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Vacuum brazing was used to join TC4 titanium alloy with self-designed and non-copper Ti–38Zr–24Ni
(wt.%) filler metal. Variable brazing clearances were chosen to study their effect on the microstructural
evolution and mechanical properties of the joints. The brazed joint with narrow brazing clearance only
contained two reaction zones: the diffusion zone (a-Ti and (Ti, Zr)2Ni eutectoid structures and remained
based metal) and the interface zone (a-Ti and (Ti,Zr)2Ni). However, the brazed joint with large brazing
clearance had another reaction zone in the middle of the joint: the center zone (big block brittle (Ti,Zr)2Ni
IMCs and some tiny phases: a-Ti and (Ti,Zr)2Ni eutectoid transformation phase). The width of center zone
increased with the increase of the brazing clearance. The maximum shear strength of the brazed joint
reached 872 MPa when brazing clearance was 0 lm. The brittleness of IMCs in center zone caused the low
strength of the joint. Quasi-cleavage fracture occurred in the narrow brazing clearance (0 lm), while mixed
quasi-cleavage and cleavage fractures occurred in the large brazing clearance (50-200 lm).

Keywords TC4, brazing clearance, microstructural evolution,
strength, vacuum brazing

1. Introduction

Since the middle of the last century, titanium alloys have
been regarded as the third metal or the future metal because of
their excellent properties, such as low density, high specific
strength, good corrosion resistance and good process perfor-
mance. They are contributed significantly to the development of
aerospace shipping and other industrial fields. Among them,
TC4 is the most widely used titanium alloy (Ref 1). Fusion
welding and solid state welding can be used to join titanium
alloys. However, to some complex components, brazing,
especially vacuum brazing, is the only method to join them
due to its advantages of low brazing temperature, slight
deformation of the specimens and being free from impurity gas
contamination (Ref 2-4).

During the process of brazing, many brazing parameters will
affect the quality of the brazed joint, such as type of filler metal,
brazing temperature, holding time, brazing clearance and
shielding gas atmosphere. Because of the chemical reactivity
of the titanium alloys, the brazing is usually processed in a
vacuum.

For type of filler metal, four commonly filler metals (silver-
based, aluminum-based, palladium-based and titanium-based)

have been used to braze titanium alloys (Ref 5-8). However, the
low using temperature limits the application of aluminum-based
and silver-based filler metals. Therefore, Ti-based (or Ti-Zr-
based) filler metals are the popular filler metals to join titanium
alloys not only because of its good compatibility with titanium
alloys but also due to the high strength, good thermal resistance
and corrosion resistance of the brazed joint close to the based
metal.

The holding time and brazing temperature are the other two
important parameters of influence the quality of brazed joint.
Ultrahigh brazing temperature leads to a large of intermetallics
which raises the brittleness of the joint. Botstein et al. (Ref 9)
reported that c-(Ti,Zr)2Cu and k-Cu2(Ti,Zr) intermetallic
existed in middle of brazing seam during the brazing of TC4
with Ti–25Zr–50Cu (wt.%). The brittleness of the brazed joint
deteriorated the mechanical properties. Moreover, if the brazing
temperature is over the b transus temperature, the strength of
the based metal would deteriorate (Ref 10, 11). However, if the
brazing temperature is so low, the reaction is not sufficient
which leads to defective joint. Similarly, suitable holding time
is beneficial to obtain high-quality joint (Ref 12).

Another brazing parameter to affect the quality is brazing
clearance. Common brazing clearances shouldn�t exceed
0.15 mm. The molten filler metal flows into the brazing
clearance due to capillary action and reacts with the based metal
and then forms the joint. If the brazing clearance is very large,
the capillary action is weak which may influence the quality of
the brazed joint. Some researchers adopted many methods to
solve this problem. Radzievskii et al. (Ref 13) added powders
in the brazing gap to increase the capillary action. Moreover,
even with narrow brazing clearance, different brazing clear-
ances may lead to variable microstructure and strength of the
brazed joint. Chen et al. (Ref 14) studied the vacuum brazing of
316L stainless steel by BNi-2 nickel-based filler metal. It was
found that when the brazing clearance was under 40 lm, the
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microstructure of the joint was ductile solid solution and the
strength of the joint was high but large brazing clearance (such
as 80um) led to low strength. Kavishe et al. (Ref 15) reported
during the brazing steel with Cu, the tensile strength increased
with the decreased brazing clearance but the fracture toughness
decreased at a very low level with the decreased brazing
clearance. Baumgartner et al. (Ref 16) reported that regardless
of the brazing process used, there is a tendency in the area of

the brazing gap width for the number and size of defects to
increase with increasing gap size, which can negatively affect
fatigue strength depending on the damage behavior.

