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Abstract: TiB,,/TC4 composite was brazed to Ti60 alloy successfully using TiZrNiCu amorphous filler alloy, and the interfacial
microstructures and mechanical properties were characterized by SEM, EDX, XRD and universal tensile testing machine. The typical
interfacial microstructure was TiB,,/TC4 composite/ f-Ti + TiB whiskers/ (T1,Zr),(Ni,Cu) intermetallic layer/ p-Ti/ Ti60 alloy when
being brazed at 940 °C for 10 min. The interfacial microstructure evolution was influenced strongly by the diffusion and reaction
between molten fillers and the substrates. Increasing brazing temperature decreased the thickness of brittle (Ti,Zr)y(Ni,Cu)
intermetallic layer, which disappeared finally when the brazing temperature exceeded 1020 °C. Fracture analyses indicated that
cracks were initialized in the brittle intermetallic layer when (Ti,Zr),(Ni,Cu) phase existed in the brazing seam. The maximum
average shear strength of joints reached 368.6 MPa when brazing was conducted at 1020 °C. Further increasing brazing temperature

to 1060 °C, the shear strength was decreased due to the formation of coarse lamellar (a+5)-Ti structure.
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1 Introduction

Titanium alloys are important engineering materials
with a diverse range of applications because they possess
highly desirable performance characteristics such as low
density, good specific strength and excellent corrosion
resistance, such as Ti—6Al-4V (TC4) alloy and Ti60
alloy [1-6]. However, their full potential structural
applications are limited to a large extent due to the
inferior wear resistance and considerable loss in
mechanical strength at elevated temperatures. In order to
overcome these drawbacks and further enhance the
mechanical properties of titanium substrates at elevated
temperatures, much attention has been paid to titanium
composites (TMCs), which can offer a
combination of good mechanical properties and high
temperature durability. In particular, HUANG et al [7]
compared superplastic tensile behavior of TiB,/TC4
composites to that of TC4 alloy, drawing a conclusion
that the higher elongation of TiB,/TC4 composites can
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be contributed to TiB,, reinforcement.

Material joining is an important way to expand the
application of the TMCs and titanium alloys. In the
joining method of alloys, brazing is an effective method
owing to its convenience and cost-effectiveness. In
recent years, more researches have focused on brazing
titanium alloys and TiAl alloys, and the brazing filler
metal is of importance in determination of interfacial
microstructures and joining properties of the joints. For
example, CHANG et al [8] brazed aluminum alloy and
TC4 successfully using AI-Si—Cu—Ge filler metals;
SONG et al [9] brazed Ti53311S alloy using Cu foil by
contact reactive brazing method; YANG et al [10,11]
joined TiAl alloy with Ti37.5-Zr37.5-Nil15—Cul0
brazing powders successfully by vacuum brazing method.
Among the brazing fillers, Ti-based filler metals were
usually selected to braze titanium alloys to other
materials due to their good wettability and compatibility
on the substrates, such as the TiZrNiCu amorphous filler
alloy [12,13], TiCuNi filler alloys [14] and TiNiV filler
alloy [15], and reliable joints were obtained. However,
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all the researches were concentrated on the joining of
titanium alloys or TiAl-based alloys, but study on the
joining of TMC:s is rarely reported.

In this work, the joining process of TC4 composite
reinforced by in situ TiB whiskers (TiB,/TC4 composite)
was studied, and the TiZrNiCu amorphous filler alloy
was applied as the brazing filler to join TiB,/TC4
composite to Ti60 alloy. The interfacial microstructure
and mechanical properties of TiB,/TC4-Ti60 brazed
joints were studied by scanning electron microscopy and
shear test, respectively. In particular, the influence of
brazing temperature on the interfacial microstructure and
joining properties of brazed joints were investigated.

