
Brazing of Titanium Using 
Low-Melting-Point Ti-Based Filler Metals 

A new amorphous foil is developed that allows brazing below 
the transformation temperature of titanium 

BY T. O N Z A W A , A. SUZUMURA AND M . W . KO 

ABSTRACT. The microstructure and me
chanical properties of commercially pure 
titanium (CPTi) and Ti-6AI-4V alloy joints 
brazed with newly developed Ti-based 
amorphous filler metals were investigated 
by microscopy, electron probe microanal
ysis, tensile test, fatigue test and salt 
immersion test. Among the developed 
filler metals, three kinds of Ti-37.5Zr-
15Cu-10Ni, Ti-35Zr-15Cu-15Ni and Ti-
25Zr-50Cu alloys were used in this study, 
whose melting points were approximately 
100°C (180°F) lower than those of con
ventional Ti-based filler metals. 

In brazing below a-/? transformation 
(880°C, 1616°F) or 0 transus (990°C, 
1814°F) temperature of the base metals, 
the original fine grains of the base metals 
were completely preserved, and the 
brazed zone was distinct from the base 
metal. On the contrary, in brazing above 
these transformation temperatures, the 
grains of the base metals were coarsened, 
and fine Widmanstatten structure was 
formed at the joint area. These joint 
structures were related to the mechanical 
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properties of the joints. Especially in the 
case of the Ti-6AI-4V joint, the formation 
of fine Widmanstatten structure deterio
rated the ductility of the joint. 

In the tensile test, CPTi and Ti-6AI-4V 
alloy joints brazed with Ti-37.5Zr-15Cu-
10Ni alloy at 850°C (1262°F) for 5 min and 
at 900°C (1652°F) for 10 min, respec
tively, were fractured in the base metals. 
The fatigue properties of TE6AI-4V joints 
brazed at 900°C (1652°F) for 10 min were 
equal to that of the base metal at maxi
mum stresses below 590 MPa (85.5 ksi). 
Furthermore, after immersing in 5% NaCI 
solution up to 1000 h, no reduction in 
tensile strength of the joints occurred. 
These results demonstrate that the use of 
these newly developed low-melting-point 
filler metals make it possible to braze 
without a-p transformation and /3 transus 
of CPTi and Ti-6AI-4V base metals, re
spectively, which results in joints with ex
cellent mechanical properteis and corro
sion resistance. 

Introduction 

Brazing of titanium and its alloys has 
been studied extensively, and it has been 
known that silver-based filler metals (Refs. 
1-3), such as Ag-Cu-Ni-Li; titanium-based 
alloys (Refs. 4-8), such as Ti-Cu-Ni; and 
aluminum and its brazing sheet (Refs. 
9-11), are excellent in wettability and me
chanical properties, and that pure copper 
is suitable particularly for diffusion brazing 
(Refs. 12-14). 

Among these filler metals, Ti-based filler 
metals are superior in high-temperature 
strength and corrosion resistance of the 
joint (Refs. 4, 5, 7). However, the melting 
points of the conventional Ti-based filler 

metals are generally above 900°C 
(1652°F), so that such brazing tempera
tures higher than the a-(3 transformation 
temperature of CPTi and comparable to /3 
transus temperature of titanium alloys are 
required. In brazing at these tempera
tures, the mechanical properties of base 
metals, such as ductility and toughness, 
are impaired because of the phase trans
formation and coarsening of grains of 
base metals that occur during the brazing 
cycles. Because it is difficult to make these 
filler metal alloys into foils due to low 
workability, they have been commonly 
used in powder form or as laminated 
brazing foils (Refs. 5, 7, 8). 

Therefore, this study was undertaken 
to develop Ti-based amorphous foil filler 
metals that would make it possible to 
braze below a-0 transformation and /3 
transus temperatures of CPTi and Ti-6AI-
4V base metals, respectively. 

Materials and Procedure 

Materials 

Commercially pure titanium (CPTi) and 
Ti-6Al-4V alloy were prepared as base 
metals, where the Ti-6Al-4V alloy was an
nealed at 700°C (1292°F) for 1 h after 
forging, and has an equiaxed structure. 
Tables 1 and 2 give the chemical compo
sitions and mechanical properties of these 
base metals. 