During the brazing of the titanium alloy with Ti- or Ti(Zr)-
based filler metal, some melting point depressants (MPDs)
(such as Zr, Cu, Ni, Be) added in the filler metal would generate
brittle intermetallic compounds in the joint and decreased the
strength of the joint (Ref 17). It is very important to choose
suitable brazing parameters to control the amount of the IMCs
and obtain high quality of the brazed joint. However, few
researchers have reported the choosing brazing clearance
during brazing titanium alloy with Ti- or Ti(Zr)-based filler
metal. In this experiment, a Ti-Zr-based filler metal containing
no Cu (Ti–38Zr–24Ni, wt.%) was self-made and the effect of
brazing clearance (0 lm (natural gap), 50, 100 and 200 lm) on
the microstructure and strength of the TC4/TC4 joint were
discussed. Simultaneously, the microstructure transformation

Fig. 1 Microstructure of TC4

Fig. 2 Schematic diagram of brazed specimen assembly (length unit: mm): (a) microstructure analysis specimen; (b) shear strength analysis
specimen. (c) sectional view of shear strength test

Table 1 The brazing parameters in the experiment

Brazing
temperature, �C

Holding
time, min

Brazing clearance
(Theoretically), lm

No.1 930 10 0
No.2 930 10 50
No.3 930 10 100
No.4 930 10 200
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and fracture pattern of the joints were also studied. The
studying is apt to provide the reference for the choice of brazing
titanium alloy.

2. Experimental Procedures

TC4 (Ti–6Al–4 V, wt.%) titanium alloy was employed as
based metal. Its microstructure is a-Ti phases (blocky) and
around b-Ti phases (Fig. 1). Before brazing, the TC4 based
metal needed to be rolled. The filler metal was self-designed
and prepared. 99.99% pure Ti, Zr and Ni blocks were weighed
by mass ratio and then melted them three times by an electric
arc furnace equipped with magnetic stirring. A homogeneous
alloy ingot was obtained, and its chemical composition was Ti–
38Zr–24Ni (wt.%). The melting region of the filler metal was
about 847–869 �C obtained by differential scanning calorimetry
(DSC) with heating speed (20 �C/min).

Before brazing, the TC4 based metal was prepared into the
size of 10 9 7.5 9 5 and 20 9 15 9 5 mm by wire cutting
machine, and all the specimens of based metal and pieces of the
filler metal were ground by abrasive papers from 80 to 1000#
and then cleaned in the acetone for 15 min and dried by air
blowing. TC4 were overlapped for microstructural specimen
and mechanical property specimen. 50, 100 and 200 lm Ti
foils were used to control the brazing clearance. Three small Ti
foils (about 1 9 1 mm) were put in the brazed joint. The filler
metal was placed in the corner of the brazing clearance.
Through calculating the volume of the different brazing gaps(V)
and the density of the filler metal(q), the volume was obtained
by V = L(length) 9 W(width) 9 H(height). A suitable weight

(m = qV) of the filler metal species was adopted. Figure 2 gives
the installation schematic diagram.

In this experiment, the brazing clearance varied from 0 to
200 lm. The samples are brazed using a multifunctional
scientific and educational vacuum furnace (model: WHQ-200).
The brazing parameters are shown in Table 1. The time vs
temperature heating curve is shown in Fig. 3. After brazing, the
metallographic samples were ground, polished and etched
using 3 ml HF + 36mlHNO3 + 100mlH2O. Scanning electron
microscope (SEM) (model: S-3400 N) or optical microscopy
(OM) (model: VHX-5000) was adopted to analyze the
microstructure and fracture surface. The composition of phases
was determined by an energy-dispersive spectrometer (EDS)
(model: S-3400 N). The compressing shear test was used to
obtain the shear strength and the compressing rate was 1 mm/
min. The average shear strength was from three samples in
every case. The melting point was obtained by DSC differential
scanning calorimetry. The phases in the fracture surface were
investigated by X Perp PRO x-ray diffraction (XRD). Cu Ka
was selected as the source of X-rays with a scan range of 0–80�
and a speed of 8�/min.

