
Resistance Diffusion Bonding 

Boron/Aluminum Composite to Titanium 

New joining process allows low cost incorporation of 
B/AI into titanium aircraft and missile components for 
applications at temperatures to 600 F 

BY M. S. HERSH 

A B S T R A C T . R e s i s t a n c e s p o t -
diffusion produces sound joints be­
tween boron/aluminum and titanium 
using standard electrodes and pro­
duct ion welding equ ipment . Me­
chanical properties of these joints 
were excellent over the temperature 
range of 70 to 600 F. Data presented 
includes static, fatigue, creep, and 
crippling strength. 

Resistance diffusion bonding has 
been applied primarily to joining B/AI 
"hat" stiffeners to titanium web pan­
els. Single stiffener/web test compo­
nents have been tested to failure over 
the 70 to 600 F temperature range 
without failure of the spot joints. 
Large, multiple-stiffener panels have 
been fabricated and tested. To date, 
no premature joint failure has oc­
curred in any of the more than 4,000 
spots p r o d u c e d . In add i t i on to 
stiffener/panel joints, stiffener splices 
have been produced successfully. 

This new joining process allows 
low-cost incorporation of B/AI into t i ­
tanium aircraft and missile com­
ponents. The high modulus and light 
weight of the composite can be used 
in areas where its high cost is justi­
fied, without requiring its usage in less 
critical areas. The ability to withstand 
structural loads at 600 F allows 
application in areas heretofore con­
sidered out of the range of B/AI appli­
cation. 

M. S. HERSH is Director of Programs, 
Pressure Systems, Inc., Los Angeles, Cali­
fornia. Formerly he was Design Specialist, 
Metallurgy, Convair Aerospace Division of 
General Dynamics, San Diego, California. 

Paper was presented at 54th AWS An­
nual Meeting held in Chicago during April 
2-6, 1973. 
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in. 
lb 
lb / in . 
psi 
ksi 
(Temp.) 

mm 
kg 
N/m 
kN/m2 

MN/m 2 

(Temp.) 

Conversion 
25.4 mm 
0.454 kg 
175 N/m 
6.895 kN/m2 

6.895 MN/m 2 

1.8 K — 460 

0.03937 in. 
2.204 lb 
0.0057 lb/ in. 
0.145 ksi 
0.145 ksi 
(F + 460J/1.8 

Introduction 

Resistance spot joining of boron/ 
aluminum (B/AI) composite to t i ­
tanium was initially developed as a 
laboratory curiosity. Joints were pro­
duced by centering the weld nugget 
within the titanium and melting the 
aluminum matrix of the composite 
onto the hot (not molten) titanium sur­
face. This joining process was devel­
oped and applied to a number of 
research programs (Ref. 1). Though 
relatively strong, the joints had two 
drawbacks: relatively wide scatter in 
strength from spot to spot, and fre­
quent expulsion (spit) at the joint. 

To improve joint quality and re­
liability, an attempt was made to pro­
duce joints without melting the alu­
minum. This was accomplished by re­
sistance dif fusion bond ing. Using 
standard electrodes and production 
resistance welding equipment, sound 
joints were produced. As before, a 
molten nugget centered in the titan­
ium conducted heat into the alumi­

num matrix of the composite. How­
ever, the temperature of the alumi­
num was maintained near, but below, 
its melting temperature. Diffusion oc­
curred producing a diffusion zone 5 to 
10 x 10 6 in. thick. Mechanical prop­
erties were consistent and, of course, 
weld expulsion was practically el im­
inated. Because of slight variations in 
the B/AI sheet, the interface temper­
ature occasionally exceeds the alu­
minum melting point and a slight 
amount of expulsion can occur. 

Advantages of this type of joint over 
the molten aluminum joint include re­
duced expuls ion, more rel iabi l i ty, 
joint uniformity, and improved fa­
tigue properties. 

Process Development 

Development of the resistance dif­
fusion bonding process was metal­
lurgically control led. The develop­
ment proceeded until the desired 
microstructure was obtained, and 
then the mechanical properties of 
joints produced by that schedule were 
tested. The desired microstructure 
was a very thin diffusion zone, free of 
intermetallics, with no melting of the 
aluminum. The largest feasible joint 
was desired and it was hoped that a 
3/8 in. diam joint was possible. 

