaced by a fine
hypereutectoid structure, improving the joint shear strength.
Although increasing the brazing temperature can enhance
the diffusion of Cu and Ni atoms, changing the hypoeutec-
tic structure into the fine hypereutectoid structure, the coarse
acicular Widmansẗatten structure is formed in the joint inter-
face and reduces the joint strength, as shown inFig. 10,
because the brazing temperature exceeds the�-transus
temperature.

After post-brazing treatment, the Widmanstätten structure
still forms in the joint interface, but such a Widmanstätten
structure is finer than that caused by the over-high brazing
temperature. The fine, non-coarse, Widmanstätten structure
in the joint does not seem to affect detrimentally the joint
shear strength[11–13]. When the post-brazing treatment is
further extended to 6 h, the joint shear strength declines to
299 MPa, because the overlong Widmanstätten structure of
nearly 150�m may reduce the joint shear strength, as shown
i

ig. 11. Correlation diagram between shear strength and surface roughness
f parent-metals of the C103/TiCuNi/Ti–6Al–4V joint brazed at 960◦C for
5 min.

F
o

n Fig. 8(d).
ig. 12. Correlation diagram between shear strength and the joint clearance
f the C103/TiCuNi/Ti–6Al–4V joint.
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Fig. 13. The microstructure of the C103/TiCuNi/Ti–6Al–4V joint with different joint clearance: (a) 60�m, (b) 120�m, (c) 180�m and (d) 240�m.

3.5. Surface roughness investigation of
C103/TiCuNi/Ti–6Al–4V joint

As the filler-metal melts into liquid, the liquid filler-metal
wets the parent-metals and flows through the joint. The sur-
face roughness of parent-metals is an important factor that
determines the ease of flow and the wetting of the liquid
filler-metal. In general, molten liquid filler-metal can wet a

rough surface more effectively than wetting a smooth sur-
face, because a rough surface can change the flow mold of
the liquid filler-metal from laminar to turbulent, improving
the interaction between the filler-metal and the parent-metals
[4].

Fig. 11 plots shear strength of the C103/TiCuNi/Ti–
6Al–4V joint versus the surface roughness of the parent-
metals. The experimental results inFig. 11 indicate that

F clearan
s

ig. 14. The cross-section of C103/TiCuNI/Ti–6Al–4V joint with joint
howing the mode II fracture and the mode I fracture, respectively.
ce of: (a) 60�m and (b) 120�m after shear test brazed at 960◦C for 15 min,
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the joint shear strength increases from 298 to 354 MPa as
the surface roughness of the C103 parent-metal decreases
from 1.67 to 0.79�m. However, further reducing the surface
roughness of the parent-metals reduces the joint strength
to 281 MPa. As shown inFig. 11, if the surface of the
parent-metals is too rough, only the steep points on the
parent-metals surface can be effectively brazed, causing low
joint strength. However, if the surface of the parent-metals
is too smooth, then the liquid filler-metal cannot effectively
wet and flow throughout the entire joint and may form
voids in the joint interface, also causing low joint strength.
For the C103/TiCuNi/Ti–6Al–4V joint, before joining, the
parent-metals with a surface roughness around 0.7–0.8�m,
polished by SiC paper of 100 grit, is the optimized con-
dition for achieving the maximum shear strength of the
joint.

3.6. Joint clearance investigation of
C103/TiCuNi/Ti–6Al–4V joint

An appropriate clearance for a brazed joint depends not
only on the properties of filler-metal, but also on the sur-
face roughness of parent-metals, the interaction between the
parent-metals and the filler-metal, and the brazing process
[4]. Fig. 12plots the relation between the joint clearance and
the shear strength of the C103/TiCuNi/Ti–6Al–4V joint, indi-
c joint
c e
t rance
i ller-
m ation
o etal
s

r in
t ear-
a r,
w ses
t clear-
a e
o n in
F

4

1 ruc-
har-
com-
the

2
Fur-
the

h of
at

temperature exceeds 600◦C, the shear strength of the joint
markedly declines.

3. The fracture load of joint raises with the increasing
of the overlap-length. The critical overlap-length of the
C103/TiCuNi/Ti–6Al–4V joint is around 3.2. However,
the joint shear strength decreases with the increasing of
the overlap-length because of the non-uniform stress dis-
tribution during shear test.

4. Three sorts of failure modes can be observed in the fracture
surface of the C103/TiCuNi/Ti–6Al–4V joints. The failure
mode of the joint depends not only on the phases in the
joint interface, but also on the joint designs, such as the
joint clearance. The joints fractured in mode III have the
lower shear strength, whereas those fractured in mode II
have the higher shear strength.

5. Post-brazing treatment at 880◦C for 4 h increases the
shear strength of the C103/TiCuNi/Ti–6Al–4V joint by
16%, from 354 to 411 MPa. The fine, acicular Wid-
mansẗatten structure does not seem to reduce the shear
strength.
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he decreasing of shear strength. Besides, as the joint
nce increases from 60 to 120�m or more, the failure mod
f the joint changes from mode II to mode I, as show
ig. 14.

. Conclusion

. Microstructural observations reveal that the microst
ture in the joint interface can be divided into seven c
acteristic zones and each zone has its own chemical
position. The morphology of each zone changes with
brazing time and the brazing temperature.

. The C103/TiCuNi/Ti–6Al–4V joint brazed at 960◦C for
15 min has the maximum shear strength, 354 MPa.
ther increasing the brazing time to 20 min reduces
joint shear strength. Moreover, the shear strengt
the C103/TiCuNi/Ti–6Al–4V joint can be maintained
around 300 MPa at a temperature below 600◦C. As the
f this research by National Science Council (NSC), Repu
f China, under the grants NSC 92-2623-7-014-012.
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