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Diffusion Welding of Commercial 
Bronze to a Titanium Alloy 

At 900 F and about 24 ksi, the most important variable in 
joining Cu-10%Zn to Ti-6AI-6V-2Sn was found 

to be surface preparation 

BY F. J. ZANNER AND R. W. FISHER 

ABSTRACT. An invest igat ion was 
conducted to develop the techniques 
required to di f fusion weld c o m 
mercial bronze (Cu-10%Zn) to a 
titanium alloy (Ti-6AI-6V-2Sn) at 
900 F. Since this t itanium alloy will 
age harden at 900 F, a process was 
developed such that welding could be 
carried out during the t i tanium alloy 
aging treatment. The results of this in
vestigation were then directly applied 
to diffusion welding obturator bands 
on experimental 155 mm artillery 
projectiles. 

Welding parameters were deter
mined by conducting a parametric in
v e s t i g a t i o n w i th s m a l l s a m p l e 
coupons 0.25 in.2 (161.3 mm2) on a 
Gleeble. All welding was done at 
900 F in a vacuum (<10 _ 4 torr) and 
joint shear strength at room temper
ature was evaluated as a function of 
the welding parameters: (a) surface 
condit ion, (b) time between surface 
preparation and joining, and (c) com
pressive stress. 

Results showed that surface condi
tion is the most important parameter 
and that applied compressive stress 
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did not influence bond shear strength 
within the range of values used for 
this investigation, 8 to 15.6 ksi (55.1 to 
107.5 MN/m2 ) . Fracture surfaces of 
coupons failed in shear were analyzed 
with a scanning electron microscope 
(SEM). Under optimal welding condi
tions, failure occurred in the com
mercial bronze matrix adjacent to the 
bond, and joint shear strengths of up 
to 29,000 psi (200 MN/m 2 ) were 
achieved. 

Since there is a large difference in 
hardness and strength between each 
alloy at 900 F, the surface prepara
tion prior to joining was investigated 
and was found to play an important 
role in fracturing the surface fi lms at 
the interface. For example, shallow 
grooves 0.003 in. (0.076 mm) deep cut 
into the commercial bronze surface 
caused increased stress in localized 
areas at the joint interface and pro
duced a lateral movement of com
mercial bronze across the interface. 
This movement tends to break up un
desirable surface fi lms and promote 
intimate metal contact. The stress dis
tr ibution around these grooves has 
been approximated with a com
puter code and the results are in good 
agreement with the experimental ob
servations. 

Weld ing parameters developed 
with the Gleeble tests were then d i 
rectly applied in the fabrication of full 

scale hardware. Since the assembly is 
two concentric cylinders which are 
diffusion welded on a circumferential 
joint, the differential thermal con
straint technique was used to apply a 
radial compressive stress. This was 
accompl ished by placing a TZM 
molybdenum ring around the com
mercial bronze which in turn sur
rounded the titanium alloy. Since the 
coefficient of thermal expansion for 
molybdenum is lower than the other 
materials, it provides constraint as the 
assembly is heated. The stresses gen
erated at each interface are a func
tion of the room temperature clear
ance and the differences in thermal 
expansion coefficients between the 
two alloys. Calculations have shown 
that a joint interface compressive 
stress of 24,000 psi (165.5 MN/m2) is 
developed at 900 F when the room 
t e m p e r a t u r e rad ia l c l ea rance is 
0.0015 in. (0.038 mm) for each part of 
the assembly. 

Metallographic sections were taken 
perpendicular to the welded inter
face, and an electron microprobe 
analyzer was used to determine the 
relative mobilities of the elemental 
species with respect to the weld inter
face. Titanium was found to be the 
only e lement having apprec iab le 
mobility. After eight hours under dif
ferential thermal constraint at 900 F, 
it was found to diffuse 30 microns into 
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Fig. 1 — Apparatus for diffusion welding 
small coupons in the Gleeble, X1.25, 
reduced 53% 
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Fig. 2 — Standard cycle for Gleeble tests 

Fig. 3 — Photograph showing view normal 
to surface of a typical rough machined sur
face. X6.25, reduced 35% 

the commercial bronze. All other 
spec ies m o v e d less than th ree 
microns to either side of the interface. 