Schedule Development 

Starting with the original molten 
a luminum schedule, three major 
changes were made. First, an elec­
trode was changed. In the original 
schedule, heating of the aluminum 
matrix of the composite was desired, 
as was concentrating the heat, so that 
a nugget could be produced. A Class 
III, radiused-tip electrode was used. In 
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Fig. 1 — Resistance diffusion bond microstructure. Large molten nugget is visible in titanium. No melting of aluminum matrix has oc­
curred and no aluminum-titanium interaction is visible under light microscope examination of prepared specimens. Both photos 
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Fig. 2 — Diffusion zone in resistance diffusion bond. No melting of composite matrix has Fig. 3 — Boron/aluminum-titanium diffu-
occurred sion-bonded fatigue or creep specimen 
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Fig. 5 — Fatigue strength of B/AI resistance diffusion-bonded to titanium 

the diffusion bond schedule, a Class I, 
flat-tip electrode was used, reducing 
the direct heating of the B/AI, but also 
significantly reducing contact pres­
sure. This change was the first step in 
the attempt to heat the B/AI, as much 
as possible, by conduction f rom the t i ­
tanium. Conduction heating is more 
controllable and has a much lower 
probability of melting the aluminum. 

Second, the pressure was in­
creased. In the original schedule the 
forge pressure (about 2,000 pounds) 
did not initiate until the end of the 
weld. It was primarily a means of stop­
ping nugget growth and of el im­
inating interface voids. In the diffu­
sion bond schedule, the weld pres­
sure (about 1,100 pounds) was used 
only for the first impulse — to get 
some interface temperature rise. The 
forge pressure was used throughout 
the rest of the bonding cycle to insure 
intimate contact over a large area. 
Another result of these two changes 
was to greatly reduce the weld heat 

input, a function of the interface re­
sistances. 

The third change followed directly 
from the first two changes. The weld 
heat input was raised by increasing 
both phase shift (weld current) and 
number of impulses. The geometric 
constraints resulted in a large pro­
portion of the welding energy being 
used to heat the titanium. Heat input 
parameters were optimized for the 
largest joint area, without any occur­
rence of melting. 

Metallurgical Examination 

It is always exciting to see a new 
process being developed; resistance 
diffusion bonding of B/AI to titanium 
was no exception. As the analysis pre­
dicted, a macro examination of the 
joint indicates a molten nugget within 
the t i tanium, but no apparent effect 
upon the aluminum matrix of the 
composite (Fig. 1, top). Even at high 
optical magnif ication, no aluminum-
titanium interaction is visible (Fig. 1, 

bottom). The nugget diameter was 
0.320 in. — not as high as hoped for, 
but sufficient to carry a large load. 
Finally, with the help of the electron 
m i c r o s c o p e , the d i f f us ion zone 
became evident (Fig. 2). At very high 
magnification, an inclusion-free dif­
fusion zone of 5 X 10-6 in. is clearly 
visible. 

Mechanical Properties 

Static, fatigue, and creep tests were 
performed to determine if resistance 
diffusion bonding was capable of 
s t ructura l appl icat ion f rom 70 to 
600 F. Figure 3 shows the configura­
tion of the creep and fatigue spec­
imens. The static specimens had no 
doublers and were tested with vise 
grips. All specimens tested at 70 and 
250 F failed at the spot in net tension 
(Fig. 4, left). The specimens tested at 
600 F failed in shear (Fig. 4, right). 

The static lap shear strength at 70 
and 250 F exceeds 50% of the base 
metal strength, with more than 80% of 
the 70 F strength remaining at 600 F 
(Table 1). At 600 F, as shown in Table 
2, considerable creep does occur, but 
200 lb per spot can be sustained for 
more than 300 hr. The fatigue test 
results (Fig. 5) were the most excep­
tional. At 70 F, a load equivalent to 
50% of the static strength can be sus­
tained indefinitely. At 600 F, creep 
reduces the long life load-carrying ca­
pability. The B/AI-Ti diffusion bond is 
s t ructura l ly usable (50% of 70 F 
strength) for more than 106 cycles. 