As for brazing filler metals, three of the 
Ti-Zr-Cu-Ni amorphous foils and a com
mercial Ti-Cu-Ni laminated foil shown in 
Table 3 were used. Besides these, silver-
based filler metals of Ag-15Cu, Ag-28Cu-
2Ti, Ag-28Cu-0.2Li alloy were also pro
vided for comparison. 
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Table 1—Chemical Compositions of Base Metals Used (wt-%) 

Mater ia ls 

CPTi<a> 

TF6AI-4V 

Ti 

bal 
bal 

Al 

6.07 4.12 

Fe 

0.090 
0.140 

O 

0.011 0.090 
0.010 0.180 

(a) CPTi - commercial pure titanium. 

0.0018 
0.0020 

0.007 
0.010 
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Brazing and Experimental Procedure 

The ends of cylindrical specimens w e r e 
machined flat and parallel, and w e r e po l 
ished w i t h metal lographic papers up t o 
2000 grit. Immediately pr ior to placing the 
brazing filler metal b e t w e e n the mat ing 
surfaces of the specimens into the brazing 
chamber, the specimens w e r e degreased 
and rinsed w i th acetone. The chamber 
was evacuated up to approximate ly 8 
MPa (6 X 1 0 - 5 torr ) , and then induct ion 
heating of the specimens was started. The 
specimens w e r e heated t o the desired 
temperatures in less than 3 min. Dur ing 
brazing, the specimens w e r e compres-
sively loaded by 1 MPa (145 psi), and w e r e 
isothermally held at f ixed temperatures. 
At the end of the t ime per iod , the induc
t ion generator was s topped . The speci
mens w e r e a l lowed to coo l t o b e l o w 
150°C (302°F) in the vacuum chamber. 

Af ter brazing, the as-brazed samples 
w e r e w o r k e d into such shapes as s h o w n 
in Fig. 1 and w e r e subjected to micros
copy , e lectron p robe microanalysis, ten 
sile tests at r o o m and e levated tempera
tures, fat igue test and salt immersion test 
in 5% NaCI at 3 5 ° C (95°F). 

Development of Filler Metal 

Ti-Cu-Ni alloys, as wel l as Ti-Zr-Be al
loys, are representat ive Ti-based filler met
als fo r brazing o f t i tanium, and have been 
used convent ional ly in the f o r m of p o w 
der or laminated brazing foils (Refs. 5, 7). 
Mos t of these filler metals have brazing 
temperatures somewha t higher than de
sirable. As k n o w n in Ti-Zr and Ti-V equi
l ibr ium binary phase diagrams (Refs. 15), 
the addi t ion of 50 w t -% Zr or 32 w t -% V 
to t i tanium reduces the melt ing point of 

Table 2—Mechanical Properties of Base 
Metals Used 

Materials CPTi TF6AI-4V 

Tensile strength (MPa) 360 1060 

Reduction of area (%) 67 41 

Elongation (%) 42 18 
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each alloy by approximate ly 100°C 
(180°F). This suggests that the addit ion o f 
these elements to Ti-Cu-Ni filler metals is 
also ef fect ive in decreasing their melt ing 
points. There fore , in o rder t o conf i rm the 
ef fect , z i rconium and vanadium w e r e 
added t o Ti-Cu-Ni alloys. 

Various kinds of Ti-Zr-Cu-Ni alloys c o n 
taining the same p ropo r t i on o f t i tanium 
and z i rconium w e r e p r o d u c e d using an 
arc furnace in an argon atmosphere. As a 
result of measuring the liquidus and solidus 
o f these alloys, the lowest melt ing point 
was about 8 0 0 ° C (1472°F), as s h o w n in 
Table 3, wh ich is approximate ly 100°C 
(180°F) l ower than that of Ti-Cu-Ni alloys. 
Several low-mel t ing-po in t alloys we re se
lected, and w e r e manufac tured by melt 
quenching into amorphous foils of 4 0 - 6 0 
(im in thickness and 5 m m (0.197 in.) in 
w id th . A m o n g them, three foi l compos i 
t ions w e r e used in this exper iment , and 
are listed in Table 4. As fo r the addi t ion o f 
vanadium to Ti-Cu-Ni al loy, no low-mel t 
ing-point alloys cou ld be obta ined wi th in 
this investigation. 