2 Experimental

TiB,,/TC4 composite used in this study is a newly
developed titanium composite fabricated by synthesizing
in situ TiB whisker (TiB,,) reinforcement in TC4 base
material. Figures 1(a) and (b) show the microstructure
and XRD pattern of TiB,/TC4 composite, respectively. It
is seen clearly that the TiB,/TC4 composite mainly
consists of a typical (a+f) Ti alloy matrix microstructure,
presenting plate-like and equiaxed a-Ti phase,
intergranular S-Ti phase and homogeneous network-like
distribution of TiB whiskers. HUANG et al [16] and LU
et al [17] reported that the TiB phase tended to display
whisker morphology due to its special B27 crystal
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structure. Furthermore, HUANG et al [18] indicated that
the formation of network microstructure was mainly
attributed to the usage of large spherical TC4 particles,
the low energy milling process and subsequent solid state
sintering process. Ti60 alloy used in this study, which
belongs to near-a high-temperature titanium alloy, was
provided by Northwest Institute for Non-ferrous Metal
Research, Xi’an, China. The microstructure and XRD
pattern of Ti60 alloy are given in Figs. 1(c) and (d),
respectively. It is seen that the original microstructure of
Ti60 alloy consists of primary a-Ti phase platelets (gray
region) separated by discontinuous retained S-Ti phases
(bright region), which located at the grain boundaries.

Amorphous TiZrNiCu, in the form of foil, with
20 pm in thickness, was selected to join TiB,/TC4
composite to Ti60 alloy due to its good compatibility
with the two titanium substrates. The solidus temperature
(Ty) and liquidus temperature (7}) were about 820 and
850 °C respectively, which were tested by differential
thermal analysis. The main chemical compositions of
TiB/TC4 composite, Ti60 alloy and amorphous
TiZrNiCu filler alloy are listed in Table 1, and the
corresponding XRD pattern (Fig. 2) indicates the
amorphous structure of the filler.

Prior to brazing, TiB,/TC4 composite and Ti60
alloy were cut with the dimensions of 5 mm X 5 mm X
5 mm and 10 mm x 20 mm x 3 mm to produce substrates
for joining, respectively. The brazing surfaces of both

b .

60
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Fig. 1 Microstructures (a, ¢) and XRD patterns (b, d) of TiB,/TC4 composite and Ti60 alloy: (a, b) TiB,/TC4 composite; (c, d) Ti60

alloy
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Table 1 Chemical compositions of substrates and amorphous
TiZrNiCu filler alloy (mass fraction, %)

Sample Al Sn  Zr Ni Cu v Ti

TiB,/TC4 6.5 - - - - 4.1 Bal
Ti60 58 40 35 - - - Bal.
TiZtNiCu  — - 271 134 137 - Bal.

20 30 40 50 60 70 80
26/(°)
Fig. 2 XRD pattern of TiZrNiCau filler alloy

TiB,/TC4 composite and Ti60 alloy samples were
ground on SiC grit papers and then polished using
diamond pastes. All of the polished samples were
cleaned in acetone by ultrasonic bath for up to 10 min.
Subsequently, the amorphous TiZrNiCu foil (5.5 mm x
5.5 mm x 20 pm) was sandwiched between TiB,/TC4
composite block and Ti60 alloy block, as shown in
Fig. 3(a).

The brazing procedures were performed in a
vacuum furnace, in which a vacuum of (1.3-2.0)x10"°
Pa was kept. Five brazing temperatures, 900, 940, 980,
1020 and 1060 °C, were chosen to perform the brazing
experiments. At the beginning of brazing process, the
furnace was heated to 750 °C at a rate of 20 °C /min, and
then the temperature continued to increase to the brazing

temperature at a rate of 10 °C/min. At brazing
temperature, the furnace dwelled for 10 min. The cooling
rate was 10 °C/min between brazing temperature and
600 °C, followed by the furnace cool to room
temperature. During the entire brazing process, a
pressure of 20 kPa was applied to the brazing samples to
ensure a good contact.