Subelement Specimens 

Crippling Specimens. Six 600 F 
crippl ing specimens were tested. The 
three with 0.027 in. thick B/AI hats 
failed at an average load of more than 
5,000 lb. The three with 0.034 in. thick 
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F/g. 6 — Thin 0.027-in. crippling 
specimen after test 
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Ffg. 7 — Compression stringer-splice 
specimen before testing 

Table 1 — Average Shear Strength of Re­
sistance Diffusion-Bonded B/AI to Titan­
ium (0.030 UD B/AI, 0.036 Ti)<a) 

Test 
temp, 

F 

70 
250 
600 

Failure 
stress, 

ksi 

105 
120 

85 

(a) B/AI Ftu - 200 ksi; area based upon nugget diam­
eter (0.32 in.) x thickness 

Table 2 — Average 600 F Creep Strength 
of Resistance Diffusion-Bonded B/AI to 
Titanium (0.027 UD B/AI, 0.036 Ti) 

Test 
load, 

lb 

400 
300 
250 
200 

Hours 
to 

failure 

1 
19 
78 

320 

B/AI hats failed at an average load of 
almost 8,000 lb. Figure 6 shows a 
typical specimen after testing. 

Splice Specimens. The most com­
plex subelement specimens fab­
ricated were two stringer-splice ten­
sion and two stringer-splice com­
pression specimens. 

The splice specimens were welded 
without any tools or fixtures, in the fol­
lowing sequence: 
1. Titanium hat splice to the top of the 

B/AI hat 
2. Angle doublers to the outside of 

the B/AI hat; side spots first, flange 
spots second 

3. B/AI hats to titanium skin 
Weld schedules used for the splice 

specimens were very similar, except 
for the electrodes and holders used 
against the B/AI hat. The schedules 
used 14 to 16 weld impulses of 8 
cycles each (no preheat was used). 
Weld heat was 31 to 33% phase shift 
on a 100 kVA, a-c machine. Weld 
pressure of 1,125 lb was used for the 
first impulse, with a forge pressure of 
2,100 lb for the rest of the weld time. 
The electrode used on the titanium 
side of all joints was Class I, full face, 
Vs in. diam with a 10 in. spherical tip 
radius. 

Various electrodes were used on 
the B/AI side of the joints. The elec­
trode used inside the hat for the top 
splice welds was Class I, % in. diam, 
% in. face, flat tip. The electrode used 
for the flange welds and for welding 
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Fig. 8 — Tension stringer-splice specimen before testing 

Fig. 9 — Top end of crippled 
compression joint specimen 
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Fig. 10 — Closeup of failure area on first tension splice specimen 
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the hats to the titanium skin was 
similar, except that the former had a 
Vz in. face and the latter a 5/s in. face. 
For the welds on the side of the hats, a 
' 2 in. diam, flat, Class I button tip was 
used in a specially modified offset 
holder. 

The splice specimens were welded 
without event (see Figs. 7 and 8). A 
few joints had slight aluminum expul­
sion. Spot location on the hat splice 
was difficult to control. The setup 
screws were left in and, therefore, no 
a l i g n m e n t p r o b l e m s w e r e e n ­
countered. The flange width on one 
specimen was shallow, resulting in a 
scalloped appearance of the flange 
edge after welding, but no splitting of 
the B/AI. 

Splice Specimen Testing. The com­
pression specimens were tested at 
600 F. After premature failure of the 
first specimen, due to overheating the 
second specimen crippled at a load of 
7,835 lb. The failure was due to cr ip­
pling of the stringer and skin adja­
cent to the splice area (Fig. 9). There 
was no evidence of failure in the joint 
area. The load of 7,835 lb achieved on 
the second test indicates that the joint 
design is adequate for the purpose in­
tended. 

Tension splice specimens were 
tested at ambient temperature (70 F). 
The end fittings of the specimens 
were attached to clevises on pull rods 
attached to the table and head of a 
tensile machine. 

Ultimate loads achieved for the two 
specimens were 18,230 and 21,490 lb, 
which compares favorably with a 
design ultimate load of 11,100 lb — 
corresponding to a tension load inten­
sity of 3,660 lb per in. 

The first specimen failed in the load 
introduction area with no apparent 
failure in the splice area. Figure 10 
shows the tension failure across the 
spot welds adjacent to the load intro­
duction fitt ing. The second specimen 
was tested in a similar manner and 
failed in a similar manner (Fig. 11). 
Failure in this specimen initiated at 
the end fitting at a load of 20,800 lb. 
The failure of the hat section at the 
edge of the splice doubler, through 
the spot welds, occurred at a load of 
21,490 lb. The average stress in the 
boron/aluminum at this load was ap­
proximately 110,000 psi without con­
sidering peaking due to stress con­
centrations at the welds or due to 
bending induced by the end failure. 