3. Results

3.1 Microstructure of the Brazed Joints

With different brazing clearances, the microstructure of the
brazed joints was changed. The OM images of the brazed joints
are shown in Fig. 4. All the brazed joints had no defects. With
narrow brazing clearances, two reaction zones existed in the

Fig. 3 Time–temperature heating curve of brazing process
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brazed joint but three reaction zones existed with large brazing
clearances. (The detailed analysis of microstructure will be
discussed in the following.) The actual brazing clearances were
larger than that proposed theoretically.

To clearly analyze the microstructure, SEM and EDS
analysis of the typical interface microstructure of the brazed
joint with 0 and 100 lm brazing clearance is shown in Fig. 5
and Table 2. From Fig. 5(a) and (b), when the brazing clearance
was narrow, the width of the brazing clearance was about
40 lm, which was primarily wider than the predetermined level
(0 lm). There existed two reaction zones in the brazed joint:
diffusion zone and interface zone, respectively (marked as I, II).
Different to the narrow brazing clearance, the brazed joints with
large brazing clearance had three distinctive reaction zones:
diffusion zone, interface zone and center zone, respectively
(marked as I, II and III), as shown in Fig. 5(c) and (d).

As shown in Fig. 5(b) (No.1), zone I differed slightly from
zone II. Zone I contained irregular and mesh-like black phase
(point E1) and white phase (point E2), but zone II contained
regular black phase (point F1) and white phase (point F2). The
black phase (point E1) was mainly composed of Ti. It was near
the based metal. So, it was a-Ti of original based metal. The
white phase (point E2) was mainly constituted by 37.31at.% Ti,
29.28at.% Zr and 26.38at.% Ni. The atomic percentage of

(Ti + Zr) and Ni was about 2:1. Therefore, the white phase was
(Ti,Zr)2Ni intermetallic compound, corresponding to the result
in references (Ref 18-20). During the brazing process, some Ni
and Zr elements diffused into the TC4 based metal at first and
the eutectoid transformation occurred in the following. So, zone
I was a-Ti + (Ti,Zr)2Ni.

For Zone II (No.1), the chemical composition of the black
phase (F1) and the white phase (F2) was similar to the E1 and
E2, respectively. Nevertheless, the black and white phases
exhibited the lamellar structure. During brazing, in addition to
the diffusion of Zr and Ni atoms to the based metal, Ti from the
based metal melted into the molten filler metal. The brazing
process can be regarded as a transient liquid phase (TLP)
bonding. All the molten filler metal transformed the precipi-
tated phase (b-Ti) due to the diffusion and dissolution existed
between the based metal and filler metal during brazing. In the
following decreasing of the brazing temperature, the precipi-
tated phase (b-Ti) transformed to the laminar structure with
black and white by eutectoid transformation (b-Ti fi a-
Ti + (Ti,Zr)2Ni)eutectoid. Therefore, zone II (No.1) contained the
a-Ti + (Ti,Zr)2Ni lamellar structure.

For No.3 specimen, the microstructure and element content
of zone I (No.3) and zone II(No.3) were similar to zone I (No.1)
and zone II (No.1), respectively, as shown in Fig. 5(c) and

Fig. 4 Microstructure of the brazed joints for different brazing clearances: (a) 0 lm; (b) 50 lm; (c) 100 lm; (d) 200 lm
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Fig. 5 Microstructures and major element content distribution of brazed joint: (a) microstructure of the brazed joints at 0 lm brazing clearance,
(b) high-magnification images in (a), (c) microstructure of the brazed joints at 100 lm brazing clearance, (d) high-magnification images of zone I
and zone II + III

Table 2 Average chemical composition (at.%) analysis and possible phases in Fig. 5(a) (No.1) and Fig. 5(c) (No.3)

