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ABSTRACT. The mechanical properties 
of commercial titanium CPTi and Ti-AI6- 
V4 joints, brazed with Ti-based filler met- 
als in the system Ti-(Zr)-Cu-Ni-(Pd) are 
evaluated by tensile test at various tem- 
peratures, as well as by fatigue test at 
room temperature. The influence of the 
microstructure in the brazing zone on the 
mechanical properties of the joints was 
assessed by conducting metallographic 
analysis. A vacuum furnace and an in- 
duction heating furnace were used for 
the production of the metallographic and 
tensile samples. 

The results from the mechanical and 
metallographic investigations revealed a 
strong dependence of the tensile strength 
of the titanium joints on the microstruc- 
ture of the brazing zone+ The presence of 
the brittle intermetallic Ti-Cu and Ti-Ni 
phases in the brazing zone leads to the 
weakening of the joint. However, the for- 
mation of these intermetallic phases can 
be avoided by using adequate brazing 
process parameters and by optimizing 
the joint clearance. In that case, it is pos- 
sible to fabricate titanium joints with Ti- 
based filler metals that have excellent 
mechanical properties comparable to 
those of the base metal. 

Introduction 

Titanium and its alloys have been em- 
ployed in industrial applications for 30 
years, especially in the aerospace and 
chemical industries. Due to the high ma- 
terial cost, an integral fabrication of tita- 
nium components is a major economic 
demand. This, however, requires an ade- 
quate joining technique, which on the 
one hand does not restrict the mechani- 
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cal and chemical properties of the base 
metal too much and on the other hand is 
inexpensive and flexible. In addition to 
several welding techniques, such as gas 
tungsten arc welding (GTAW), diffusion 
and electron beam welding, brazing 
technology is a joining alternative of 
great interest (Ref. 1 ). 

Suitable filler metals for brazing tita- 
nium materials are Ag- and AI-based al- 
loys. The excellent wettability and me- 
chanical properties of these filler metals 
have been demonstrated in several stud- 
ies (Refs. 2-7). However, since the fabri- 
cation of titanium joints with mechanical 
and chemical properties comparable to 
those of the base metal is not possible 
with Ag- and AI-based filler metals, at- 
tention has shifted to titanium-based 
filler metals that have shown superior 
mechanical properties, corrosion resis- 
tance and high-temperature strength. 

A commercially available Ti-based 
filler metal of common usage is Ti-Cul 5- 
Nil  5. The main disadvantage of this filler 
metal is that it requires very high brazing 
temperatures (>980°C/1796°F), which in 
most cases influences the microstructure 
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of the titanium base metal by 0~- [~ trans- 
formation and grain growth (Ref. 8). 
Therefore, research activities in the last 
few years have concentrated on the de- 
velopment of Ti-based filler metals with 
lower liquidus temperatures than the 
commercial alloy Ti-Cu 15-Nil 5. 

Development of Ti-Cu20-Ni20, Ti- 
Cul 9-Nil 9-Pd2 and Ti-Zr35-Cu15-Nil 5 
makes it three the number of alloys that 
allow brazing below the c~- I~ transition 
temperature of Ti-AI6-V4 (960°C/ 
1760°F) and CPTi (880°C/1616°F), re- 
spectively. 

The present study examines the suit- 
ability of Ti-Cu-Ni(Pd) and Ti-Zr-Cu-Ni 
filler metals for brazing Ti-AI6-V4 and 
CPTi. Metallographic and mechanical 
examinations give hints on adequate pro- 
cessing parameters and application 
properties of high-temperature brazed ti- 
tanium materials. 