Compression Panel Fabrication 

Compression panels were welded 
using a wooden box fixture. The 
welding was performed in the follow­
ing sequence: 
1. Working from the center stringers 

outboard, join the center seven 
spots in each row. 
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F/g 11 — Closeup of failure area of second tension splice specimen 

F/g. 73 — S//4/ compression panel weld setup. The panel is allowed to rest on the lower 
electrode to illustrate panel curvature in the relaxed position. During welding, the fixture is 
raised to remove weight from the lower welding electrode 

Fig. 12 — Electrodes used to spot join the 
B/AI-Ti compression panel. (Note that top 
electrode is beveled to clear B/AI hat radii) 

2. Working from the center stringers 
outboard, join 20 spots from the 
middle outward, alternating weld­
ing direction. 

3. Working from the center stringers 
outboard, join the remaining spots 
in each row. 

Welding Schedule. The welding 
sequence was selected to minimize 
distortion. The sequence was varied 
from the sequence described above 
only to minimize distortion. The weld 
schedule used 18 impulses, each 
consisting of four cycles of preheat 
and eight cycles of weld heat (21% 
phase shift on a 150 kVA, a-c ma­
chine). Weld pressure of 1,150 lb was 
used for only the first impulse, with a 
forge pressure of 2,150 lb used for the 
rest of the weld time. Full face, % in. 
diam, Class I electrodes were used. 
The electrode used against the titan­
ium was machined to a 10 in. 
spherical radius. The electrode used 
against the B/AI hat was machined 
flat and modified, as shown in Fig. 12. 

The weld schedule development 
criterion was a failure of the com­
posite in tension at the edge of a 
single spot joint. The average failure 
load was approximately "f.OOO lb for 
more than 40 specimens tested dur­

ing development, setup, and in-
process checks. The lowest value 
recorded was 820 lb. 

Panel Welding. The first panel 
welded had expulsion of more than 
80% of the spots. This was attributed 
to failure to clean the titanium sheet 
adequately. The titanium sheet was 
properly cleaned for the second panel 
and the frequency of expulsion was 
significantly reduced. The first panel 
was joined using the wooden box fix­
ture to support the panel, but without 
any clamps. The fixture was pushed 
against the panel for each weld to 
keep the panel weight off the bottom 
electrode. This aids in reducing dis­
tortion. Figure 13 illustrates the panel 
weld setup. 

The first panel was welded without 
incident, but had a slight bow in both 
directions; the center of the panel, 
when lying hat side up, raised approx­
imately 0.25 in. Figures 14 and 15 
show the first panel, as welded. The 
1,176 spot impressions were bright 
and shiny on the B/AI side, and ringed 
with oxide on the titanium side. Spot 
uniformity was excellent. 

The first set of spots on the second 
panel, seven per stringer, was com­
pleted without incident (Fig. 16). Dur­

ing joining of the next set of spots, 
distortion and twisting began to oc­
cur. Welding was stopped and the 
panel clamped to the fixture at 16 
locations. The welding then proceed­
ed in a "work-out-the-bulges" se­
quence, placing spots at locations 
that minimized .or reduced the ap­
parent distortion. The resultant panel 
had a slight twist and bow, but fsw Or 
no ripples or waves in the titanium 
skin. 

Warpage and Straightening. Slight 
warpage of the titanium sheet was ap­
parent on both panels after welding. 
This was attributed to the shrinking 
effect of the multitude of welds used 
to join the stringers to the sheet. The 
warpage was primarily a curvature in 
the transverse direction; however, a 
small longitudinal bowing was also 
evident. The second panel also dis­
played a small amount of torsional 
warpage. 

The p a n e l s were c r e e p -
straightened during bonding of the 
test fixture end fittings. There was no 
apparent transverse bow or twist in 
either panel after the bonding oper­
ation, and only a slight longitudinal 
bow (0.040 in. measured at the center 
when supported on a flat plate). 

Nondestructive Evaluation. Nonde-
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Fig. 14 — Front side of B/AI-Ti compression panel Fig. 15 — Rear side of B/AI-Ti compression panel 
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Fig. 16 — Resistance spot joining B/AI compression panel Fig. 17 — Typical B/AI compression panel C-scan 

structive evaluation of the second test 
panel was accomplished using ultra­
sonic C-scan. The methods used 
were established earlier in the pro­
gram during inspection of the cr ip­
pling specimens. Figure 17 is a sec­
tion of the C-scan record for the 
panel tested. It shows a portion of 
three stringers near the midpoint be­

tween the panel ends. The welds 
shown in this section of the scan are 
typical of those throughout the entire 
panel. 
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