Zone Position Ti Zr Ni V Al Possible phase

I(No.1) E1 79.41 2.24 1.76 4.55 12.04 a-Ti (high Ti concentration)
I(No.1) E2 37.31 29.28 26.38 1.02 6.01 (Ti, Zr)2Ni
II(No.1) F1 71.81 13.27 9.38 2.95 2.59 a-Ti
II(No.1) F2 36.01 30.87 28.09 1.92 3.11 (Ti, Zr)2Ni
I(No.3) A1 86.31 1.98 1.33 2.24 8.14 a-Ti (high Ti concentration)
I(No.3) A2 35.65 25.20 27.85 4.27 7.03 (Ti,Zr)2Ni
II(No.3) B1 75.57 11.15 0.92 1.12 11.24 a-Ti
II(No.3) B2 30.45 32.26 29.50 4.35 3.44 (Ti,Zr)2Ni
III(No.3) C1 32.53 30.56 30.13 3.56 3.22 (Ti,Zr)2Ni
III(No.3) C2 75.68 11.52 9.45 1.82 1.53 a-Ti
III(No.3) C3 30.65 32.26 30.65 3.30 3.14 (Ti,Zr)2Ni
III(No.3) C4 74.53 11.53 11.48 1.62 0.84 a-Ti
III(No.3) C5 30.47 32.45 30.71 3.34 3.03 (Ti,Zr)2Ni
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Table 2. Therefore, zone I (No.3) was a-Ti + (Ti,Zr)2Ni, and
zone II (No.3) was the a-Ti + (Ti,Zr)2Ni lamellar structure.

Different from the joint in No.1, the brazed joint with large
brazing clearance existed another zone: zone III (such as No.3).
Zone III (No.3) contained the big block white phase and the
lamellar structure with black and white. The big block white
phase (point C1) consisted of 32.53at.% Ti, 30.56at.% Zr and
30.13at.% Ni. According to the Ti(Zr)–Ni phase diagram, it
was (Ti, Zr)2Ni. Two sizes of laminar structure (the big size
(C2 + C3) and the small size (C4 + C5)) were obviously shown
in the central zone. The black phase (points C2 and C4) mainly

contained Ti and Zr. It was a-Ti. The white phase (point C3 and
C5) mainly contained Ti, Zr and Ni; it was similar to point B2,
so it was (Ti, Zr)2Ni. With large brazing clearance, the diffusion
distance was longer than that with narrow brazing clearance.
Therefore, a lot of Zr and Ni remained in the middle of brazing
seam which caused the existing of liquid remained filler metal
in the middle of brazing seam. During the cooling process, b-Ti
was also precipitated from the melted filler metal in the middle
of the brazing clearance due to the non-equilibrium solidifica-
tion, which formed the big sized laminar structure (L fi b-
Ti + L)hypoeutectic. Then when the temperature cooled to the
eutectic temperature, the eutectic transformation occurred
(L fi b-Ti + (Ti, Zr)2Ni)eutectic. The big block white phase
(Ti, Zr)2Ni formed. Finally, both of the precipitated b-Ti and
eutectic transformation b-Ti transformed to the laminar struc-
ture with black and white by eutectoid transformation (b-
Ti fi a-Ti + (Ti, Zr)2Ni)eutectoid. The size of the precipitated
phase was usually bigger than the eutectic transformation phase
due to the longer crystallization time.

From the above, when the brazing clearance was narrow, the
brazed joint contained two reaction zones. No intermetallic
compound existed in the middle of joint. Increasing the brazing
clearance, low melting point filler metal remained in the middle
of brazing seam which formed central zone. With the increased
brazing clearance, the widths of the whole brazing seam and the
central zone increased, as shown in Fig. 6. This is because in
other brazing condition invariable situation, the diffusion
distance of Ni and Zr from the filler metal into based metal
and the dissolution distance of Ti from the based metal into
filler metal become larger with wider brazing clearance. Both of
the reasons caused more proportion of Ni in the middle of the
filler metal. According to the solidification theory of hypoeu-
tectic alloys and Ti(Zr)-Ni phase diagram, when the temper-
ature dropped, b-Ti solid solution phases formed near the based
metal since it was easier to nucleate on the surface of the solid
phase. Meanwhile, b-Ti precipitated phase also formed at Ti-
rich region in the liquid alloy. As the temperature continued to
drop, the dimension of b-Ti increased. Meanwhile, the residual
liquid phase had a high and basically Ni content because of the
consumption of Ti. Finally, eutectic transformation occurred
which led to form center zone. Therefore, the center zone
contained amount of Ti(Zr)2Ni intermetallic compound.

