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Abstract
Ti-Zr-Cu-Ni amorphous filler with good performance is suitable for joining TC and TB titanium alloy, but its melting temperature is higher than 882.5˚C, the α→β phase transition temperature of
TA2, which makes the ductility of TA2 fall and the microstructure of the joint coarse. In this paper,
Ti-Zr-Cu-Ni amorphous filler was redesigned and optimized by using orthogonal experiment to
obtain three easy-to-use Zr-Ti-Ni-Cu amorphous fillers with low melting points and good plasticity.
The fast cooling equipment was used to fabricate the brazing filler foils to implement the braze
welding of TA2 and Q235 with high frequency inductance. The results indicate that all the brazing
foils are amorphous structure with lower melting temperature, for example, Zr52Ti22Ni18Cu8
filler’s is 538˚C. The technical parameters in brazing welding are: welding temperature T = 800˚C;
heating electric current I = 25 A; heating time t = 15 s and holding time t = 15 s, in the case of these
conditions, the jointing head shear strength of TA2/Zr52Ti24Ni13Cu11/Q235 is 139 MPa. Fracture is mainly located in the brazing seam. The white brittle intermetallic TiFe, TiFe2 and enhancement TiC spread in the center zone of brazing seam.
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1. Introduction
Since the 1950s, titanium has gradually become an important metal with high specific strength, low density,
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good thermostability, tenacity, thermal conductivity and fatigue resistance but high price. Q235 mild steel is a
common engineering material with good performance and low price. So, if these two materials can be connected
together to be used, their merits can be expressed better, which has good practical worth and economical benefit
[1]. However, there is big difference between the physical and chemical properties of titanium and steel, which
makes it hard to connect these dissimilar metals. Many methods can be used to connect titanium and its alloy at
present [2]. And brazing with simple technology, equipment and low welding temperature is the most appropriate for joining dissimilar metals. Titanium has active chemical property, so it must be brazed under vacuum or
dry inert gas atmosphere.
At the moment, the brazing fillers applied to the brazing of titanium and its alloy can be divided into four
kinds: Ag-based, Al-based, Pd-based and Ti-based fillers. Through rapid solidification, Ti based fillers can be
made into amorphous brazing fillers which has uniform microstructure, little thickness, low welding temperature
[3] and good brazing quality et al. Ti-Zr-Cu-Ni alloy is now considered to be the best amorphous filler for brazing titanium alloy, especially in high temperature and severe corrosion environments, but most of this kind of
fillers are appropriate for TC and TB series of titanium alloys [4], rarely for the connection of commercial pure
titanium TA2 and mild steel Q235. The melting temperatures of Ti-Zr-Cu-Ni brazing fillers is in a range from
840˚C to 900˚C lower than the phase inversion temperatures of most titanium alloys, such as the most widely
used TC4, whose phase inversion temperature is a range of 980˚C - 1000˚C [5] [6]; however higher than the one
of TA2, 882.5˚C. During the process of heating, when welding temperature is as high as the phase inversion
temperature of titanium, α phase transforms into β phase with obvious coarsening tissue, then becomes acicular
α phase during the subsequent cooling process, which makes the plasticity of the base metal TA2 reduced [7].
So it is urgent and hard to acquire a suitable brazing filler for bonding these dissimilar metals TA2 and Q235.
Therefore, the objective of this research is to lower the melting temperature of the Ti-Zr-Cu-Ni brazing filler
in order to satisfy the requirement of the welding temperature for brazing TA2 and Q235, and to obtain a brazing filler with good performance appropriate to braze TA2 and Q235. In addition, effects of elements in brazing
fillers, performance and microstructure of the fillers and joints will be investigated as well.