Introduction 

This investigation was conducted to 
develop a solid state welding tech
nique wherein commercial bronze 
(Cu-10%Zn) could be joined to a 
t i tanium alloy (Ti-6AI-6V-2Sn) at 
900 F in vacuum. It was necessary to 
develop this capability so that obtura
tor bands (commercial bronze) could 
be joined to experimental 155 mm ar
tillery projectile bases (Ti-6AI-6V-
2Sn). Service loading requirements 
for the base dictated that the titanium 
alloy be age hardened at 900 F. 
Hence, exper imenta l p rocedures 
were developed to diffusion weld and 
age harden simultaneously. 

When the projectile is f ired from a 
cannon, the obturator band is forced 
to conform to the rifling in the cannon 

-COMMERCIAL BRONZE BAND (90 % Cu.- 10% Zn) 
6.350 0.0.X6.0870 l.0.« 1.490 LONG 
16/ ON 0 0 

| j 5 Q / . S 0 0 ' 0 N 10 (SPECIAL MILLED SURFACE) 

- M I L O STEEL EXPANOING PLUG 

4.6670 0.0.x 2.5 LONG 
1 6 / ON 0.0. 

6-6-2 TITANIUM TUBE SECTION 
6.0810 OO. « 4.6700 1.0 X 5.0 LONG 

(TAPERED QO. ON UPPER ENO) 
6 / ON 0.0. ANO 1.0. 

M0LY80ENUM RESTRAINING PING 
lO.O O.D.X6.350 I.O.X Z.5 LONG 
16/ ON 1.0. 

STAINLESS STEEL BASE PLATE 
10.0 0.0 x.2 50 THICK 

STAINLESS STEEL SUPPORT SHIM 
1.250 x.750 « 0.05 THICK 

-MILO STEEL SUPPORT PING 
3.0 0.0X2.5 I.D.x.750 LG. 

Fig. 4 — Apparatus to generate differential thermal constraint for diffusion welding. 

barrel. This conformation provides a 
seal for the rapidly expanding propel-
lant gases and imparts spin to the 
projectile for ballistic control. Breech 
pressures can exceed 50 ksi (344.8 
MN/m2) and strain rates of approxi
mately one in./ in./s (25.4 m m / m m / s ) 
on the obturator band and high shear 
loading at the joint interface occur. 
Since for this application loading at 
the joint interface is primarily in shear, 
all of the mechanical test results re
ported in this paper are for shear 
loading. Welding parameters were 
developed on small coupons using a 
Gleeble and the results were scaled 
up in joining the full scale hardware. 

A review of the literature from 1966 
to the present time produced one 
paper in diffusion welding of pure Ti 
to pure Cu (Ref. 1) and many other 
studies on diffusion welding of Ti-6AI-
6V-2Sn to itself, several of which are 
listed in the b ib l iography. (Refs. 
2,3,4). However, all of these studies 
used joining temperatures ranging 
from 1300 F to 1750 F. King and Ow
czarski have publ ished extensive 
work perta in ing to the di f fusion 
welding of commercial ly pure Ti to it
self at temperatures ranging f rom 
1500 F to 1600 F. (Refs. 5,6). They 
conclude that the joining process is 
composed of three stages: 

1. Consolidation of the interfaces by 
localized deformation and creep. 

2. Voids in the joint shrink and are al
most eliminated by diffusion of 
atoms to the surface of the void 
along the interfacial grain boun
dary. 

3. Elimination of the remaining voids 
by bulk diffusion. 

They a lso c o n c l u d e tha t t h e 

presence of appl ied pressure is 
critical for the first stage and not 
necessary for the remaining stages. 
Ludemann (Ref. 7) in the discussion 
of deformation welding mentions that 
gross plastic deformation at the inter
face can create clean surfaces by 
breaking up brittle layers of oxide and 
dispersing them into small islands. 
Ludemann also concludes (Ref. 8) 
that short range diffusion is most im
portant for interface void removal in 
diffusion welding and, in most cases, 
long range bulk diffusion is not need
ed to produce a satisfactory weld. In 
this work the experimental evidence 
suggests that gross plastic deforma
tion at the interface is essential to 
achieving a good weld. Since the jo in
ing temperature is very low (900 F), it 
was necessary to pay particular at
tention to surface preparation and its 
influence on deformation at the inter
face. 