The interfacial microstructures of TiB,/TC4-Ti60
brazed joints were observed using scanning electron
microscope (SEM, Quanta 200FEG). Chemical
composition analyses of reaction phases in brazed joints
were performed using an energy dispersive spectrometer
(EDS) with the operation voltage of 20 kV and minimum
spot size of 1 um. In order to further identify the
interfacial reaction phases, the fracture surfaces were
characterized using X-ray diffraction spectrometer
equipped with Cu K, radiation (XRD, JDX-3530M).
The shear tests of brazed joints were conducted at a
constant speed of 0.5 mm/min by a universal testing
machine (Instron 1186) at room temperature. The
schematic diagram of shear test is illustrated in Fig. 3(b).
For each set of experimental data, at least five samples
were used to average the shear strength of joints. After
shear test, the fracture surfaces of brazed joints were
examined by SEM to clarify the fracture mode and
fracture locations.

3 Results and discussion

3.1 Interfacial microstructure of TiB,/TC4-Ti60

brazed joints

As shown in Fig. 4(a), reliable brazed joint of
TiB,,/TC4 composite and Ti60 alloy was achieved using
amorphous TiZrNiCu as filler alloy at 940 °C for 10 min.
The brazed joint can be divided into three reaction zones
by the difference in microscopic morphology: Zone I (the
continuous white reaction layer throughout the brazing
seam), Zone II (along the interface between TiB,,/TC4

Pressure

(b)
Y 1 Y
Brazed joint ’

Fig. 3 Schematic diagrams of assembling brazing sample (a) and shear test (b)
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and Zone I) and Zone III (along the interface between
Ti60 and Zone I). The whole interfacial microstructure
presented an approximately-symmetrical morphology,
except for the black TiB whiskers distributed randomly
in Zone II. From the corresponding element map given in
Figs. 4(b)—(e), intensive element diffusions of Zr, Ni and
Cu and substrate dissolution during brazing process were
observed, which resulted in a significant increase in
width of brazing seam.

To reveal more details of each zone in
TiB,/TC4-Ti60 brazed joint, high magnification
micrographs were carried out, as shown in Fig. 5, and the
EDS analysis was performed to further identify the
reaction phases (Table 2). The EDS analysis of the white
continuous phase (spot 4) in Fig. 5(a) indicated that Ti,
Zr, Ni, Cu were the main components, with a molar ratio
2:1 of Ti+Zr to Ni+Cu. According to Cu—Ti—Zr and
Ni—Ti—Zr ternary alloy phase diagrams [19-21], it can
be determined that the continuous white reaction layer
could be concluded as (Ti, Zr),(Ni, Cu) intermetallic
phase. The gray phases in Zone II (marked as B in
Fig. 5(b)) and Zone III (marked as D in Fig. 5(c)) had a
similar chemical composition and mainly contained
element Ti and some amounts of Zr, Ni and Cu, and the
gray phases in Zone II and III can be inferred as f-Ti
phase due to the high contents of Ni and Cu (f-phase
stabilizers). In addition, spots C and E represent the a-Ti
phase in TiB,/TC4 composite and Ti60 alloy,
respectively. It is evident that the contents of element Zr,
Ni and Cu exhibited a slight increase in a-Ti phase
because of the diffusion of elements in molten filler alloy

':-\.a\ N b .
Fig. 4 Interfacial microstructure of TiB,/TC4-Ti60 joint brazed at 940 °C for 10 min (a) and EDS maps of Ti (b), Zr (c¢), Ni (d) and
Cu (e)

into substrates during the brazing process. Moreover, it is
noted that the TiB whiskers in TiB,/TC4 composite still
remained during brazing and several TiB whiskers
detached from TiB,/TC4 composite can be seen in
Zone II. Based on the above analyses, the interfacial
microstructure of TiB,/TC4-Ti60 joint brazed at 940 °C
for 10 min was TiB,,/TC4 composite/S-Ti+TiB whiskers/
(T1,Zr)»(Ni,Cu) intermetallic layer/ f-Ti/ Ti60 alloy.