Results and Discussion 

Metallurgical Examination 

Figure 2 exhibits the microstructure of a 
CPTi joint brazed w i th Ti-25Cu-15Ni lam
inated filler meta l . The grains o f the base 
metal are coarsened, and the brazed 
region consists of f ine Widmansta t ten 
structure, wh i ch is typical in CPTi joints 
brazed w i t h convent iona l Ti-based filler 
metals and is similar to that in di f fusion-
brazed joints using pure copper filler 
metal (Refs. 4, 14). 

Figure 3 shows the microstructures and 
electron p robe microanalyses of CPTi 
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( a ) T e n s i l e T e s t Specimen 
(Room Tempera tu re ) 
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(Elevated Temperature) 
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(mm) 

( c ) F a t i g u e Tes t Specimen 

Fig. 1 — Shapes and dimensions of test speci
mens. A — Tensile speciman for room temper
ature; B— Tensile speciman for elevated tem
perature; C —Fatigue specimen. 
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Fig. 2 — Microstructure of CPTi joint brazed 
with Ti-25Cu- 15Ni laminated filler metal (980° C, 
5 min). 
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Fig. 3 - Microstructures and electron probe microanalyses of CPTi joints brazed with Type 1510 filler 
metal. A - 850°C, 5 min; B- 1000°C, 5 min. 
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Fig. 4 - Transmission electron micrographs of CPTi joint brazed by cooling immediately after heat
ing to 850°C (1562°F). A —interface between base metal and brazed region; B —brazed region. 
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Fg. 5 — Relation between brazing temperatures and microstructures of CPTi joints brazed with Type 
1510 filler metal. A -860°C, 5 min; B-870°C, 5 min; C-8WC, 5 min; D-890°C 5 min. 
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F/g. 6—Microstructures and electron probe microanalyses oiTi-6Al-4V joints brazed with Type 1510 
filler metal. A - 900"C, 5 min; B-950°C, 5 min. 

joints brazed with Type 1510 filler metal. 
The joint brazed at 1000°C (1832°F) 
above a-|8 transformation temperature of 
the base metal (Fig. 3B) has almost the 
same structure as that shown in Fig. 2. On 
the other hand, when brazed at 850°C 
(1562°F) below the transformation tem
perature, the original structure of the base 
metal is completely preserved, though the 
brazed region with coarse acicular struc
ture is distinct from the base metal, as 
shown in Fig. 3A. The maximum residual 
copper and nickel contents at the center 
of the brazed region were reduced to 
20% of that in the filler metal as calculated 
from the results of electron probe mi
croanalysis. 

Figure 4 exhibits transmission electron 
micrographs of a CPTi joint made by 
cooling immediately after heating to a 
brazing temperature of 850°C (1562°F). 
As a result of observation and electron 
diffraction of the white phase at the inter
face between brazed region and base 
metal, the configuration and lattice con
stant shown in Fig. 4A were revealed to be 
different from those of original a phase in 
the base metal. This suggests that the base 
metal is rapidly dissolved by the molten 
filler metal. On the other hand, the brazed 
region in Fig. 4B consists of fine eutectoid 
structures, which are forming colonies 
with cell, rod and lamellar structures. 

These results indicate that the base 
metal was probably dissolved by the mol
ten filler metal with the dilution of each el
ement in the filler metal, and subsequently 
pearlite-like structures were formed in the 
brazed zone by eutectoid reaction. 

Figure 5 shows the relation between 
brazing temperatures and microstructures 
of CPTi joint with Type 1510 filler metal. 
The microstructure of the joint brazed at 
860°C (1580°F) is almost the same as that 
shown in Fig. 3A with an obvious brazed 
zone. In the joint brazed at 870°C(1598°F) 
slightly above the a-j3 transformation tem
perature of the base metal, the brazed 
region becomes obscure and a fine Wid
manstatten structure appears. At temper
atures above 880°C (1616°F), the joint 
region consists of fully fine Widmanstat
ten structure, where the width of the 
zone is expanded beyond 150 ^ m , ac
companied by a coarsening of the base 
metal grains. 