The following topics are discussed 
in the order listed: 

1. Experimental Details 
2. Results and Discussion 
3. Conclusions 

Experimental Details 

Gleeble Testing 

Diffusion welding variables were 
evaluated parametrically on a Gleeble 
with small coupons to provide data for 
the full scale hardware. Figure 1 illus
trates the standard test setup where
in the specimen is heated resistively 
by a controlled electric current. The 
grips shown in this f igure are made 
from Inconel Alloy 625 and a chromel-
alumel thermocouple is welded to the 
commercial bronze at approximately 
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0.020 in. (0.51 mm) from the joint in
terface. This thermocouple is used to 
control specimen temperature with 
the standard Gleeble feedback 
circuit. 

The test environment is controlled 
by a stainless steel vacuum chamber 
surrounding the grips and specimen. 
This chamber is pumped by a turbo-
molecular pump to avoid hydro
ca rbon c o n t a m i n a t i o n . C h a m b e r 
pressure for all tests was less than 1 
x 10 - 4 torr. Standard coupons 1.5 x 
0.5 X .25 in. (38.1 X 12.7 X 6.35 mm) 
were used to make lap joints with an 
area of 0.25 in.2 (161.3 mm2). The joint 
dimensions were 0.5 X 0.5 in. (12.7 
X 12.7 mm). All surface preparation, 
unless otherwise noted, was con
ducted within one hour prior to the 
test. 

A standard test cycle was pro
grammed on the Gleeble and it is 
shown in Fig. 2. Maximum temper
ature for all tests was 900 F and the 
loads were accurate to within 50 lb 
(22.7 kg). The reduced load was pro
grammed at 2300 lb (1045.5 kg). This 
value was selected to provide ad
equate electrical contact and prevent 
extensive deformation of the com
mercial bronze. As shown in Fig. 2 the 
total t ime for each test is 2910 
s e c o n d s . T h e d i f f u s i o n w e l d e d 
coupons were tested in shear at room 
temperature with a special fixture 
similar to that described in the Full 
Scale Hardware section of this paper. 
Some of the shear failures reported 
herein occurred adjacent to the inter
face. Hence, these data have mean
ing only as an indication that the joint 
shear strength is equal to or greater 
than the value reported. All data were 
generated for screening purposes 
and this should be kept in mind when 
utilizing them for other applications. 
For obvious cases of failure away 
from the interface, data are prefixed 
with a > symbol. 

Coupon surface preparation was 
standardized as follows: 
1. Smooth — polished with 280 grit 

SiC paper and c leaned wi th 
acetone. 

2. Rough — machined with a 0.25 in. 
diam end mill cutter at a depth of 
cut Of 0.003-0.005 in. (0.076-0.127 
mm), cutter velocity of 135 rpm, 
and table feed of 32 ipm (832 
mm/min) . 

Figure 3 illustrates the appearance of 
a typical rough machined surface. 

Titanium alloy coupons were cut 
f r o m a 6 in . (152.4 m m ) d i a m 
alpha/beta forged bar in the solution 
treated cond i t ion . The chemistry 
(wt. %) is as follows: 5.6 Al, 5.4 V, 2.1 
Sn, 0.51 Fe, 0.022 C, 0.52 Cu, 0.17 O, 
0 . 0 1 0 H. C o m m e r c i a l b r o n z e 
coupons were cut f rom 6 in. (152.4 
mm) diam by 0.50 in. (12.7mm) thick 
extruded tubing. The chemistry of the 
commercial bronze was 89.15% Cu, 

Z 30 

* 10 

Bronze 

Location of 
Points for 
Interface 
Stress 
Calculation 

0.001 0.002 0.003 
Room Temperature Radial Gap II nches) 

Fig. 5 — Calculated interface compressive elastic stress at 900 F as a function of radial 
clearance at room temperature 

10.85% Zn by weight. 

