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Multipass, Autogenous Electron Beam 
Welding 

joint geometries and weld procedures are recommended for eliminating 
the problems associated with root spiking and variations 

in penetration in deep-penetrating welds 

BY J. L. MURPHY, T. M. MUSTALESKI, JR., AND L. C. WATSON 

ABSTRACT. A method has been devel
oped to make narrow, deep-penetrating 
electron beam welds without the prob
lems associated with root spiking. The 
process uses the base metal for filler 
metal, supplementing it with a boss on 
the weld joint, which is dimensioned to 
suit the particular weld. The weld boss is 
machined subsequent to welding. This 
development was the result of extensive 
work to minimize the problems of varia
tion in penetration, root spiking and cold 
shuts, which can occur in single-pass 
electron beam welds. 

Weld joint geometries and welding 
procedures are detailed for partial and 
full penetration welds. These include 
welds in uranium of 0.335-in. (8.5-mm) (8 
passes) to 0.830-in. (21.1-mm) (22 passes) 
and 0.310-in. (7.9-mm) (3 passes) alumi
num Alloy 5083. For the work in alumi-
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num Alloy 5083, multipass autogenous 
electron beam welds are compared with 
gas metal arc welds and wire-fed elec
tron beam welds. The areas of compari
son include part distortion, porosity, 
depletion of magnesium, and mechanical 
properties. 

Introduction 

Weld penetration variations and spik
ing can be associated with partial pene
tration electron beam (EB) welds. Similar 
variations of beam energy transmitted 
through full penetration EB welds have 
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also been reported (Refs. 1-8). Attempts 
to reduce the variations and spiking led to 
the development of multiple pass EB 
welds. Initial work in this area by Brad-
burn, et al. (Ref. 5), was done autoge
nously, but the welds were much wider 
than normal EB welds. Welds were made 
with cold wire addition at the Oak Ridge 
Y-12 Plant (Ref. 9) and the Rocky Flats 
Plant (Ref. 10). These welds retained 
many of the attributes associated with 
single-pass electron beam welds, such as 
low heat input and minimal distortion. 
Although this heat input and distortion 
were increased slightly, they were still 
substantially below the levels associated 
with more conventional welding process
es. This development also led to the 
elimination of root discontinuities such as 
cold shuts and porosity in deep welds, as 
more shallow passes are less likely to 
produce these flaws. To successfully 
accomplish these welding procedures, 
precision equipment was developed to 
position and feed very small diameter 
(0.015- to 0.040-in./0.4- to 10-mm) wire 
in a vacuum chamber. While this devel
opment proved that the use of small 
weld passes could be used to eliminate 
discontinuities, the necessary equipment 

WELDING RESEARCH SUPPLEMENT 1187-s 



fc i t^5 . -ysas'?- AJute 

[..AJ.. ^h^hlAK.A. 

I 
Fig. 1 — Cold shuts, up to 0.300-in. depth, in the fracture surface of a 0.650-in. deep single-pass, 
autogenous EBW in uranium (2X) 

Fig. 2 — Longitudinal section to weld centerline of 81% penetration, single-pass, autogenous EBW in 
0.340-in. wall thickness uranium (3X) 
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Fig. 3 — Longitudinalsection to weld centerline showing "spiking" in single-pass, autogenous EBW in 
uranium (Dimensions in in.) (2X) 

was complex and the very small diameter 
wire often proved difficult to fabricate 
and feed. 

A program was, therefore, initiated to 
produce multipass EB welds autogenously 
while retaining the low heat inputs, and 
resultant low distortion, produced in the 
narrow wire-fed welds. It has been 
observed during wire-fed welding that 
some of the filler metal was being 
obtained from the joint sidewalls. It was 
hoped that a process could be devel
oped that would exploit this phenome
non by using only the joint sidewalls for 
filler metal. The reduction in the joint 
width due to the shrinkage of each pass 
would continue to make additional mate
rial available. A weld boss could be add
ed for later removal so that the weld 

could be filled to the part surface. The 
initial weld development was done using 
uranium because its fluidity made it suit
able for multipass welding. From the 
work on uranium, the program was 
broadened to include multipass autoge
nous EB welding of aluminum alloys, 
especially the 5083 alloy. Aluminum is a 
more difficult material to weld than urani
um, but provided a good material for 
comparative evaluation of this process 
against other welding processes. 