3.2 Mechanical Properties of the Brazed Joints

With different brazing clearances, the average shear strength
of the brazed joints varied, as shown in Fig. 7. Increasing the
brazing clearance, the average shear strength of the brazed
joints decreased. The maximum shear strength of the brazed
joints was 872 MPa at the brazing clearance of 0 lm (theo-
retically). That is to say, narrow brazing clearance was
beneficial to obtain high strength. In practical condition, the
real brazing clearance should be narrow as far as possible. From
the result of the microstructure, when the brazing clearance was
narrow, there was no or little Ti(Zr)2Ni intermetallic compound.
Since (Ti,Zr)2Ni intermetallic compound was a brittle phase,
the crack was easy to produce and extend in it. Therefore, high
shear strength of the brazed joints was obtained with narrow

Fig. 6 Effect of brazing clearance on width of the brazed joints

Fig. 7 Effect of brazing clearance on shear strength of the brazed
joints
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clearance. However, great brittle Ti(Zr)2Ni intermetallic com-
pounds in the middle of brazing seam led to low shear strength.

3.3 Fracture Analysis of the TC4-TC4 Brazed Joint

Figure 8 reveals the fracture morphology of the brazed
joints at the brazing clearance of 0 and 100 lm after tensile
shear testing, and average chemical composition of the marked
points in Fig. 8 is listed in Table 3. Through the analysis of
typical fracture morphology under high-magnification images,

the fracture mode at the brazing clearance of 0 lm was quasi-
cleavage fracture (Fig. 8c), while the fracture mode at the
brazing clearance of 100 lm mixed the cleavage and quasi-
cleavage fracture (Fig. 8d). Locations A and B were composed
of a fine river pattern, tear ridges or step lines. The fracture
pattern was quasi-cleavage fracture. Based on the microstruc-
ture of the brazed joint and average chemical composition of
locations A and B in Table 3, locations A and B were the
eutectoid structure (a-Ti and (Ti,Zr)2Ni). Location C featured
cleavage planes and steps. The fracture pattern was typical
cleavage fracture. Its atomic percentage of (Ti + Zr) and Ni was
about 2:1. So, Location C was brittle (Ti,Zr)2Ni intermetallic
compounds. Moreover, from the XRD results (Fig. 9), the
fracture surface with the brazing clearance of 0 lm mainly
contained a-Ti and a little of (Ti,Zr)2Ni but the fracture surface
with the brazing clearance of 100 lm not only contained a-Ti
but also great of (Ti,Zr)2Ni. Therefore, the fracture with the
brazing clearance of 0 lm occurred in the interface zone but the
fracture with the brazing clearance of 100 lm occurred in the
center zone. This was the reason why high value shear strength

Fig. 8 The fracture morphology of the brazed joints under different brazing conditions after room temperature shear strength test: (a) and (c)
0 lm; (b) and (d) 100 lm

Table 3 The chemical compositions (at.%) of different
positions in Fig. 8

Ti Zr Ni V Al Possible phase

A 72.54 11.12 9.85 1.76 4.73 eutectoid phases
B 79.23 10.28 6.43 1.82 2.24 eutectoid phases
C 34.25 30.54 31.78 1.57 1.86 (Ti, Zr)2Ni
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of the joints was obtained with brazing clearance of 0 lm.
Compared to the fracture morphology between 0 and 100 lm,
more areas with cleavage fracture existed at wider brazing
clearance. This was identical to many previous research surveys
(Ref 21, 22).

4. Discussion

Figure 10 displays the Ti(Zr)–Ni phase diagram (Ref 23)
and a conceptual interface evolution model for the brazed joint
by ternary filler metal. Figure 10(a) represents the Ti(Zr)–Ni
phase diagram; the two blue dashed lines represent two types of
different brazing clearances. The study of the nucleation and
growth mechanism of the reactive phase in the brazing seam is
based on this phase diagram. Figure 10(b, c and e) shows the
conceptual microstructural evolution. They contain atomic
diffusion characteristics and the formation of reaction phases.

The first stage: the melting of filler metal. The based metal
and filler metal contact with each other from room temperature
to the melting point of the filler metal. As the filler metal turns
into the molten state, the filler metal quickly fills in the brazing
clearance (Fig. 10b).

The second stage: diffusion and dissolution. Due to the
concentration difference, some Ti atoms in TC4 partially
dissolve into the liquid alloy, while Ni and Zr atoms diffuse
from the molten alloy into the based metal (Fig. 10c).