These results demonstrate that the braz
ing at above transformation temperatures 
results in the fine Widmanstatten structure 
at the joint region. 

As for Ti-6Al-4V joints, microstructures 
and electron probe microanalyses of the 
joints brazed with Type 1510 filler metal 
are revealed in Fig. 6. In the joint brazed 
at 900°C (1652°F) shown in Fig. 6A, the 
original fine structure of the base metal is 
preserved, and the brazed region consists 
of fine acicular structure. When brazed at 
950°C (1742°F) (Fig. 6B), the width of the 
brazed region is expanded, and the ratio 
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of primary a phase increases in the base 
metal. When brazing at 1000°C (1832°F) 
above /? transus temperature of the base 
metal, grains of the base metal were 
remarkably coarsened, and the fine Wid
manstatten structure was observed in the 
joint. 

Tensile Strength of Joints 

Before the mechanical properties of the 
joints brazed with the developed Ti-based 
filler metals were investigated, tensile tests 
on the joints made by using three kinds of 
conventional Ag-based filler metals and 
Ti-25Cu-15Ni laminated brazing foils were 
carried out. It can be seen from Fig. 7 that 
the joints brazed with Ti-Cu-Ni filler metal 
had higher strength than that with Ag-
base filler metals. Nevertheless, in spite of 
brazing at the considerably high temper
ature of 980°C (1796°F), all specimens 
brazed with the Ti-Cu-Ni filler metal frac
tured in the brazed zone, exhibiting fairly 
low ductility. 

Figure 8 shows the tensile test results of 
CPTi joints at room temperature in com
parison with the brazeability of three kinds 
of Ti-Zr-Cu-Ni filler metals. In the case of 
brazing at above 900°C (1652°F), all the 
joints are fractured in the base metal. 
Though the tensile strength is slightly de
creased and the reduction of area is con
versely increased, these properties are al
most the same as that required for the 
base metal without heating. As already 
mentioned, brazing at above a-fi trans
formation temperature of CPTi results in 
coarsening the base metal grains. How
ever, in brazing with these filler metals, a 
joint having homogeneous composition 
can be obtained even by heating for a 
short time, so that the undesirable effects 
of this high-temperature heating is con
siderably lessened. Particularly in the case 
of using Type 1510 filler metal, tensile 
strength and ductility of the joint brazed 
even at 850°C (1562°F) below the trans
formation temperature are both equal to 
those of the base metal. 

Figure 9 shows the relation between 
brazing temperature and tensile proper
ties of Ti-6AI-4V joints brazed with Ti-Zr-
Cu-Ni filler metals. As compared with the 
considerably low tensile strength of the 
joint made at 850°C (1562°F), the 
strengths of the joints brazed at 900°C 
(1652°F) are improved enough to be 
equivalent to that of the base metal, in 
spite of failing at the joint interface. 

The joint brazed with either Type 1510 
or Type 1515 filler metal demonstrated 
sufficient tensile properties comparable to 
those of the base metal. On the other 
hand, all the joints made at 1000°C 
(1832°F) above /3 transus temperature 
railed in the base metal, and the ductility 
of the base metal is deteriorated consid
erably by the brazing thermal cycle. 

The effects of holding time at the braz

ing temperature on tensile properties of 
Ti-6AI-4V joints are shown in Fig. 10. In the 
case of brazing at 850°C (1562°F), even 
the joint made by heating for 30 min has 
poor tensile properties. On the contrary, 
tensile properties of the joints made at 
900°C (1652°F) are improved with the in
crease in holding time, and all the joints 
failed in the base metal after heating 10 
min. 

From the above results, though the 
tensile properties are greatly affected by 
brazing temperature and time, the filler 
metals bearing nickel are considered to be 
rather excellent. 