Materials and Experimental 
Procedure Materials 

Commercially pure titanium (CPTi) 
and the c~-r~-titanium alloy Ti-AI6-V4 
were used as base metals. The chemical 
composition and physical properties of 
the base metals are given in Tables 1 and 
2. The composition and melting range of 
the titanium-based fi l ler metals em- 
ployed in the present study are summa- 
rized in Table 3. As can be seen from the 
last table, all the filler metals are suitable 
for brazing Ti-AI6-V4 without influenc- 
ing the microstructure of the base metal, 
since the maximum brazing temperature 
of 950°C (1742°F) is below the e~-I~-trans- 
formation temperature, which is about 
960°C. Brazing of CPTi, on the other 
hand, can only be performed with the 
TiZrCuNi filler metal since the maximum 
brazing temperature is below the c~-g- 
transformation temperature of the base 
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Table I - -  Chemical Compositions of the Base Metals 

Chemical Compositions [wt-%] 
Base Metal C N O H Fe AI 
CPTi 0.01 0.01 0.11 0.0003 0.05 -- 
TiAI6V4 0.08 0.05 0.2 0.0015 0.25 5.5-6.7 

V 

3.5-4.5 

Ti 

bal 
bal 

Table 2 - -  Mechanical and Physical Properties of the Base Metals 

Mechanical and physical properties CPTi 
Tensile strength Rm (25°C) (MPa) 448 
Yield strength Rpo.2 (25°C) (MPa) 345 
Tensile strength Rm (300°C) (MPa) 175 
Young's modulus E (GPa) 112 
Density p (g/cm ]) 4.51 
Thermal expansion coefficient ~ (RT/700°C) (I0-6K -I) 8.5/9.7 
Crystallographic structure at RT alpha 

TiAI6V4 
1170 
1050 
880 
117 

4.43 
8.5/9.7 

alpha/beta 

metal (880°C). 
Since the filler metals in the Ti-(Zr)-Cu- 

Ni system generally have a brittle charac- 
ter because of formation of intermetallic 
TiCu- and TiNi-phases, fabrication of ho- 
mogeneous foils by rolling is impossible. 
Therefore, the filler metals in the system 
Ti-Cu-Ni are commonly used in powder 
form or as laminated brazing foils. The 
fabrication of homogeneous foils is also 
possible when using the melt spinning 
technique. This last fabrication technique 
makes possible the production of foils 
with an amorphous microstructure and a 
thickness of 50 pm by rapid solidification 
(106 K/min) (Ref. 9). In the present study, 
filler metal powders were used for the fab- 
rication of metallographic brazing sam- 
ples, while filler metal foils, produced by 
melt-spinning, were employed for the 
production of the brazing samples sub- 
mitted to tensile and fatigue tests. 

Brazing Procedure 

For the metallographic investigation, 
high-temperature CPTi and Ti-AI-6-V4 

brazed joints were fabricated using a so- 
called wedge-gap specimen - -  Fig. 1. 
The wedge-gap specimen consists of two 
sheets of base metal, fixed together at the 
front side by a GTA tack weld. The wedge 
form of the specimen is achieved by in- 
serting two thin foils of different thick- 
nesses between the two sheets producing 
a wedge joint clearance between 0 -100 
pm. These wedge-gap specimens were 
degreased and rinsed in acetone. Fol- 
lowing cleaning, the filler metal powder 
was placed above the wedge joint clear- 
ance and then samples were loaded into 
the vacuum furnace or induction fur- 
nace. During brazing, the molten filler 
metal penetrates the wedge joint clear- 
ance due to gravity and capillary action. 
After brazing, the wedge-gap sample was 
metallographically prepared for light mi- 
croscopic analysis and microhardness 
measurements. The advantage of using 
the wedge joint clearance geometry is 
that it allows the investigation of the re- 
lationship between brazing-zone mi- 
crostructure and joint clearance size, as 
well as the determination of the maxi- 

mum joint 
clearance size. 

50 um thick foil 
~ . . . . . . . . .  - -  ..~,,i 100 um thick foil 

I / _ _ _  - . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . .  ~ - ' "  I 

,, 
~ _ ~ . . .  ,, ,, 

/ . . . .  ----::Tz~ - ~  ~ _ ~  .~ _ ,-I--7-- - ~ ~n 

. . . .  / /  . . . . .  --':-7"z ~C__S-- _~ "p.~' gap-size (urn) 
0 - ~  . . . . . .  ' . . . . .  r~-  / - - - ,  5 0  10 20 -- -- 7- .... ~-~ 

30 40 50 [mml 

The maximum 
joint clearance 
size character- 
izes the joint 
clearance size 
at which the 
brittle inter- 
metallic phases 
first occur. 
Since the oc- 
currence of 
these inter- 
metallic phases 
affect the me- 
chanical as 
well as the 

Fig. 1 - -  Geometry of wedge joint clearance sample. chemical prop- 
erties of the 

joint, the maximum brazing joint clear- 
ance is considered to be a very important 
factor in designing a joint. 