Equipment 

The equipment used for the develop
ment of this welding process was a Ham
ilton Standard W-2 electron beam weld 
machine that had been modified for com

puter control and wire feeding (Ref. 9). 
The weld machine has a maximum oper
ating voltage of 150 kV with a maximum 
beam current of 40 mA, giving a maxi
mum output power of 6.0 kW. The 
equipment was operated in the high-
vacuum mode (vacuum of 1 X 10~4 torr 
or better), although it is equipped with an 
extended column, which would allow 
operation in the partial-vacuum mode. 
The machine has been modified to use 
either the R40A electron gun with a 
hairpin filament or the R167 electron gun 
with a ribbon filament. Except for the 
initial uranium test cylinders, all the welds 
for this investigation were made using the 
ribbon filament. 

Process Development 

Uranium 

High depth-to-width ratio single-pass 
EB welds in uranium that exceed 0.2-in. 
(5-mm) penetration often contain weld 
discontinuities such as cold shuts (Figs. 1 
and 2), root spiking (Figs. 2 and 3), and 
lack of consistent weld penetration (Figs. 
2 and 3). Several authors have reported 
attempts to reduce the incidence of spik
ing and cold shuts in uranium (Refs. 4, 5, 
9, 11). The first three references deal 
primarily with attempts to control pene
tration in uranium welds. Armstrong (Ref. 
4) noted that the occurrence of cold 
shuts increased as the electron beam was 
defocused in an effort to reduce root 
spiking. Wood and Mara (Ref. 11) used 
alloying shims to reduce the solidification 
temperature of the weld pool. This tech
nique did eliminate the cold shuts in the 
welds, but as will be shown, it had a 
significant negative effect on the fracture 
toughness of the weld metal. The work 
with the alloy additions offered no 
advantage in controlling the weld pene
tration. The inconsistent weld penetra
tion made it difficult to achieve a deep, 
single-pass full penetration weld with a 
good root contour or a partial penetra
tion weld with closely controlled penetra
tion. Multipass welding was, therefore, 
desirable because the shallow penetra
tion of each pass minimized these prob
lems. 

From earlier work on wire-fed EB 
welds in uranium (Ref. 9), initial joint 
geometries for use in autogenous multi
pass electron beam welding were 
designed. These joint preparations pro
duced much deeper and narrower 
autogenous welds than those produced 
by Bradburn, ef al. (Ref. 5). Tests in weld 
rings of up to 0.5-in. (12.7-mm) wall 
thickness led to the joint geometry 
shown in Fig. 4. The root face of 0.030 in. 
(0.76 mm) was selected to allow accurate 
penetration control for the root pass. 
After the root pass has been made, it is 
then possible to fill the groove by defo
cusing the beam to a larger diameter for 
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Fig. 4 — Weld joint geometry for multipass, autogenous EB welding of uranium (Dimensions in 
in.) 

each subsequent weld pass. The defo
cused beam melts metal from the groove 
face as well as the surface of the previous 
pass to create the weld. Care must be 
taken not to allow the metal to bridge 
across the groove. The progress of an 
8-pass autogenous weld is shown in Fig. 
5. This weid was made on a set of 
uranium cylinders with a 0.335-in. (8.5-
mm) wall and the joint geometry shown 
in Fig. 4. The welding procedure used for 
this weld is given in Table 1. The increas
ing weld width as a result of the increas
ing beam defocus and current is evident 
with each weld pass. The residual under
fill that is typical with these welds can be 
seen at the eighth pass. This depressed 
area is usually removed by machining 
after welding. The weld was made con
tinuously with changes in the beam cur
rent and focus settings being made as 
each weld pass was completed. 