2. Experimental Work
Simple metals (99.99%) Ti, Zr, Cu, Ni were melted into alloy by high frequency induction heating equipment in
argon atmosphere and brazing fillers were prepared by using a single roller rapid solidification apparatus. The
experimental parameters can be seen in Reference [8].
Commercially pure titanium TA2 from Baoji Titanium industry CO. and Q235 mild steel in the form of 50
mm × 10 mm × 3 mm were used in hot rolled and annealed condition for brazing with Zr-Ti-Ni-Cu brazing fillers. The chemical composition of commercially pure titanium TA2 is Fe = 0.25, N = 0.01, O = 0.20, Ti balance.
And the chemical composition of Q235 mild steel is C = 0.40, Si = 0.28, Mn = 0.52, P = 0.043, S = 0.040, Ni =
0.30, Cr = 0.29, Cu = 0.28, Fe balance.
The phase structure of the brazing filler was tested by D/MAX-1200 X-ray diffractometer. The melting temperatures of brazing fillers were tested by Netzsch DSC 404C differential scanning calorimetry. The brazing of
TA2 and Q235 was conducted by vacuum high frequency brazier, the brazing parameters: vacuum degree is 0.1
Pa; welding temperature is 800˚C; heating current is 25 A; heating time is 15 s; holding time is 15 s; cooling to
room temperature is in furnace. The sample made along the axis of the welded sample was etched with the solution of 3 mL HF + 6 mL HNO3 + 100 mL H2O, the microstructures of brazing fillers were observed by using
Olympus GX-71 metallurgical microscope and JSM-6700F type SEM scanning electron microscope, the shear
strength of the joints was tested by WE-100 universal testing machine.

3. Results and Discussion
3.1. Composition of Zr-Ti-Ni-Cu Brazing Fillers
In Ti-Zr-Cu-Ni amorphous brazing fillers, Ni and Cu are stable elements to β phase, which can form eutectic
with titanium and reduce the melting temperature significantly [6]. Ni can improve the high temperature property and corrosion resistance of joints [9]. Cu can easily form a lot brittle intermetallics with titanium in joint, so
the content of Cu should not be too much. Because of the alloying effect of Zr and Ti, Zr becomes one of the
main added elements in Ti-based brazing filler. And Zr can form infinite solid solution with Ti, which can improve strength and keep plasticity. When the content of Zr in the alloy is 50%, the melting temperature of tita-
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nium alloy shows a minimum. Zr is neutral in titanium alloy, seldom having effect on the α-β phase inversion
temperature, and it also can form eutectic with Ni and Cu [10]. Therefore, Cu, Ni and Zr are added into Ti-based
brazing filler to design ZraTibNicCud, and each element has its content: 48 ≤ a ≤ 60; 20 < b < 28; 3 < d < 12; 19
< c + d < 30; 0.12 < d/(c + d) ≤ 0.5. In order to obtain the Zr-based amorphous brazing filler with good performance, optimized composition of the filler was designed by means of orthogonal experiment.
The orthogonal experiment L9(34) was arranged to search out the optimum brazing filler. In this experiment,
the factors are the content of these four elements. According to the approximate content of each element above,
three contents of every element were evenly chosen as the level of every factor. So there are 9 experiments with
9 brazing fillers. Indexes are the melting temperature; the tensile strength; the formability and wettability of
every brazing foil. Due to the little difference of the tensile strength; the formability and wettability among all
the designed fillers, the most important index is the melting temperature. The factors and levels are showing in
Table 1.
It is the requirement of this experiment that the melting temperature of the brazing filler should be lower than
the phase transition temperature of titanium, 882.5˚C, as far as possible. According to this, the most important
index, the results from range analysis show that: the dominant factor affecting the melting temperature is the
content of Zr, Ti affects less, and Cu affects much less. The compositions of three fillers Zr52Ti22Ni18Cu8,
Zr52Ti24Ni16Cu8 and Zr52Ti24Ni13Cu11 are obtained from the largest average combination of every factor’s
every level. The single effect trends of each element addition on melting temperature are shown in Figure 1.