The mechanical characterization of 
titanium joints was done by tensile tests 
and fatigue tests. In the fabrication of the 
braze joints for tensile and fatigue tests, 
the ends of cylindrical samples were ma- 
chined flat and parallel. The samples 
were then cleaned in acetone and the 
filler metal foils placed between the fay- 
ing surfaces of the cylindrical specimens. 
After brazing in the vacuum or induction 
furnaces, the samples were machined, as 
shown in Fig. 2, before being subjected 
to mechanical tests. 

The joining was done by the vacuum 
furnace brazing process and the induc- 
tion brazing process using argon as a 
shielding gas. Figure 3 shows the tem- 
perature-time cycles used for the two 
brazing processes. 

Resul ts  a n d  D i s c u s s i o n  

Metallurgical Examinations 

Figure 4 exhibits the microstructures 
of the Ti-AI-6-V4 and CPTi joints brazed 
with Ti-Cu-Ni and Ti-Zr-Cu-Ni f i l ler 
metal, respectively. The microstructure 
of the brazing zones can be divided into 
three areas, the formation of which is ap- 
parently strongly dependent on joint 
clearance size. According to literature, 
the area with the fine Widmanst~tten 
structure, which is called diffusion zone, 
consists of co- and l~-titanium phases 
(Refs. I 0, 11 ). As Den, etal. (Ref. I 0), sug- 
gests, the formation of the diffusion zone 
microstructure at Ti-AI6-V4 Ti-Cu-Ni- 
brazements is attributed to the decrease 
of the 0c-g-transformation temperature in 
this area, due to the diffusion of Cu and 
Ni into the base metal. The second area, 
which can be distinguished next to the 
diffusion zone, is enriched in Cu and Ni, 
as SEM-analysis of analogous braze- 
ments revealed (Refs. I0, 1 I). Whereas 
both references report of the existence of 
l~-titanium phases in this area, Den, etal.  
(Ref. I0), also identified Ti2Cu-phases by 
using x-ray diffraction analysis. The third 
area, located in the middle of the brazing 
zone, has also been analyzed by Den, et 
al. (Ref. I 0), using x-ray diffraction analy- 
sis. The results of these examinations, 
which he carried out on a Ti-AI6-V4 Ti- 
CuIS-Ni15-brazed joint, revealed, that 
this area consists mainly of Ti2Ni-phases, 
and to a minor extent of intermetallic 
Ti2Cu-phases. 

For further characterization of the dif- 
ferent phases in the brazing zone, micro- 
hardness measurements were performed 
across the brazing zone on a Ti-AI6-V4 
Ti-Cu-Ni(Pd) joint and a CPTi Ti-Zr-Cu-Ni 
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joint, as shown in Fig. 5. The mi- 
crohardness rises toward the center 
of the brazing zone, reaching a 
maximum value of 550 HV0.05, 
most probably due to the presence 
of the intermetallic phases. The mi- 
crohardness of the diffusion zone, 
on the other hand, is slightly above 
that of the base metal. The embrit- 
tlement of the brazing zone as a re- 
sult of the formation of i ntermetallic 
phases lowers the mechanical prop- 
erties of the titanium joint as will be 
demonstrated later. An effective 
method to prevent embrittlement of 
the titanium joint is by adjustment of the 
joint clearance size. Figure 6 shows the 
influence of joint clearance size on the 
microstructure of the brazing zone of a 
Ti-AI6-V4 joint brazed with Ti-Cu-Ni. For 
small joint clearances (<20 tJm), the mi- 
crostructure of the joint consists of fine 
Widmanst~.tten structure only (Fig. 6A), 
and it has a ductile character. By in- 
creasing the joint clearance (Fig. 6B), g- 
titanium phase forms in the middle of the 
brazing zone. Yet, further increases in 
joint clearance leads to the formation of 
intermetallic phases at the center of the 
brazing zone I Fig. 6C. These results 
imply that reduction of the joint clear- 
ance sizes will be advantageous to avoid 
formation of brittle intermetallic phases 
in the brazing zone. 