Using this basic joint design, it was 
possible to increase the wall thickness to 
0.5 in., plus a weld boss of 0.060 in. (1.5 
mm). A weld boss of this size was found 

to be adequate to completely remove 
the weld depression in a postweld 
machining operation, thus leaving the 
entire part wall thickness intact. This total 
thickness of 0.560 in. (14.2 mm) was 
welded in 13 passes using welding 
parameters similar to those shown in 
Table 1. A weld cross-section is shown in 
Fig. 6. The shrinkage resulting from welds 
made in this manner was measured for 
each weld pass. A graphical representa
tion of this shrinkage data is shown in Fig. 
7. Only a few of the data points are 
shown so that the shape of the curve can 
be more readily seen. It shows that 70% 
of the transverse shrinkage occurs in the 
first five weld passes. The 13-pass weld 
caused a reduction of 0.045 in. (1.14 mm) 
in the width of the cylinders. From this 
data, it became evident that it would be 
relatively simple to modify the initial size 
of the parts to compensate for this 
shrinkage. Figure 6 illustrates the narrow 
weld which can be achieved with such a 
procedure. The excellent weld root con
tour shows the high quality level that can 

Fig. 5 — Illustration of multipass, autogenous 
weld-joint filling of 0.395-in.-thick cast uranium 
(0.335-in. wall thickness and 0.060-in. weld 
boss) 

be achieved using the small root pass and 
an understanding of the part distortion 
which is caused by the multipass weld. 

To further demonstrate the capability 
of the process, the weld shown in Fig. 8 
was made. This weld was made in 0.830-
in. (21.1-mm) thick beta-quenched urani
um using 22 weld passes. The weld joint 
was similar to the one shown in Fig. 4 
except for the wall thickness and the use 

0.050 

Fig. 6 — Cross-section of a 13-pass, autogenous EBW in 0.560-in. 
thickness wrought uranium (0.500-in. wall thickness and 0.060-in. weld 
boss) (6X) 

4 6 8 
WELD PASSES 

Fig. 7— Transverse shrinkage resulting from multipass weld of uranium 
cylinders 
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Fig. 9 — Inner-contour sweep from a 93% penetration weld (a minus sign indicates radial distortion 
to the inside of the cylinder. Dimensions in in.) 

Fig. 8 — 93% penetration, multipass, autoge
nous EBW on 0.830-in.-thick beta-quenched 
uranium (5X) 

of a 0.050-in. (1.27-mm) root face. There 
is also an alignment step of 0.050 in. for 
this partial penetration weld. The end of 
the step was machined to a 7.5-deg bevel 
angle so that the mating parts would lock 
together during welding. Welding param
eters were similar to those shown in 
Table 1 except for the addition of more 
weld passes. The variation in weld pene

tration has been held to a minimum so 
that there is no complete penetration of 
the alignment step. This would have been 
impossible with a single-pass weld. The 
dimensional data taken from a set of 
cylinders welded with this procedure are 
shown in Fig. 9. The inside radius of the 
cylinders decreases approximately 0.10 
in. (2.54 mm) immediately under the 
weld. The cylinders could be dimension-
ally compensated to correct for this dis
tortion on both the inside and outside 
surfaces. This type of compensation was 
used for the weld shown in Fig. 6. 

The welding parameters used to make 
the welds shown thus far were not opti
mized. Welds that are represented by the 
cross-sections shown in Figs. 5, 6 and 8 
had an average fill of 0.04 in. (1.0 mm) 
per pass. It was of interest to reduce the 
number of weld passes, which in turn 
reduces the welding time, part distortion 

0.125 ADDED 
FOR WELD BOSS 

ULTRASONIC INSPECTION 
WINDOW DETAILS 

and the possibility for defects. A tech
nique of oscillating the beam in the direc
tion of welding (Y-axis) was beneficial to 
improving the filling of the weld. 