Table 3—Chemical Compositions, Solidus 
and Liquidus of Ti-Zr-Cu-Ni Alloys 

Ti Zr 

45.0 45.0 

Cu 

5 

Ni 

5 

fiquidus 
(°Q 
810 

Solidus 
(°C) 

780 

42.5 

40.0 

37.5 

36.0 

35.0 

42.5 

40.0 

37.5 

36.0 

35.0 

10 

5 

15 

10 

5 

15 

10 

0 

15 

5 

5 

10 

5 

If) 

15 

10 

15 

28 

15 

25 

800 

820 

815 

830 

825 

815 

840 

880 

820 

870 

790 

800 

795 

805 

795 

805<a> 

815 

820 

770<a> 

840 

32.5 32.5 

20 

15 

10 

5 

15 

20 

25 

30 

890 

860 

860 

900 

830 

835 

825 

880 

30.0 

27.5 

25.0 

30.0 

27.5 

25.0 

(a) Materials used 
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50 

25 

n brazing 

20 

25 
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15 

35 

0 

25 

870 

855 

840 

1030 

1035 

815 

980 

840 

830 

815 

990 

970 

780<a> 

860 

Table 4—Chemical Compositions of Brazing 
Filler Metals Used (wt-%) 

Materials Ti 

Type 37.5 
1510(a) 

Type 35 
1515(a) 

Type 25 
5000(a) 

Ti-Cu- bal 
Ni(b) 

Zr 

37.5 

35 

25 

— 

Cu 

15 

15 

50 

25 

Ni 

10 

15 

— 

15 

Liquidus 

(°Q 

815 

820 

815 

930 

Solidus 
(°C) 

805 

770 

780 

— 

5 0 0 -

£ 4 0 0 

3 0 0 -
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1 Base Metal : CP Ti 

Base Metal 

" -A 
V 

D-~-. 

" \ ^ O OTi-25Cu-15N 

A- fi Ag-15Cu 

v~-^ BAg8(Ti) 

• D BAg8a 

, 980°C 
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830'C 
u 1 5 10 

Holding Time (min) 

Fig. 7—Strength of CPTi joints brazed with Ti-
based and Ag-based filler metals. 
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Fig. 8 — Relation between brazing temperature 
and tensile properties of CPTi joints brazed 
with three kinds of Ti-Zr-Cu-Ni filler metals. 
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Fig. 9 — Relation between brazing temperature 
and tensile properties of TI-6AI-4 V joints brazed 
with Ti-Zr-Cu-Ni filler metals. 
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Fig. 10—Relation between holding time and 

tensile properties of TI-6AI-4V joints brazed 

with Ti-Zr-Cu-Ni filler metals. 
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Fig. 11 —Elevated temperature tensile proper
ties of TF6AI-4V joints brazed with Type 1510 
filler metal. 

Figure 11 shows results of the tensile 
test at elevated temperatures between 
200°C (392°F) and 600°C (1112°F) on Ti-
6A-4V joints brazed with Type 1510 filler 
metal. The joint brazed at 900=C (1652°F) 
for 5 min failed at the brazing interface in 
a room-temperature test, but the tensile 
strengths of 200=C (392°F) and 400°C 
(752°F) are both equivalent to those of the 
base metal. Though the joint strength at 
600°C (1112°F) decreases considerably 
and the fracture occurred at the brazing 
interface, the reduction of area came up 
to about 50°o, which is comparable to the 
base metal value. 

Fatigue Properties of Joints 

Fatigue tests were conducted under a 
tension-tension mode with a stress cycle 
of 3000 cpm and a stress ratio of 0.1. Fig
ure 12 shows the results for Ti-6Al-4V 
base metal exposed at 900°C (1652°F) for 
10 min, and the joints brazed with Type 
1510 filler metal at temperatures between 
900°C (1652°F) and 1000°C (1832°F). 
The data on the base metal are almost the 
same as that in the literature (Ref. 16), 
which indicates that the thermal cycle 
does not deteriorate the fatigue proper
ties. 

Though all joints exhibited shorter lives 
than those of the base metals, both joints 
brazed at 900°C (1652°F) for 10 min and 
at 950°C (1742°F) for 5 min below /? tran
sus of the base metal exhibited sufficient 
fatigue lives over 107 cycles at a maximum 
stress of 590 MPa (85.5 ksi), where fatigue 
limit is considered to be higher than the 
strength of 107 cycles. However, fracture 
of the joints occurred at the brazing inter
face in any case. Figure 13A shows a frac-

.900 
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450 

Base Metal: TJ-6AI-2.V 
Filler Metal: Type 1510 

• • 900°C, 10min (Base Metal) 
O o 900°C,10min (Joint ) 

n • 950°C, 5min(Jo in t ) 
A A 1000°C, 5m in ( Jo in t ) 

2X104 IC? 107 IC* 

Cycle to Failure (N) 

Fig. 12-Fatigue properties of TI-6AI-4V joints brazed with Type 1510 filler metal 

tography of a fatigued joint brazed at 
900°C (1652°F), where the cracks propa
gated irregularly along the acicular struc
ture in the brazed zone. 