3.2. Performance of Zr-Ti-Ni-Cu Brazing Fillers
Element Zr has strong glass-forming ability, so the brazing filler containing Zr, Ti, Ni and Cu can easily present
amorphous structure. And this kind of researches has been proved a lot. In this experiment the brazing fillers
prepared also have amorphous structure and the good performance of this structure. Figure 2 shows the X-ray
diffraction spectrum patterns of Zr52Ti24Ni16Cu8 brazing filler. In the pictures there is no peak according to
crystal phase, but broad diffraction peaks belong to glassy phases only, which indicate the amorphous structure
of Zr52Ti24Ni16Cu8 brazing filler. And all the designed fillers almost have the similar X-ray diffraction spectrums.
The nine brazing fillers with thickness of 40 μm - 60 μm, width of 4mm, prepared by a single roller rapid solidification apparatus, have high plasticity, tensile strength and are convenient to use. The tensile strength of the
brazing fillers shows in Table 2. Because in the periodic table, the elements in the fillers are next to the elements in the base metal and they are easily mutually soluble with each other, the wettability of these 9 brazing
fillers on base metals is good.
Table 1. Orthogonal factor level table.
Factor/at%
Ti

Cu

Ni

1

49

22

5

Balance

2

52

24

8

Balance

3

55

26

11

balance

3.5
3.0
2.5
2.0
1.5
48

50

52
Zr/at%

54

56

3.5
3.0
2.5
2.0
1.5

22

23

(a)

24
Ti/at%

25

26

Melting temperature index

Zr

Melting temperature index

Melting temperature index

Level

3.5
3.0
2.5
2.0
1.5

5

(b)

Figure 1. Single effect of element addition on melting temperature: (a) Zr; (b) Ti; (c) Cu.

825

6

7

8 9
Cu/at%
(c)

10 11

I/a.u.

J. Cui et al.

30

45

60

75

90

2θ/(o)
Figure 2. XRD spectrum of Zr52Ti24Ni16Cu8
amorphous alloy.
Table 2. Strength of extension of the Zr-based fillers.
Brazing alloy

Tensile strength/(MPa)

Zr52Ti22Ni18Cu8

318.89

Zr52Ti24Ni16Cu8

316.84

Zr52Ti24Ni13Cu11

307.96

Table 3 shows the three Zr-based fillers’ melting temperature ranges, it can be seen that the melting temperatures of these three fillers are around 600˚C, so the welding temperatures are absolutely under 882.5˚C, the α→β
phase inversion temperature of TA2, which meets the requirement of this experiment ensuring that the base
metal TA2 can keep its fine microstructure and good properties after brazing. The DSC curves of three fillers are
showing in Figure 3.

3.3. Microstructure of TA2/Zr-Ti-Ni-Cu/Q235 Brazing Joints
The microstructure of overlap brazing joints is observed. Figure 4(a) shows the whole morphology of the
TA2/Zr52Ti22Ni18Cu8/Q235 joint. There appears three zones from top to bottom: base metal TA2 zone, brazing seam zone and base metal Q235 zone. The base metal TA2 near the brazing seam presents sawteeth shape
for it partly converts into lath-like structure of β phase. However, the base metal TA2 away from the brazing
seam remains the original structure of α phase. Most of the microstructure in the brazing seam zone is dendrite.
The light color region in the brazing seam near the base metal Ti is the transition region between the seam and
the base metal Ti. There is not an obvious transition region between the seam and the base metal Q235 but a
dark color boundary line and the microstructure beside the boundary line is also coarse.
Figure 4(b) shows the microstructure of the overlap joint TA2/Zr52Ti24Ni16Cu8/Q235. For the brazing fillers Zr52Ti24Ni16Cu8 and Zr52Ti22Ni18Cu8 have the almost same compositions, the microstructure of the two
joints with the two fillers are very similar. The brazing seam zone of the overlap joint TA2/Zr52Ti24Ni16Cu8/
Q235 mainly consists of coarse dendrites. A light color transition region emerges between the seam and the base
metal Q235, whose microstructure presents sawteeth shape. There is not an obvious transition region between
the seam and the base metal Q235 but a dark color boundary line.
It can be seen in Figure 4(c) showing the microstructure of the overlap joint TA2/Zr52Ti22Ni13Cu11/Q235,
that boundaries between the three zones are clear. And between the seam and the base metal TA2, there is also a
transition region that consists of light color upper layer and dark color lower layer. There is a narrow transition
region between the seam and the base metal Q235, which is not like the joints with the other two brazing fillers,
and some white phases emerge on the boundary between the transition region and the seam.
In the seam of the TA2/Zr52Ti24Ni13Cu11/Q235 joint, white region and black region constitute the substrate,
on which white dotted phases with different size do not distribute uniformly and small phases gather to form
cluster. The center zone of the seam is showing Figure 5. Through spectrum quantitative analysis of point A, it
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Table 3. Melting range of Zr-Ti-Ni-Cu fillers.
Ts/˚C