This oscillation pattern was satisfactory 
because the length of the weld spot was 
not restrained by the weld joint. Weld fill 
was also improved by reducing the vol
ume of the joint. A groove angle of 4 deg 
was determined by experiment to be the 
smallest that could be used without dan
ger of the weld pool bridging over the 
joint during welding. The size of the root 
face also influences the number of weld 
passes, since fewer fill passes are needed 
as the root face increases. An optimized 
weld joint geometry is shown in Fig. 10. 
The root face of 0.150 in. (3.8 mm) was 
selected as the largest that could be used 
with no possibility of cold shuts. This also 
produced a root bead which would not 
penetrate the thin alignment step. Longi
tudinal oscillation of the beam also 
reduced weld spiking. A cross-section of 
the weld joint after the root pass is 
shown in Fig. 11 and a completed weld is 
shown in Fig. 12. The optimized welding 

Table 1—Welding Parameters for 8-Pass, 
Autogenous Electron Beam Weld on 
Uranium*3' 

Weld 
Pass 

Number 

1 
2 
3 
4 
5 
6 
7 
8 

Beam 
Current 

(mA) 

4.5 
4.0 

10.0 
10.0 
10.0 
15.0 
15.0 
20.0 

Focus<b> 
(mA) 

460 
465 
480 
490 
495 
480 
490 
500<c> 

Fig. 10 — Weld joint geometry for multipass, autogenous EB welding of uranium cylinders 
(Dimensions in in.) 

(a) R-40 electron gun was used. Voltage was constant at 107 
kV. Travel speed was constant at 20 ipm. 
(b) A setting of 450 mA was established for a sharp focus 
setting at the root of the joint at a beam current value of 2 
mA. 
(c) The electron beam was oscillated transverse to the weld 
joint (X-direction) at 60 Hz and a width of 0.2 in. 
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Table 2—Multipass, Autogenous Electron 
Beam Welding Parameters 

Weld 
Pass<a-b> 

1 
2 

3 - 1 1 
12-13 

14 

Beam 
Current 

(mA) 

20 
20 
20 
25 
25 

Beam 
Focus(c) 

(mA) 

625 
680 
680 
680 
680 

Beam 
Oscillation** 

(in.) 

0.035 
0.035 
0.055 
0.055 
0.055 

(a) A r ibbon filament gun was used. Voltage was constant at 
120 kV. 
(b) Welding speed was constant at 30 ipm. 
(c) Sharp focus at the root of the joint was 625 mA at a beam 
current value of 2 mA. 
(d) The electron beam was oscillated longitudinal to the weld 
ioint (Y-direction) at 1 kHz to the dimension shown. 

Table 3—Mechanical Properties for Uranium 
and Uranium Welds 

Ultimate Fracture 
Tensile Initiation Tearing 

Strength Toughness Modulus 
(ksi) (in.-lb/in.2) (T mat) 

Multipass, 
autogenous 
EBW (14 
pass)<a> 

Single-pass 
EBW with 
0.005-in. 
copper 
shim 

Base metal 

(a) Beta-quenched 
70°F. 

123 

110 

95 

material. 

133 

88 

152 

all others as-rolled. 

33 

7 

52 

All tests at 

parameters are shown in Table 2. This 
19-mm weld was completed in only 14 
weld passes with no parameter changes 
during passes 3 through 11, and only one 
change in the remaining passes. 

Final machining of the part would 
remove part of the last weld bead. Dis
tortion of weld cylinders which were 6 in. 
(152.4 mm) wide with an inside diameter 
of 14 in. (356 mm) was 0.06 in. (1.5 mm) 
radially inward directly under the weld. 