Besides joint design, the microstruc- 
ture of the brazing zone can be influ- 
enced by variation of the brazing process 
parameters. Figure 7A-C shows the rela- 
tion between brazing time and mi- 
crostructure of a Ti-AI6-V4 joint, brazed 
with a 50-1Jm-thick Ti-Cu-Ni filler metal 
foil. For a short brazing time (5 min), the 
microstructure of the Ti-AI6-V4 joint 
consists of the same areas characterized 
above, including the brittle intermetallic 
phases in the center of the brazing zone 
- -  Fig. 7A. By increasing the brazing time 
from 5 to 10 min, the brittle intermetallic 
phases disappear and the brazing zone 
now consists of the diffusion zone and 
the g-titanium phase, as shown in Fig. 
7B. Brazing times of 30 min produced an 
increase in the width of the diffusion 
zone and reduction of the g-titanium 
phase. This was probably caused by the 
diffusion of Cu and Ni into the base 
metal. 

For an adequate selection of brazing 
process parameters and joint design, it is 
important then to have some information 
of the maximum brazing joint clearance, 
at which intermetallic phases form for the 
first time. Figure 8 shows the maximum 
joint clearance sizes of vacuum and in- 
duction-brazed Ti-AI6-V4 and CPTi- 
joints, determined by metallographic 
analysis of the wedge-gap specimen. The 

1 *45" 
R 5  

-"-" 0 , 8 /  

I 

I 

Fig. 2 - -  Geometry o f  tensile test specimen (all dimensions in mill imeters). 

'°1 I [ - ~  

maximum brazing joint clearance of the 
CPTi Ti-Zr-Cu-Ni joints is seen to be 
clearly smaller than that of the Ti-AI6-V4 
Ti-Cu-Ni(Pd) joints. In the Ti-AI6-V4 
joints, joint clearances of 90 lam are suf- 
ficient to avoid formation of the inter- 
metallic phases at a brazing time of 10 
min. Embrittlement of the CPTi Ti-Zr-Cu- 
Ni joints, caused by formation of inter- 
metallic phases, occurs at brazing joint 
clearances of about 20 tJm, when the 
brazing time is also 10 min. 

A comparison of the vacuum brazing 
process to the induction brazing process 
with regard to the maximum brazing 
joint clearance shows that the vacuum- 
brazed Ti-AI6-V4 and CPTi joints allow 

larger joint clearances without inducing 
formation of intermetallic phases. 

Tensile Strength of Joints 

The relationship between brazing 
zone microstructure and mechanical 
properties of Ti-AI6-V4 and CPTi joints 
brazed with 50-pm thick filler metal foil, 
has been established in this investigation. 
Fig. 9 presents the tensile strengths of the 
joints, processed as a function of brazing 
time and type of brazing process. The 
vacuum brazed Ti-AI6-V4 joints for ex- 
ample, show excellent tensile strength 
independent of the brazing time. All sam- 
ples failed at tensile stresses of 930 MPa 
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Fig. 3 - -  Temperature-Time Cycle of: (A) - -  The vacuum and; (B) - -  the induct ion brazing process. 
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Fig. 4 - -  Mi- 
crostructures o f  a 
Ti-AI6-V4 and a 
CPTi-joint brazed 
with Ti-Cu-Ni and 
Ti-Zr-Cu-Ni fi l ler 
metal, respectively. 
Brazing tempera- 
ture: 950°C Ti-AI6- 
V4 joint;  870°C 
CPTi joint; brazing 
time: 10 min. 

(135 ksi) in the base metal. This corre- 
lates with the absence of intermetallic 
phases in the braze joint of samples vac- 
uum processed. On the other hand, the 
Ti-AI6-V4 joints, which were induction 
brazed, show tensile properties lower 
than those of the vacuum brazed joints, 
as seen in Fig. 9A. These poorer me- 
chanical properties can be correlated 
with the presence of intermetallic phases 
since the actual brazing joint clearance 
of these braze joints (50 IJm) is greater 
than the maximum required to avoid the 
formation of intermetallics as described 
before in Fig. 8. The tensile strength val- 
ues of the induction braze joints also 
show a strong scattering, which increases 
as the difference between the actual 
brazing joint clearance and the maxi- 
mum joint clearance of the system be- 
comes larger. This larger clearance dif- 
ference would be expected to increase 
the amount of brittle phases in the braz- 

ing zone. Those joints, which have been 
induction brazed at 5 min, have the best 
mechanical properties of all induction 
brazed joints, and the smallest brazing 
joint clearance difference. 