3.2 Effect of brazing temperature on interfacial

microstructure of TiB,,/TC4—Ti60 brazed joints

It is accepted that the brazing temperature played an
important role in the interfacial microstructure. The BSE
images of TiB,/TC4-Ti60 joints prepared at brazing
temperature from 900 to 1060 °C for 10 min are shown
in Figs. 6(a)—(d), and the interfacial microstructure is
evolved obviously with the increase of brazing
temperature. When brazing temperature was relatively
low (900 or 980 °C), the TiB,/TC4-Ti60 brazed joints
comprised three  reaction
(T1,Zr)»(Ni,Cu) intermetallic layer and diffusion zones
adjacent to the substrates), as shown in Figs. 6(a) and (b).
The thickness of (Ti,Zr),(Ni,Cu) intermetallic layer was
decreased because high brazing temperature increased
the element diffusion in molten filler alloy into
substrates. When increasing the brazing temperature to
1020 °C, the continuous (Ti,Zr),(Ni,Cu) intermetallic
layer disappeared completely, and the brazing seam was
occupied by a mixed structure of a-Ti, f-Ti and some
scattered white (Ti,Zr),(Ni,Cu) particles, as shown in
Fig. 6(c). With further increasing brazing temperature to

zones  (continuous
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Fig. 5 High magnification backscattered electron images of TiB,,/TC4—Ti60 joints brazed at 940 °C for 10 min: (a) Zone I; (b) Zone

IL; (c) Zone 111

Table 2 Chemical compositions (mole fraction, %) and possible phases of each spot marked in Fig. 5

Spot Ti Zr Ni Al Cu Sn v Possible phase
A 36.78 27.25 15.09 2.84 15.05 1.78 1.21 (Ti,Zr),(Cu,Ni)
B 70.03 9.02 7.22 3.16 8.11 0.76 1.70 B-Ti
C 81.04 3.20 2.49 5.88 3.11 0.44 3.84 o-Ti
D 69.37 9.29 6.39 423 8.4 1.75 0.57 B-Ti
E 3.41 2.35 6.50 3.71 3.26 0.31 3.41 o-Ti

Fig. 6 BSE images of TiB,/TC4-Ti60 joints brazed at different temperatures for 10 min: (a) 900 °C; (b) 980 °C; (c) 1020 °C;

(d) 1060 °C

1060 °C, both the (Ti,Zr),(Ni,Cu) intermetallic layer and
diffusion zones disappeared, and the coarse lamellar
(atp) Ti structure was formed on Ti60 side, as shown in
Fig. 6(d).

It can be concluded that the microstructural
evolution has a strong relationship with the interdiffusion
and reaction of elements between molten filler alloy and
the substrates. The interfacial microstructure evolution of

TiB,,/TC4-Ti60 joints during brazing can be discussed as
follows. Firstly, when the brazing temperature exceeded
the solidus temperature (7s) of the amorphous TiZrNiCu
filler, the brazing alloy started melting. As the
temperature continued to increase the liquidus
temperature (7;), the amount of liquid phase increased
continuously until TiZrNiCu filler alloy melted
completely. Then, the diffusion of atoms Zr, Ni, Cu and
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Ti in the liquid phase into both substrates and the
dissolution of substrates into liquid phase occurred at the
same time. Meanwhile, Ni and Cu atoms can decrease
the f-transus temperature of titanium alloys, leading to
the transformation of o-Ti into A-Ti during brazing
process, as reported by BATRA et al [22] and
CREMASCO et al [23]. Therefore, the diffusion zones
(Zones 11 and III) mostly consisted of S-Ti phase when
brazing temperature was lower than 1020 °C, which
exhibited an approximately-symmetrical morphology, as
shown in Fig. 5(a) and Figs. 6(a, b). Besides, the
diffusion was not so intense when brazed at relatively
low temperatures, so the remnant liquid phase containing
large amounts of Zr, Ni, and Cu turned into
(Ti,Zr),(Ni,Cu) intermetallic compounds at the center of
brazing seam during cooling process. Nevertheless, the
increase of brazing temperature (e.g. 1020 °C and
1060 °C) intensified the diffusion of elements, which
resulted in the disappearance of
(T1,Zr)»(Ni,Cu) intermetallic layer, as shown in Figs. 6(c)
and (d). Especially, when brazing temperature reached
1060 °C, the (Ti,Zr),(Ni,Cu) intermetallic compounds
disappeared completely and coarse lamellar (a+p)-Ti
structures were observed instead. On one hand, the
brazing temperature of 1060 °C was higher than the
p-transus temperature of Ti60 alloy (~1035 °C [24]), so
the a-Ti in Ti60 could be transformed into S-Ti; on the
other hand, more S-Ti phase was formed and stabilized
due to the diffusion of elements Ni and Cu into the
substrates [25,26]. Meanwhile, even though the brazing
temperature was higher than the / transus temperature of
TC4 alloy, it should be noted that the pining effect of
TiB whiskers prevented the grain coarsening in
TiB,/TC4 composite, leading to no significant change in
TiB,,/TC4 substrate at 1060 °C.