Full Scale Hardware 

Figure 4 illustrates the technique 
used to apply a relatively uniform load 
to the joint interface during the dif fu
sion welding process. This technique 
is essentially that of a differential ther
mal constraint wherein the joint inter
face is compressed by a TZM molyb
denum ring and supported and com
pressed by a steel plug. Thermal co
efficients of expansion at 900 F for 
the materials used are given below in 
units of in./ in. deg F. 

Ti-6AI-6V-2Sn 5.3 X 10"6 

90 Cu-10Zn 10.2 X 10"6 

TZM Molybdenum 3.2 X 10"6 

Mild Steel 7.8 X 10"6 

The interface stress at 900 F is a 
direct function of radial clearance be
tween the various circular parts. 

Figure 5 shows the relationship be
tween calculated interface stress at 
900 F and uniform joint interface 
radial gap at room temperature. All 
other clearances in these calcula
t i ons w e r e he ld to 0 .0015 in . 
(0.038 mm). It can be seen that the 
interface stress falls off rapidly with 
increasing radial gap. On the basis of 
Fig. 5, hardware tolerances were set 
at -0 .000 , +0.002 in. (0.051 mm) for 
inside diameters and +0.000, - 0 .002 
in. (0.051 mm) for outside diameters. 
A surface identical to that shown in 
Fig. 3 was applied to the inside d iam
eter of the commercial bronze band 
with a right angle cutter attachment 
and rotary table on a milling ma
chine. The Ti alloy surface was pol
ished with 280 grit SiC paper and rins
ed with acetone. To prevent a d 
hesion, all surfaces except those in
tended to be joined were coated with 
a MoS2 spray. 

Diffusion welding was carried out in 

Fig. 6 — Procedure for shear loading 
bonded segments 

a vacuum resistance furnace at pres
sures less than 10s torr. The system 
was cold trapped with liquid nitrogen 
to prevent hydrocarbon contamina
tion and temperature was monitored 
with a chromel-alumel thermocouple 
welded to the bottom of the steel plug. 
Temperature was controlled at 900 F 
and al lowed to cont inue for 8 h 
before furnace cooling. Hence, the 
simultaneous aging of the Ti-6AI-6V-
2Sn alloy and diffusion welding was 
achieved. 

The hardness of the commercial 
bronze band was then increased to 
obtain proper ballistic performance 
by shot peen ing wi th 0.125 in . 
(3.17 mm) diam steel balls. The rest 
of the assembly was masked with 
rubber to prevent damage. This oper
ation increased the hardness f rom 
less than HRB 0 to HRB 45 at the 
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Fig. 7 — Commercial bronze deposit on 
the Ti alloy after shear failure at the weld 
interface. Diffusion welded at 900 F. 
Typical field tor Ti alloy polished with 280 
grit SiC paper, commercial bronze rough 
machined. XlOO, reduced 46% 

Fig. 8 — Commercial bronze deposit on 
the Ti alloy after shear failure at the weld 
interface. Diffusion welded at 900 F. 
Typical field for Ti alloy rough machined. 
Commercial bronze polished with 280 grit 
SiC paper. XlOO, reduced 46% 

Fig. 9 — Portion of Fig. 8 as seen at X3000 
(reduced 46%) 

machined surface. Joint integrity was 
evaluated nondestructively by ultra
sonic testing and by a shear testing 
procedure as illustrated in Fig. 6. 

Results and Discussion 

Gleeble Testing 

Three parametric evaluations were 
conducted with small coupons on a 
Gleeble: 
1. Surface condit ion 

Fig. 10 — SEM photomicrograph ot com
mercial bronze surface after shear failure 
at the weld interface. Diffusion welded at 
900 F. Typical field for Ti alloy polished 
with 280 grit SiC paper, commercial 
bronze rough machined. Note the 
presence of what is thought to be oxide 
particles in the low areas. X28, reduced 
46% 

Fig. 11 — SEM photomicrograph of a typ
ical oxide particle shown in Fig. 12. X1000, 
reduced 46% 