The influence of microstructure of the 
brazing zone on the mechanical proper- 
ties of the titaniumjoints is also demon- 
strated by the results of the tensile tests of 
CPTi Ti-Zr-Cu-Ni joints. As can be seen 
in Fig. 9B, the tensile strengths of the vac- 
uum-brazed and induction-brazed CPTi 
joints are clearly below that of CPTi, 
which is about 375 MPa (54 ksi). All sam- 
ples tested failed at the joint interface. 
The reason for the low average tensile 
strength and the relatively high scattering 
of the strength values of the CPTi joints 
can be seen in the lower maximum braz- 
ing joint clearance of the system CPTi-Ti- 
Zr-Cu-Ni. According to Fig. 8, formation 
of brittle intermetallic phases in the braz- 
ing zone of the tensile CPTi specimens, 

brazed with 50-[am filler metal foil, is ex- 
pected in both the vacuum-brazed and 
induction-brazed samples. The best me- 
chanical properties are achieved by 
those joints, where the maximum braz- 
ing joint clearances are only slightly 
above the actual brazing clearance of 50 
IJm, and therefore, a minimum of inter- 
metallic phases within the brazing zone 
is expected. Consequently, the CPTi- 
joints brazed in a vacuum furnace at 30 
min brazing time have the highest tensile 
strength among all CPTi joints. The sam- 
ples failed above the yield strength of the 
base metal in the interface of the joint. 

Tensile Strength at Elevated Temperatures 

In Fig.10, the results of the tensile tests 
at elevated temperatures are given. For 
the fabrication of the tensile specimen, 
filler metal foils with a thickness of 50 IJm 
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Fig. 5 - -  Results of microhardness measurements with: (A) Ti-AI6-V4 ; and (B) CPTi joints. 
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were used with process para- 
meters of 950°C/5min 
(1733°F) for the Ti-AI6-V4 Ti- 
Cu-Ni-Pd brazing system and 
870°C/10 min (1553°F) for 
the CPTi Ti-Zr-Cu-Ni brazing 
system. The joining of all 
these samples was done in the 
vacuum furnace. These 
process parameters have been 
chosen in order to provide 
ductile joints, at least in the 
case of Ti-AI6-V4, which are 
free of brittle intermetallic 
phases. 

As can be seen from Fig. 
10, the tensile strength of the 
Ti-AI6-V4 joints and the CPTi 
joints, as well as that of the 
base metal samples, is re- 
duced with increasing test 
temperature. In the case of Ti- 
AI6-V4 joints, the reduction 
of tensile strength of the 
brazed joint is comparable to 
that of Ti-AI6-V4. However, 
with increasing test tempera- 

Fig. 6 - -  Influence of joint clearance size on microstructure of a Ti-AI6-V4 joint brazed with TiCuNiPd filler 
metal. (A=20pm, B=40 pm, C=70 pm); Brazing temperature: 950°C; Brazing time: 10 min. 

ture, the reliabil i ty of the 
brazed joints becomes poorer, which is 
characterized by an increase in scatter- 
ing of the tensile strength values. 

On the other hand, the tensile strength 
of the CPTi-joints is much more depen- 
dent on test temperature. The average 
tensile strength of brazed CPTi-joints is 
reduced by 50% when test temperature 
increases from 25°C (77°F) to 150°C 
(302°F). A further increase of test tem- 
perature to 300°C (572°F) leads to a fur- 
ther decrease of the average 
tensile strength of about 25%. 
It can also be seen from Fig. 
10B that the CPTi base metal 
samples also show a large 
strength reduction at the test 
temperature of 300°C. The re- 
lation of tensile strength of the 
brazed joint and tensile 
strength of CPTi base metal is 
therefore nearly constant 
across the test temperature 
range. 