continuous

3.3 Effect of brazing temperature on joining
properties of TiB,,/TC4—Ti60 brazed joints

Figure 7 shows the variations of room-temperature
shear strength of TiB,/TC4-Ti60 joints with brazing
temperature. As brazing temperature increased from
900 °C, the shear strength first increased steadily and
then has a substantial growth from 940 to 1020 °C. As
the brazing temperature exceeded 1020 °C, the shear
strength decreased. The highest average shear strength
was 368.6 MPa when the brazing temperature was
1020 °C.

For investigating the relationships between joint
properties and interfacial microstructures, SEM and
XRD were performed on the fracture surface, and also
cross-section BSE images were acquired by rebuilding
the fractured joint. Figure 8(a) shows the cross-section
BSE image of TiB,,/TC4-Ti60 joint brazed at 940 °C for
10 min after shear test. It is obvious that the joint

fractured at the continuous (Ti,Zr),(Ni,Cu) intermetallic
layer. Lots of cleavage facets can be observed in the
secondary electron (SE) image of fracture surface
illustrated in Fig. 8(b). The XRD result, taken from
fracture surface as shown in Fig. 8(b), indicates that the
(Ti,Zr)»(Ni,Cu) phase dominated on the facture
surface [27]. Moreover, the XRD result also reconfirmed
the above analyses about interfacial microstructure and
phases. It is well known that the continuous intermetallic
layers are always detrimental to joining properties due to
their nature of brittleness. Hence, the joints brazed below
1020 °C exhibited relatively low shear strength due to
the formation of continuous (Ti,Zr),(Ni,Cu) intermetallic
layer in the joints. An increase in brazing temperature
can lead to a gradual increase in shear strength, as shown
in Fig. 7, which can be attributed to the reduction of
(T1,Zr)»(Ni,Cu) intermetallic compounds.

500
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400

(O8]
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T
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S
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Fig. 7 Variation of room-temperature shear strength of
TiB,/TC4-Ti60 joints with brazing temperature from 900 to
1060 °C

Figure 8(c) shows the cross-section BSE image of
TiB,/TC4-Ti60 joint brazed at 1020 °C for 10 min after
shear test. It can be seen that the joint fractured in
diffusion zone adjacent to TiB,,/TC4 substrate. The XRD
result and SEM image of fracture surface illustrated in
Fig. 8(d) display brittle characteristic and some pulled-
out TiB whiskers distributed on the fracture surface. The
pulled-out TiB whiskers have the function of supporting
part of load during shear test and can increase shear
strength to some extent. What is more, according to the
interfacial microstructure shown in Fig. 6(c), it is
concluded that the disappearance of continuous
(T1,Zr)»(Ni,Cu) intermetallic layer significantly enhanced
joint properties. Therefore, the joints brazed at 1020 °C
exhibited the highest shear strength. The cross-section
BSE image of TiB/TC4-Ti60 joint brazed at
1060 °C for 10 min after shear test is shown in Fig. 8(e).
Combining the XRD result and SE image of fracture
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Fig. 8 Fracture analyses of Ti60—TiB,,/TC4 brazed joints after shear test: (a) Cross-section BSE image of joint brazed at 940 °C for
10 min; (b) XRD pattern and SEM image taken from fracture surface in Fig. 8(a); (c) Cross-section BSE image of joint brazed at