2. Time between surface preparation 
and joining 

3. Maximum load during joining 
Joint shear strength was evaluated as 
a function of the parameters listed 
above. 

Table 1 summarizes the results ob 
tained in the surface condit ion eval
uation. It can be seen that joint shear 
strength is increased dramatically if 
one surface of the joint is roughened. 
In addit ion, there is a smaller, but sig
n i f i cant , i nc rease in j o i n t shear 
strength if the soft metal (commercial 
bronze) is roughened and the hard 
metal (Ti alloy) is polished as com
pared to vice versa. These improve
ments can be explained by the cre
ation of fresh metal surfaces caused 
by extensive local plastic deforma
tion at the joint interface. As men
tioned previously, Ludemann's (Ref. 
7) statements pertaining to oxide 
layer dispersion in deformation weld
ing apply in this instance. When both 
surfaces are smooth, very little local 
lateral movement can take place and 
hence, fresh metal surfaces are not 
created. However, if grooves are 
present at the interface, high lo-

Fig. 72 — Optical photomicrograph of weld 
interface. Diffusion welded at 900 F. 
Typical field for Ti alloy polished with 280 
grit SiC paper, commercial bronze rough 
machined. X200, reduced 46%. Etchants: 
Ti alloy — 15 parts HNO„ 5 parts HF, 15 
parts lactic acid, 65 parts H20. Commer
cial bronze — 750 ml HC2H302, 50 ml 
HN03, 3 ml HCI, 1 ml HF 

cal ized stress concentrat ions are 
developed and extensive local plastic 
deformation occurs. Therefore, fresh 
surfaces are created and intimate 
metal contact is achieved. 

The distinction as to which surface 
to make rough is equally important 
when the fai lure analysis is per
formed. Figure 7 is a SEM (Scanning 
Electron Microscope) photomicro
graph showing the fracture surface 
when the commercial bronze is rough 
machined and the titanium alloy is 
polished. The trapezoidal shaped 
areas are deposits of commercial 
bronze on the titanium alloy surface. 
Each of these areas represent severe
ly deformed high spots on the orig
inal rough machined surface of the 
commercial bronze. One can also see 
shear lips on the edge of these areas. 
On a microscopic scale it is obvious 
that a very good weld is obtained 
where extensive plastic deformation 
has occurred during welding. 

Figures 8 and 9 are SEM photo
micrographs of the fracture surface 
when the titanium alloy is rough ma
chined and the commercial bronze is 
po l i shed . The spot ty areas are 
deposits of commercial bronze on the 
titanium alloy surface. It is obvious 
that the weld is very spotty and the 
SEM photomicrographs show that 
Fig. 7 represents a much more con
tinuous joint. 

Since there is a large difference in 
the 900 F hardness and strength of 
the two materials, it is reasonable to 
assume that the softer commercial 
bronze would be subject to much 
more localized plastic deformation 
than would the titanium alloy. In addi
t ion, it should be much easier for 
asperities on the soft surface to be 
deformed laterally while rubbing on a 
smooth hard surface than for the 
smooth soft material to fill the grooves 
on a hard surface. Hence, a more uni-
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STRESS DISTRIBUTION FOR FLAT TI - GROOVED BRONZE 

PLASTIC APPROXIMATION AT 9O0°F 

STRESS IN KSI 

Fig. 13 — Optical photomicrograph of weld 
interface. Diffusion welded at 900 F. 
Typical field for Ti alloy rough machined, 
commercial bronze polished with 280 grit 
SiC paper. Note deformation ot Ti alloy 
microstructure at joint interface. X200, 
reduced 46%. Etchants: same as Fig. 12 

form intimate contact is made at the 
joint interface when grooves are cut in 
the soft material and the hard mate
rial is polished. This is clearly shown 
when comparing Fig. 7 against Figs. 8 
and 9. 

Figures 10 and 11 are SEM photo
micrographs showing what is thought 
to be evidence of dispersed oxides in 
voids at the joint interface. These 
figures represent a rough machined 
commercial bronze surface after dif
fusion welding and shear testing. One 
can easily see what appears to be ox
ide particles at the low spots on the 
surface. It should be noted at this 
point that all fracture surfaces were 
sprayed with Krylon 1303 immediate
ly after test ing and subsequent ly 
washed in solvent prior to SEM eval
uation. 