Tensile Strength of Preoxidized 
Titanium Joints 

For the determination of the 
influence of oxidation on the 
mechanical properties of tita- 
nium joints, vacuum-brazed 
samples, as well as Ti-AI6-V4 
and CPTi base metal, were ex- 
posed to air at 300°C for 120 
and 240 h, respectively, before 
tensile tests. The results of the 
tensile tests of preoxidized 
brazed titanium joints are 

given in Fig. 11. The tensile strength of 
vacuum-brazed Ti-AI6-V4 joints as well 
as of CPTi joints is strongly reduced after 
heat treatment in oxidizing atmosphere. 
Beside reduction of average tensile 
strength, the vacuum-brazed Ti-AI6-V4 
Ti-Cu-Ni-Pd joints especially show a 
large scattering of strength values, which 
become larger with larger exposure 
times. On the contrary, the Ti-AI6-V4 
base metal samples were nearly unaf- 
fected by the heat treatment. These re- 

suits demonstrate that the reduction of 
tensile strength of brazed joints due to 
heat treatment in air is attributed to an 
oxidation attack of the brazing zone. This 
local oxidation of the brazed sample 
leads to a stress peak at the brazing zone 
and induces failure of the brazed joint. 
The higher susceptibility of the brazing 
zone compared to the bulk material is 
also manifested by a discoloring of the 
brazing zone after oxidation treatment in 
air. 

Fig. 7 - -  Influence of brazing time on microstructure of a Ti-AI6-V4 joint brazed with TiCuNiPd filler metal. 
(A=5 min, B= 10 min, C=30 min); Brazing temperature: 950°C; joint clearance: 50 pm. 
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Table 3 - -  Chemical Composilions and Critical Temperatures of the Filler Metals 

Chemical Composit ions (wt-%) Temperature (°C) 
Filler Metal Ti Zr Cu Ni Pd Tsol Tliq Tbraze 

TiCuNi 60 - -  20 20 - -  923 934 950 
TiCuNiPd 60 - -  19 19 2 923 934 950 
TiZrCuNi 35 35 15 15 - -  832 850 870 
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Fig. 11 - -  Tensile strength of  preoxidized (A) Ti-AI6-V4 Ti-Cu-Ni-Pd and (B) CPTi Ti-Zr-Cu-Ni vacuum brazed joints. Brazing temperature: 950°C (A); 
870°C (B); brazing time: 5 min (A), 10 min (B); jo int  clearance: 50 pm. 

Such a discoloring of the brazing zone 
can also be observed after heat treatment 
of brazed CPTi-TiZrCu-joints. Although 
tensile strength of CPTi joints is also re- 
duced after oxidation treatment, scatter- 
ing of the tensile strength values is much 
smaller. 

Fatigue Properties of Titanium Joints 

Fatigue tests were conducted under a 
tension-tension mode with a stress cycle 
of 0.2 Hz and a stress ratio of 0.1. The re- 
sults of the fatigue tests with Ti-AI6-V4 Ti- 
Cu-Ni-Pd joints brazed with 50-pm-thick 
filler metal foil in a vacuum furnace at 
945°C for 5 min are given in Fig. 12. 

Although the brazed joints exhibit 
shorter lives than those of the base met- 
als, the fatigue properties of the Ti-AI6- 
V4 joints are considered to be quite 
good. It can be seen from Fig. 12 that the 
joints do not fail after 105 cycles at a max- 
imum stress of 700 MPa (101.5 ksi), 
which corresponds to 75% of the static 
tensile strength of the Ti-AI6-V4 base 
metal. However, when maximum stress 
exceeds 700 MPa, the fatigue life of the 
Ti-AI6-V4 joints decreases dramatically. 
At a maximum stress of 730 MPa (105.8 
ksi) fracture of the joints occurs after 
18,000 cycles. 

S u m m a r y  and Conc lus ions  

The mechanical properties of Ti-AI6- 
V4 and CPTi-joints brazed with Ti-(Zr)- 
Cu-Ni-(Pd) filler metals are strongly de- 
pendent on the microstructure of the 
brazing zone, especially with the forma- 
tion of brittle intermetallic phases in the 
center of the brazing zone, which reduce 
the mechanical strength of the brazed 
joints. These phases form due to an ex- 
ceeding of the maximum joint clearance 
size of the system. The formation of these 
phases can be avoided by minimizing the 

joint clearance size of the joint to be 
brazed and by enhacement of brazing 
time. 