On the other hand, the joints brazed at 
1000°C (1832°F) above /3 transus temper
ature of TJ-6AI-4V alloy exhibit the fatigue 
life of 1.8 X 106 cycles at a maximum 
stress of 490 MPa (71 ksi), which is con
siderably inferior to those of the joints 
made at 900°C (1652°F) and 950°C 
(1742°F). As shown in Fig. 13B, the "fish 
eye," which characterizes brittle fracture, 
appeared on fracture surfaces of all the 
joints brazed at 1000°C (1832°F). 

The results indicate that the fatigue 
properties of the joints made particularly 
at 900°C (1652°F) are somewhat compa
rable to that of Ti-6AI-4V base metal at a 
maximum stress below 590 MPa (85.5 ksi). 

Corrosion Properties of Joints 

After immersing joints in 5% NaCI solu
tion at 35°C (95°F), observation of the 
structure and tensile test were conducted 
to determine the corrosion properties of 
the joints. Joints made by using a silver-
based alloy of Ag-28Cu-0.2Li were also 
tested to compare with the developed 
filler metals. The observation of structures 
revealed that the CPTi joint brazed with 
Ag-28Cu-0.2Li filler metal had such poor 
corrosion resistance, that general corro
sion had occurred at the interface be
tween the base metal and the brazed 
zone after immersing for only 72 h. On the 
other hand, after immersing for 1000 h, no 
corrosion structure was observed in any 
CPTI and Ti-6AI-4V joints. These results 

Fig. 13 — Fractography of fatigue fractured sur

faces of V-6AI-4V joints. A -brazedat 900°C 

(1652°F); B-brazedat 1000'C (1832°F). 
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demonstrate that these brazed joints have 
sufficient corrosion resistance for salt so
lution. 

Summary and Conclusions 

The brazeability of the developed Ti-
Zr-Cu-Ti amorphous filler metals for CPTi 
and Ti-6AI-4V alloy was investigated. The 
conclusions are summarized as follows: 

1) Ti-Zr-Cu-Ni amorphous filler metals 
with melting points approximately 100°C 
(180°F) lower than that of conventional 
Ti-based filler metal (Ti-Cu-Ni LBFM, i.e., 
laminated brazing filler metal) can be 
made. 

2) The use of these filler metals makes 
it possible to braze at below a-$ transfor
mation and /3 transus temperatures of 
CPTi and Ti-6AI-4V alloys, respectively. As 
a result, joints having sufficient tensile 
properties, as compared to those of the 
base metals, can only be made by holding 
for a short time at the brazing tempera
ture. 

3) In the case of brazing CPTi and 
Ti-6AI-4V alloy at below a-{3 transforma
tion and (8 transus temperature of each 
base metal, the original structures of the 
base metals are completely preserved, 
and the brazed regions are distinct. On 
the contrary, in brazing above these tem
peratures, the grains of the base metals 
are coarsened, and the brazed regions 
consist of fine Widmanstatten structures, 
sometimes beyond 150 ,um in width. Par
ticularly in Ti-6AI-4V joints, a remarkable 

decrease in ductility is caused by the 
brazing thermal cycle. 

4) The fatigue properties of Ti-6AI-4V 
alloy joints brazed at 900°C (1652°F) for 
10 min and 950°C (1742°F) for 5 min ap
proach that of the base metal at maximum 
stresses below 590 MPa (85.5 ksi). Brazing 
at 1000°C (1832°F) above /? transus tem
perature, the joints exhibit less favorable 
fatigue properties. 

5) These brazed joints have sufficient 
corrosion behavior so that no reduction in 
tensile strength occurred after immersion 
in a 5% NaCI solution for 1000 h. 
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