Figures 12 and 13 are photomicro
graphs showing metallographic sec
tions (cut normal to the joint inter
face) of diffusion welds made with dif
ferent surface preparations. Figure 12 
shows the as-welded interface for 
r o u g h m a c h i n e d c o m m e r c i a l 
bronze/pol ished Ti alloy and Fig. 13 
shows the as-welded interface for 
rough machined Ti al loy/pol ished 
commercial bronze. Close examina
tion of Figure 13 reveals substantial 
deformation of the Ti alloy micro-
structure at the joint interface. Exten
sive examination of as machined sur
faces failed to show this deformation. 
Hence, material with a yield strength 
in excess of 100 ksi (689.0 MN/m2) at 
900 F is deformed plastically by a 
bulk applied compressive stress of 
13.2 ksi (91.0 MN/m2) . 

The potential for high localized 
stresses is also verified by stress 
analysis, the results of which are pre
sented in Fig. 14. These plots show 
iso-stress contours around a groove 
of size similar to that found on milled 
rough machined surfaces. The model 
and the appropriate physical prop
erties used to make these calcula-

STRESS DISTRIBUTION FOR FLAT BRONZE-GROOVED TI 
PLASTIC APPROXIMATION AT 90O°F STRESS IN KSI 

Fig. 14 

DISTANCE IN MILS 

Iso-stress plots around a groove 

tions is shown in Fig. 15. The stresses 
are plastic approximations (Ref. 9) 
based on the material properties at 
900 F. The calculations show that 
stresses on the order of 60 ksi (413 
MN/m2) are present at the edge of the 
groove. This number is low as com
pared to the photomicrograph evi
dence; however, it is expected that 
the localized stress would be sensi
tive to geometry. 

Table 1 also shows the influence of 

delayed t ime from surface prepara
tion to joining. It can be seen that 
there is a significant decrease in joint 
shear strength regardless of the type 
of surface preparation if the surfaces 
are allowed to stand for approx
imately 16 h in dry air before joining. 
These phenomena were investigated 
in greater detail and the results are 
presented in Table 2. The data show a 
similar decrease in joint strength after 
17 h and the influence levels off from 
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Table 1 — Shear Strength Results for Various Surface Conditions 

Ti alloy 
surface 

preparation 

Smooth 
Smooth 
Rough 

Commercial 
bronze surface 

preparation 

Smooth 
Rough 
Smooth 

Joint shear stress 
to fracture 

ksi 

4.0 
21.7,20.0 
18.5, 15.6 

MN/m2 

27.5 
149.6, 137.9 

Joined 
immediately 
after surface 
preparation 
Surface prepared 
and then held 
overnight in 
desiccator 
before joining 
Test Procedure 
Smooth — Polished with 280 grit SiC paper and cleaned with acetone. 
Rough — Rough machined with a 0.25 in. (6.35 mm) diam end mill cutter. 
1. Maximum compressive load of 3300 lb (1500 kg) applied in vacuum at 900 Ffor 1200 s. 
2. Reduced load of 2300 lb (1045.5 kg) applied in vacuum at 900 F for 1600s. 
3. Test to shear failure in air at room temperature. Joined area = 0.25 in2 (161.3 mm2). 

Smooth 
Rough 

Rough 
Smooth 

17.1, 
14.2, 

16.6 
11.5 

117.9, 114.5 
97.9, 79.3 

20 KSI 
O O P v v v v 

Z ^ L2^ ZS Z-v 

MATERIAL PROPERTIES AT 900°F 

TI/6AL/6V/2SN 
YIELD STRENGTH • 150 KSI 

£=16x10° PSI 

COMMERCIAL BRONZE CU/10ZN 

YIELD STRENGTH; 9.65 KSI 

E = 8 x l 0 6 PSI (elastic) 

Fig. 15 

E=0.4xlO° PSI (plastic) 

Model for stress distribution calculations 

RELATIVE MOBILITIES OF ATOMIC 
SFECIES m THE COMUERCIAL BRONZE 

Ti-tAi-av-n, SYSTEMS. 

DIFFUSION BOMOEDAT tOO-F/t H M 

Ti 6*l 6 V - Z 3 . i l l s , 

DISTANCE-MICRONS 

Fig. 16 — Relative mobilities of the 
elemental species with respect to the weld 
interface, showing titanium to be the only 
element in the system with significant 
mobility 
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17 to 96 h. The shear stress values 
shown in Table 2 are approximately 3 
ksi (20.6 MN/m2 ) higher than those 
listed in Table 1. Experiments were 
performed in batches and the only ex
planation that can be offered is that 
an uncontrolled variable, possibly 
relative humidi ty , in f luenced the 
results. No evidence, however, exists 
to prove this. 