1020 °C for 10 min; (d) XRD pattern and SEM image taken from fracture surface in Fig. 8(c); (e) Cross-section BSE image of joint
brazed at 1060 °C for 10 min; (f) XRD pattern and SEM image taken from fracture surface in Fig. 8(¢)

surface illustrated in Fig. 8(f), it is determined that the
joint mainly fractured on Ti60 substrate side. According
to the interfacial microstructure, it is inferred that the
coarse lamellar (a+f) structure was harmful to the joint
properties. Thus, the shear strength decreased even
though there was no (Ti,Zr),(Ni1,Cu)
intermetallic layer in joints.

continuous

4 Conclusions

1) The interfacial microstructure of Ti60—TiB,,/TC4
joints brazed at 940 °C for 10 min was TiB,/TC4

composite/f-Ti + TiB whiskers/(Ti,Zr),(Ni,Cu) inter-
metallic layer/s-Ti/ Ti60 alloy.

2) The microstructural evolution has a strong
relationship with the diffusion of elements in molten
filler alloy into substrates. The thickness of
(T1,Zr)»(Ni,Cu) intermetallic layer decreased with the
increase of brazing temperature and ultimately
disappeared at the brazing temperature of 1020 °C.
Coarse lamellar (o+f)Ti structure was formed in the Ti60
substrate when brazed at 1060 °C.

3) The presence of continuous (Ti,Zr),(Ni,Cu)
intermetallic layer in joints was harmful to the joining
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properties, which resulted in low shear strength when
brazed below 1020 °C, and the joints preferred to
fracture at the (Ti,Zr),(Ni,Cu) intermetallic layer. The
maximum average shear strength of joints reached
368.6 MPa when brazing was conducted at 1020 °C for
10 min. Fracture analyses indicated that cracks
propagated in the diffusion zone adjacent to TiB,/TC4
substrate. While further increasing brazing temperature
to 1060 °C, the shear strength was decreased due to the
formation of coarse lamellar (a+f) structure and the
joints fractured on the Ti60 side.
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TiZrNiCu IEGRFTRIFTIE
TiB,/TC4 E 5% #1%0 Ti6e0 5 &

REEE 2, K 47 BREC AWM, & 4, R

k=1

1. PARIET KRS JelbE 8 5iEHE R E SRR E, BI/RE 150001;
2. WAURVE T K= () I AR B R AR B S =, B 264209

8 ZE.H TIZINiCu JEREPRVRIISEIL T TiB,/TC4 EAME Ti60 &4 e IRERE @i HH T BAst .
REREA . X ST ERATHH S T BEMA BHA I RAEAT Sk M 2 e M RE . 7E 940 °C {1 10 min T, 4TSk s
B R H LN TiB,/TC4 HAME B-Ti+TiB FAU/(Ti,Zr)(Ni,Cu) &R T & HE/B-Ti J2/Ti60 &4 . s
TCER A B 1 B0 R B A e Sk ST G5 4 o EFARIRLEE (T S A (T1L, Zn),(NL,Cu) 42 [ Ak &7 2 10 JE FE DRk )N
LEHRIREERIT 1020 °C B, (TLZn),(NLCu) 4 & AP 2 2 o EFIRIRERURET, A RIMETEAE (TLZr),(NL,Cu)
AR T He MR . 353k BT D) 5 P BEAT R IRLBE (1 T v 56N 5 PRI %S, 76 1020 °C NIRFF i KM BT P 5
368.6 MPa; i 4EF/RIREEEF 1060 °C I, 23k EREAK, X2 H TR T HKIZIR(0+p)-Ti A

KHEiE: £ TiB/TC4 EEMEL: Tie0 &4 FmzM: W

(Edited by Xiang-qun LI)

2201