Numerous sections were cut from cyl-

Fig. 11- Cross-section from EBW on 0.150-
in.-wide root face In beta-quenched uranium 
(5X) 

inders that were welded with the proce
dure given in Table 2. These sections 
were bend tested to failure. Observation 
of the fracture surfaces revealed no cold 
shuts. A typical surface is shown in Fig. 
13. This surface may be compared to the 
one shown in Fig. 1. This comparison 
shows that the variation in penetration 
and spiking are minimized (Fig. 14) even 
when a thick root is welded. Welds 
typical of the one shown in Fig. 12 
contained one pore per 4 in. (100 mm) of 
weld length, with maximum pore diame
ter being 0.04 in. Typical mechanical 
properties for these welds, as well as 
single-pass welds and welds made using 
copper shims (Ref. 11), are given in 
Table 3. 

Radiography cannot always detect lack 
of weld penetration. Shrinkage resulting 
from the multipass weld will force any 
unwelded section tightly together. Only a 
gross amount of incomplete penetration 
would be detected. Ultrasonic inspection 
techniques have been developed to 
detect incomplete penetration and the 
presence of cold shuts in the welds (Ref. 

Fig. 12 — 14-pass, autogenous. EBW in uranium 
(0.750 in. to the step) weld boss not removed 
(5X) 

12). A small groove (Fig. 10) is prema-
chined at the root of the joint. An accept
able weld would fuse the groove, result
ing in a condition that would pass an 
ultrasonic inspection. Cold shuts in welds 
are detected by comparing signals pro
duced on ultrasonic inspection equip
ment to the signals obtained from known 
standards. 

Aluminum Alloy 5083 

In order to expand the technique of 
multipass autogenous EB welding to alu
minum, a specification was developed 
for a 76% penetration weld. This specifi
cation required a minimum penetration 
of 0.235 in. (6.0 mm) in a pipe of alumi
num Alloy 5083 with a wall of 0.310 in. 
(7.9 mm) without spiking through the 
wall. Weidner and Shuler (Ref. 7) con
cluded that the best penetration which 
could be achieved in a high-magnesium 
(>2.5 wt-% magnesium) aluminum alloy 
without spiking through was less than 
75% of the wall thickness. This study also 
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Fig. 13 — Cold shut free fracture surface from 14-pass, autogenous EBW 
in uranium (0.625-in. weld penetration) (3X) 

Fig. 14 - Longitudinal section to weld centerline from 14-pass, autoge
nous EBW in uranium (0.625-in. weld penetration) (3X) 
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Fig. 15-Weld joint 
geometry for 

multipass, 
autogenous EB 

welding of 
aluminum 

(Dimensions in in.) 
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(b) TYPICAL PREMACHINED COMPENSATION 
TO CORRECT BACKSIDE WELD DISTORTION. 

did not consider the effects of the over
lap encountered when welding a cylindri
cal section. Because of concerns with the 
loss of magnesium from the 5083 alloy 
during EB welding, it was decided to 
conduct the study using three different 
methods of joint filling after the autoge
nous EB root pass. The EB root pass was 

chosen as a method to minimize distor
tion and allow the sealing of containers 
under vacuum. The fill methods evalu
ated were: 1) multipass, autogenous EB 
fill, 2) cold wire-fed EB fill, and 3) gas 
metal arc (CMA) fill. 

The joint geometry that was selected 
for multipass autogenous electron beam 

Table 

Weld 
Pass*3' 

1 
2 
3 
4 

4—Welding Parameters for Multipass, Autogenous 

Beam 
Current 

(mA) 

9.3 
17.0 
17.0 
17.0 

Weld 
Speed 
(ipm) 

40 
40 
40 
40 

EB Welding of Aluminum Alloy 5083 

Beam 
Focus"5' 

(mA) 

495 
520 
520 
540 

Beam 
Oscillation'0' 

(in.) 