Table 3 summarizes the influence 
of maximum applied compressive 
stress during diffusion welding on 
joint shear strength. Appl ied com
pressive stresses ranging from 8 to 
15.6 ksi (55.1 to 107.5 MN/m2 ) were 
applied under identical experimental 
conditions. The results show that 
applied stresses within the range 
listed above do not influence joint 
shear strength. The loads could not 
be reduced to lower values because 
of possible experimental problems. 
Therefore, a min imum applied stress 
threshold was not determined. 

Full Scale Hardware 

On the basis of the data obtained 
from the Gleeble tests, full scale diffu-

Table 2 — Joint Shear Strength 
as a Function of Time Between 
Surface Preparation and Joining 

Time 
delay 
hours 

1 
1 
2V2 

4 
4 
5V4 

17 
24 
24 
48 
96 
96 
Test Procedure 
1, 

Joint shear 
stress to fracture 

ksi MN/m2 

>24.6 
>24.2 
>23.4 

25.2 
24.0 
24.0 
23.8 
23.2 
20.2 
20.2 
21.3 
20.2 
20.2 
19.4 

>169.6 
>166.9 
>161.3 

173.8 
165.5 
165.5 
164.1 
160.0 
139.3 
139.3 
146.9 
139.3 
137.9 
133.8 

Ti alloy coupons were polished with 280 
grit SiC paper, cleaned with acetone 
and held in desiccator for times listed 
above. 
Commercial bronze coupons were 
rough machined with a 0.25 in. 
(6.35 mm) diam end mill cutter and 
held in desiccator for times listed 
above. 
Maximum compressive load of 3300 lb 
(1500 kg) applied in vacuum at 900 F 
for 1200 s. 
Reduced load of 2300 lb (1045.5 kg) 
applied in vacuum at 900 Ffor 1600 s. 
Tested to shear failure in air at room 
temperature. Joined area = 0.25 in.2 

(161.3 mm2). 

sion welds were made on actual hard
ware using the technique and pro
cedure described previously. Nine 
segments 0.5 in. (12.7 mm) wide were 
cut along the longitudinal axis of the 
diffusion welded cylinders and a por
tion of the joined material was re
moved so that areas 0.25 in.2 (161.3 
mm2) representing the top, middle, 
and bottom of the obturator band 
would be tested in shear (see Fig. 6). 
Table 4 is a summary of the shear test 
to failure results. The results are in 
good agreement with the Gleeble data 
and failure analysis of these spec
imens with the SEM yielded fields 
identical to the one shown in Fig. 7. 

Metallographic sections were taken 
normal to the diffusion weld interface 
and an electron microprobe analyzer 
was used to determine the relative 
mobilities of the elemental species 
with respect to the weld interface. The 
results which are presented in Fig. 16 
show Ti to be the only element in the 
system with significant mobility. All 
other species moved less than three 
microns to either side of the inter
face. Both elements, Cu and Ti, have 
limited solubility in each other at 
900 F; however, Ti is approximately 
2.7 times (Ref. 10) more soluble in Cu 
than is Cu in Ti (0.8 at. % Ti in Cu and 
0.3 at. % Cu in Ti). This, along with the 
fact that the commercial bronze is 



Fig. 17 — Recovered projectile sections showing integrity of diffusion weld between obturator band and base. This projectile impacted the 
ground at 300 m/s. X0.5, enlarged 13% 

Table 3 — Joint Shear Strength 
as a Function of Applied 
Maximum Compressive Stress 

Table 4 — Results of Joint Shear 
Tests on Full Scale Hardware 

Applied maximum 
compressive stress 

ksi 

15.6 
14.0 
13.6 
12.0 
10.2 
10.2 

8.0 
8.0 

MN/m 2 

107.6 
96.5 
93.8 
82.7 
70.3 
70.3 
55.2 
55.2 

Joint shear 
stress to fracture 

ksi 

21.8 
21.2 
23.6 
22.6 
20.9 
21.5 
21.0 
20.8 

MN/m : 