Tl/˚C

Zr52Ti22Ni18Cu8

538

698

Zr52Ti24Ni16Cu8

640

741

Zr52Ti24Ni13Cu11

613

740

-1.0
Tl=698℃

-2.0
400

600
T/ ℃

800

1
0

Tl=741℃

-1
-2
400

0.5
0.0
-0.5

Tl=740℃

-1.0
-1.5

600
800
T/ ℃

(a)

Ts=613℃

1.0

heatflow/Wg-1

-0.5

-1.5

Ts=640℃

2

Ts=538℃

heatflow/Wg-1

heatflow/Wg-1

0.0

Brazing alloy

400

600
T/℃

(b)

800

(c)

Figure 3. DSC curves of brazing ribbons: (a) Zr52Ti22Ni18Cu8; (b) Zr52Ti24Ni16Cu8; (c) Zr52Ti24Ni13Cu11.
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Figure 4. The microstructure of TA2/Q235 joints: (a) TA2/Zr52Ti22Ni18Cu8/Q235; (b) TA2/Zr52Ti24Ni16Cu8/Q235 and
(c) TA2/Zr52Ti24Ni13Cu11/Q235

A

200 μm
Figure 5. Microstructure of TA2/Zr52Ti24Ni13Cu11/Q235.
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is identified that the white dotted phase is consist of elements C, Ti, Fe and less Zr, Cu, Ni, and the content of Ti
is 40.6%, Fe 20.3%, C 28.02%. So the phase contains TiFe2 and TiC compounds.
By analyzing and comparing the microstructure of TA2/Zr52Ti22Ni18Cu8/Q235, TA2/Zr52Ti24Ni16Cu8/
Q235 and TA2/Zr52Ti24Ni13Cu11/Q235 joints, it is found that most microstructures of TA2/Zr52Ti22Ni18Cu8/
Q235 and TA2/Zr52Ti24Ni16Cu8/Q235 are coarse dendrites, and no transition region emerges between the
seam and the base metal Q235; in TA2/Zr52Ti24Ni13Cu11/Q235 joint, there are white brittle intermetallic
compounds TiFe2 and wild phase TiC with different size distributing in the seam, and there is an obvious light
color transition region between the seam and the base metal Q235. By comprehensive comparison, the microstructure of TA2/Zr52Ti24Ni13Cu11/Q235 joint is better.

3.4. Mechanical Property of TA2/Zr-Ti-Ni-Cu/Q235 Brazing Joints
The shear strength of the brazing joints was tested, and the highest strength is 139 MPa. From the appearance of
facture, it can be seen that the fractures are mainly located in the center of brazing seam.

4. Conclusions
1) In this paper, Ti-Zr-Cu-Ni amorphous filler was redesigned and optimized by using orthogonal experiment
to obtained three Zr-Ti-Ni-Cu amorphous fillers with low melting temperature. The foils were prepared by using
a single roller rapid solidification apparatus and high induction frequency brazing of TA2 and Q235 was conducted.
2) The brazing foils with amorphous structure have high tensile strength and low melting temperature, under
882.5˚C, which meets the requirement of the welding temperature.
3) When the brazing parameters are welding temperature T = 800˚C, heating current I = 25 A, heating time t =
15 s, holding time t = 15 s, the shear strength of the TA2/Zr52Ti24Ni13Cu11/Q235 joint is 139 MPa. The fractures are mainly located in the seam and white brittle intermetallic TiFe, TiFe2 and reinforced phase TiC spread
in the center of the seam.
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