None 
0.080 
0.080 
0.080 

(a) A ribbon filament gun was used. Voltage was constant at 120 kV. 
(b) Sharp focus at the root of the joint was 470 mA at a heat shield-to-work distance of 10.6 in. and a beam current value of 2 
mA. 
(c) The electron beam was oscillated transverse to the weld joint (X-direction) at 1 kHz to the dimension shown. 

fill is shown in Fig. 15. This joint has a root 
face of 0.100 in. (2.54 mm) which was 
selected as a depth that could be consis
tently welded without melting through 
the alignment step. This root penetration 
is 57%, safely within the guidelines of 
Weidner and Shuler (Ref. 7). The groove 
and weld boss dimensions were estab
lished first by volume calculation and then 
revised slightly after preliminary welds 
were made and evaluated. The 0.060-in. 
(1.5-mm) high weld boss is removed 
subsequent to the welding. A cross-
section of an EB root bead is shown in Fig. 
16. The cylinders were machined from 
aluminum alloy pipe which did not have a 
uniform metallurgical structure. The varia
tion, which is evident in the figures, had 
no adverse effect on weldability. The 
multipass autogenous EB fill beads (Fig. 
17) were made by oscillating the electron 
beam (see Table 4) transverse to the 
weld joint. 

In the multipass, autogenous process, 
the second, or fill, pass weld melts the 
groove of the joint and penetrates an 
adequate depth into the root bead. An 
early attempt to multipass weld aluminum 
using techniques that were developed 
for uranium was not successful. The 
physical characteristics of aluminum, 
including density and surface tension, 
made it difficult for shallow liquid weld 
metal to readily flow in a groove. It was 
necessary to melt the entire groove, 
which had a width of approximately 
0.033 in. (0.84 mm), subsequent to com
pletion of the root pass. The third, or 
cover, pass washes more base metal into 
the weld and improves the total fill. 
Backside weld contour was controlled by 
a premachined compensation (Fig. 15) as 
had been done for the earlier uranium 
weld —Fig. 4. The 7.5-deg bevel angle on 
the alignment step is again used to lock 
the mating steps together to prevent 
misalignment. 

For the cold wire-fed EB welds, the 
autogenous root pass was followed by 
three wire-fed passes using the joint 

Fig. 76 — Cross-section from an EB root bead in aluminum Alloy 5083 
(10X) 

Fig. 17 — Cross-section from a 3-pass, autogenous EBW in aluminum 
Alloy 5083. D/W ratio is 1.8/1 (weld boss not removed) (8X) 
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geometry shown in Fig. 18. A cross-
section of a weld is shown in Fig. 19. The 
porosity in this figure is less than 0.004 in. 
(0.1 mm) in diameter. 

The GMA filled welds used the joint 
geometry shown in Fig. 20. This joint 
utilized a root face of 0.060 in. for the EB 
weld. Aluminum Alloy 4043 filler wire 
was used for the three CMA fill passes. It 
was realized that 4043 is not an alloy 
recommended for welding high-magne
sium alloys due to the production of 
Mg2Si in the weld metal which reduces 
weld ductility (Ref. 13). It was, however, 
available at the welding station, and it 
was felt that it would give adequate 
information on weld distortion. The weld 
in Fig. 21 was made using the welding 
parameters listed in Table 6. Longitudinal 
beam deflection combined with defocus 
produced wider root beads for the CMA 
and cold wire-fed EB processes com
pared to the multipass, autogenous pro
cess which used only a defocused 
beam —Tables 4-6. 