150.3 
146.2 
162.7 
155.8 
144.1 
148.2 
144.8 
143.4 

Test Procedure: 
1. Titanium alloy polished with 280 grit 

SiC paper and cleaned with acetone. 
Commercial bronze rough machined 
with a 0.25 in. (6.35 mm) diam end mill 
cutter. 
Maximum stress applied for 1200 s. 
Reduced load 9.2 ksi (63.4 MN/m2) in 
vacuum at 900 F for 1600 s. 
Test to shear failure in air at room 
temperature. 
Diffusion welded area 0.25 in2 

(161.3 mm2). 

2. 

6. 

heated to a much higher fraction of its 
absolute melting point than is the Ti 
alloy, probably explains why Ti has 
the highest mobility in this system. 

Based on all of the evaluations 

Segment 
location 

Top 
Top 
Top 

Middle 
Middle 
Middle 
Bottom 
Bottom 
Bottom 

Shear stress 
To f rac tu re ( a | 

ksi 

25.8 
19.8 
28.8 
29.4 
27.6 
22.8 
22.0 
15.3 
20.4 

MN/m 2 

177.9 
136.5 
198.6 
202.7 
190.3 
157.2 
151.7 
105.5 
140.7 

(a) Based on j o in ! area of 0.25 in2 (161.3 mm 2 ) . 

mentioned previously, a full scale 
experimental 155 mm projectile with a 
diffusion welded obturator band was 
fired in a cannon at a breech pres
sure of 53 ksi (365.4 MN/m2 ) . Figure 
17 shows the recovered sections of 
the projectile base and obturator 
band after impacting the ground at 
300 meters per second. It can be seen 
that the diffusion weld performed very 
well and further evidence of perfor
mance is presented in a photomicro
graph shown in Figure 18. This photo
micrograph is a typical view of the 
joint interface as sectioned from the 

fractured pieces shown in the pre
vious figure. 

Conclusions 

1. Surface preparation is the most 
important variable with respect to in
fluence on joint properties in the com
mercial bronze/Ti-6AI-6V-2Sn alloy 
systems at 900 F. 

2. Joint properties are optimized if 
the softer commercial bronze surface 
is rough machined and the titanium 
alloy surface is prepared clean and 
smooth . This type of preparat ion 
appears to facilitate a cleaning action 
by displacing and fracturing oxide 
films. 

3. Joint strength degradation oc
curs if the specimen surfaces receive 
mode ra te a t m o s p h e r i c e x p o s u r e 
( a b o u t 1 day) b e f o r e d i f f u s i o n 
welding. 

4. The magnitude of the applied 
compressive load within the ranges 
investigated does not influence joint 
shear strength. 

5. Titanium is the only element in 
this system that is capable of long 
range diffusion at 900 F and prac
tical t imes. 

6. Diffusion welding is an accep
table process for joining obturator 
bands to artillery projectiles when us
ing the alloy systems studied. 
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Fig. 18 — Cross section showing Weld interface taken from a piece shown in Fig. 17. X200, 
enlarged 4%, etchants same as Fig. 12 
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r 
Standard Methods for 

Mechanical Testing of Welds 
AWS B4.0-74 

All qualification of welding procedures and most qualifications of 
welders and welding operators rely on the results of testing specimens 
removed from test samples. 

B4.0-74, Standard Method for Mechanical Testing of Welds (a 
revision of A4.0-42 and its 1945 Supplement) encompasses all mechanical 
tests for welds which have widespread use. 

Among the tests covered are: tension tests and bend tests for butt 
welds; break tests and shear strength tests for fillet welds; T-bend and 
varestraint tests for weldability and hot cracking sensitivity; Charpy V-
notch impact, dynamic tear and drop-weight tests for fracture toughness. 

The list price of Standard Methods for- Mechanical Testing of 
Welds is $5.00. Discounts: 25% to A and B members; 20% to bookstores, 
public libraries and schools; 15% to C and D members. Add 4% sales tax 
in Florida. Send your orders to American Welding Society, 2501 N.W. 7th 
St., Miami, Florida 33125. 
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