The last stage: freezing of reaction phases. During the
holding time at brazing temperature or the early cooling process
after reaching brazing temperature, b-Ti solid solution nucle-
ates and grows at the TC4/filler metal interface. Meanwhile,
precipitated b-Ti may be formed in the central brazing seam

due to nonequilibrium solidification. Solid b-Ti thickens both at
TC4/filler metal interface and in the center of brazing seam. If
the brazing clearance is very narrow (such as 0um), solid b-Ti
quickly fills full of the brazing seam. The brazing process is
similar to TLP bonding. The brazed joint contains only two
reaction zones at last (Fig. 10e). If the brazing clearance is
large, the diffusion and dissolution between based metal and
filler metal is not adequate. The remained filler metal in the
middle of brazing seam is liquid. As the temperature declines to
the eutectic temperature, the eutectic reaction of L fi {b-
Ti + (Ti, Zr)2Ni}eutectic occurs in the residual liquid. At that
time, the brazed joint with large brazing clearance contains
three reaction zones. The central brazing seam consists in big
block b-Ti (from precipitated first), tiny b-Ti (from eutectic
reaction) and (Ti, Zr)2Ni (Fig. 10d). Finally, with the narrow
brazing clearance or with the large clearance, when the
temperature continues to cool down to the eutectoid point,
the eutectoid reaction of b-Ti fi {a-Ti + (Ti, Zr)2Ni}eutectoid
occurs according to Ti(Zr)–Ni phase diagram.

From the above, the brazed joint with narrow brazing
clearance contains only two reaction zones at room tempera-
ture: Diffusion zone contains original a-Ti, eutectoid transfor-
mation a-Ti and (Ti, Zr)2Ni. Interface zone contains lamellar
(Ti, Zr)2Ni and a-Ti by eutectoid transformation (the blue line
` (Range: A—B) shown in Fig. 10a). Differently, the brazed
joint with large brazing clearance contains only two reaction
zones at room temperature: The diffusion zone and interface
zone are similar to that of narrow brazing clearance, but the
center zone contains big block lamellar (Ti, Zr)2Ni and a-Ti,
tiny lamellar (Ti, Zr)2Ni and a-Ti, together with some (Ti,
Zr)2Ni by eutectic transformation (the blue line � (Range:
B—C) shown in Fig. 10(a)).

Fig. 9 The XRD analysis of the fracture surface under different brazing conditions: (a):0 lm; (b):100 lm
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5. Conclusion

Ti–38Zr–24Ni filler metal was self-designed and made. The
microstructure and shear strength of the joint were investigated
with variable brazing clearances. The fractured mode was also
studied. Particularly, the microstructural evolution mechanism
of reaction phase was thoroughly discussed. The following are
our conclusions:

(1) TC4/TC4 joint consisted of two zones with narrow braz-
ing clearance and contained three zones with large braz-
ing clearance. The brazing clearance (0 lm) had no
center zone. Diffusion zone consisted of eutectoid struc-
tures: a-Ti and (Ti,Zr)2Ni and remained based metal.

Interface zone was composed of eutectoid structure:
(Ti,Zr)2Ni and a-Ti. Center zone was comprised of big
block brittle (Ti,Zr)2Ni intermetallic compounds (IMCs)
and amounts of big block and tiny eutectoid structure:
(Ti,Zr)2Ni and a-Ti. Increasing the brazing clearances
would increase the width of center zone.

(2) The highest shear strength of the brazed joint was
872 MPa at 0 lm under 930 �C/10 min, which can
reach 90% of the based metal. The shear strength de-
creased with increasing brazing clearance due to the
increasing of brittle IMCs in the center zone.

(3) The fracture of the joint with large brazing clearance
took place in the central brazing seam due to the exis-
tence of brittle (Ti,Zr)2Ni intermetallic compounds. The

Fig. 10 The Ti(Zr)–Ni phase diagram and a conceptual interface evolution model: (a) schematic phase diagram of Ti(Zr)–Ni, (b)-(e) conceptual
interface evolution model of Ti–Zr–Ni brazing
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cracks tended to generate and propagate in the bulk
(Ti,Zr)2Ni IMCs, but may be hindered by the ductile a-
Ti. The fracture surface expressed two different fracture
patterns: quasi-cleavage and cleavage. However, with
narrow brazing clearance, the fracture occurred in the
interface zone and its fracture patterns was quasi-cleav-
age fracture due to the disappearance of center zone.
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