Tensile tests of the brazed Ti-AI6-V4 
and CPTi joints revealed that especially 
Ti-AI6-V4 joints exhibit excellent me- 
chanical properties, even comparable to 
those of the base metal, if the brazing 
zone is free of brittle intermetallic 
phases. Fatigue tests of the Ti-AI6-V4 
joints confirm the excellent mechanical 
properties. The fatigue properties of the 
Ti-AI6-V4 joints approach that of the 
base metal at maximum stresses below 
700 MPa. However, the application po- 
tential of Ti-AI6-V4 joints is reduced by 
the strong susceptibility of the brazing 
zone to oxidation when exposed to tem- 
peratures above 100°C. Tensile strength 
of preoxidized Ti-AI6-V4 joints revealed 
a dramatic reduction of tensile strength of 
thermally exposed Ti-AI6-V4 joints, 
which failed at the brazing zone without 

exception. 
In contrast to the Ti-AI6-V4 joints, the 

fabrication of CPTi-joints with mechani- 
cal properties comparable to those of the 
base metal was not possible. The reason 
can be seen in the much lower maximum 
joint clearance of the system CPTi Ti-Zr- 
Cu-Ni, with regard to the formation of in- 
termetallic phases. Therefore under the 
given circumstances (50-pm filler metal 
foils), formation of intermetallic phases 
could not be avoided. 

This study also revealed that the in- 
duction brazing process is an interesting 
alternative to the vacuum furnace braz- 
ing process. Especially from the eco- 
nomic point of view, the induction braz- 
ing process under inert atmosphere has a 
lot of advantages due to the short pro- 
cessing time. On the other hand, the 
short processing time is responsible for 
much higher requirements on brazing 
joint clearance compared to the vacuum 
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Fig. 12 - -  Fatigue properties of  vacuum brazed Ti-AI6-V4 Ti-Cu-Ni-Pd joints. Brazing tempera- 
ture: 950°C, brazing time: 5 min; jo int  clearance: 50 lam. 
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brazing process. However, fabrication of 
titanium joints with mechanical proper- 
ties comparable to those of the base 
metal by induction heating is possible, 
when the maximum brazing joint clear- 
ance of the system is not exceeded. This 
requires extremely small joint clearances 
of <30 pm in the case of Ti-AI6-V4 Ti-Cu- 
Ni-Pd joints and <20 [am in the case of 
CPTi-joints. 
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DEVELOPING STRESS INTENSIFICATION FACTORS 

WRC Bulletin 392 presents the results of two studies that involved the development of stress intensification factors: 

STANDARDIZED METHOD FOR DEVELOPING STRESS INTENSIFICATION 
FACTORS FOR PIPING COMPONENTS 

E. C. Rodabaugh 

EFFECTS OF WELD METAL PROFILE ON THE FATIGUE LIFE OF 
INTEGRALLY REINFORCED WELD-ON FII-rlNGS 

G. E. Woods and E. C. Rodabaugh 

The first study was conducted to document the method to be used in the experimental determination of stress 
intensification factors for piping components and joints. It provides a set of proposed additions to the ASME Boiler 
and Pressure Vessel Code to guide users in developing stress factors. With minor modification, the same informa- 
tion can also be applied to the ASME B31 piping codes. 

The second report describes how the guidelines developed in the first study can be used to develop the stress 
intensification factors for different weld geometries on a typical commercial pipe fitting. The results show how the 
experimental methodology is applied and how a factor of 2 improvement in the stress intensification factor can be 
made with extra care in the weld detail. 

Publication of this document was sponsored by the Committee on Piping and Nozzles of the Pressure Vessel Re- 
search Council.. 

The price of WRC Bulletin 392 (June 1994) is $40 per copy plus $5 postage and handling for U.S. and Canada, 
and $10 for overseas. Orders should be sent with payment to Welding Research Council, 345 E. 47th St., Room 
1301, New York, NY 10017; (212) 705-7956; FAX (212) 371-9622. 
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