In the comparison of aluminum welds, 
one of the primary concerns with EB 
welding of aluminum-magnesium alloys is 
the loss of alloying additions from the 
weld, especially magnesium, due to 
selective evaporation in the high-vacuum 
environment. Each of the three welding 
processes was, therefore, checked for 
magnesium content. The CMA weld was 
also checked for silicon concentration as 
a 5 wt-% silicon alloy filler wire was used. 
The weld metal composition was deter
mined by electron microprobe starting at 
the top of the weld and taking a mea
surement every 0.01 in. (0.25 mm) down 
the centerline of the weld cross-section. 
The data (Fig. 22) show that the loss of 
magnesium from the autogenous root 
beads was 0.6 to 1.1 wt-%. This com
pares well with the findings of Weidner 
and Shuler (Ref. 7) that 15 to 25% of the 

Table 5—Welding Parameters for Autogenous EB Root Weld and Cold Wire-Fed Fill Welding 
of Aluminum Alloy 5083 

Weld 
Pass<a> 

1 

2,3,4 

Beam 
Current 

(mA) 

11 
13 

Weld 
Speed 
(ipm) 

40 
7.04 

Beam 
Focus<b' 

(mA) 

500 
510 

Beam 
Oscillation<c' 

(0.100 in.) Y 
(0.080 in.) X 

Wire 
Feed Rate<d< 

(ipm) 

None 
45.0 

(a) A ribbon filament gun was used. Voltage was constant at 120 kV. 
(b) Sharp focus at the root of the joint was 470 mA at a beam current value of 2 mA and at a heat shield-to-work distance of 10.6 
in. 
(c) The electron beam was oscillated longitudinal (Y-direction) or transverse (X-direction) at 1 kHz to the dimension shown. 
(d) Aluminum Alloy 5356 wire was 0.035 in. in diameter. 

Table 6—Welding Parameters for EB Root Weld and Gas Metal Arc Fill Welding of Aluminum 
Alloy 5083 

Weld 
Pass'3' 

1 

Weld 
Pass<d' 

2 
3 
4 

Beam 
Voltage 

(kV) 

120 

Volts 

24 
26.5 
29 

Autog 
Beam 

Current 
(mA) 

9.5 

enous EB Root Weld 
Weld 
Speed 
(ipm) 

40 

GMAW 
Current 

(A) 

170 
170 
170 

Beam 
Focus(b> 

(mA) 

500 

Speed 
(ipm) 

80 
80 
80 

Oscillation^ 
(in.) 

0.100 

Feed Rate'e' 
(ipm) 

714 
714 
714 

(a) A ribbon filament gun was used. 
(b) Sharp focus at the root of the joint was 470 mA. 
(c) The electron beam was oscillated longitudinal to the weld joint (Y-direction) at 1 kHz to the dimension shown. 
(d) A cover gas mixture comprising argon and helium was used. 
(e) Aluminum Alloy 4043 wire (0.030 in). 

original magnesium content is lost during 
EB welding. A loss was also seen in the 
second and third autogenous EB weld 
beads to make a total loss of 1.1 wt-%. 
The increased loss (0.5 wt-%) in the third 
pass was due to the larger surface-to-
volume ratio of this wide, shallow, cover 
pass. The extreme loss of magnesium 
from the third pass of the cold wire-fed 

weld would indicate an almost complete 
loss of magnesium from the 5 wt-% filler 
wire (aluminum Alloy 5356). The relation
ship of the silicon and magnesium con
centrations shown in Fig. 22 gives a 
relative measure of the dilution of the 
base metal with the filler metal alloy 
(4043) at the various levels in the CMA 
weld. 

Fig. 18 — Weld joint geometry for autogenous EB root bead and cold 
wire-fed EB fill (Dimensions in in.) 

Fig. 19 — Cross-section from autogenous EB root bead and three cold 
wire-fed EB fill beads in aluminum Alloy 5083 with 5356 filler wire. D/W 
ratio is 1.5/1 (weld boss removed) (8X) 
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0.040 RADIUS 
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r—0.010 
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0.030 

0.310 

Fig. 20—Joint geometry for autogenous EB root bead and gas metal arc 
fill beads (Dimensions in in.) 

Fig. 21 —Cross-section from autogenous EB root bead and three CMA 
fill beads in aluminum Alloy 5083 with aluminum Alloy 4043 filler wire. 
D/W ratio is 1/1 (weld boss removed) (10X) 

The average mechanical properties of 
the three welds are given in Table 7. The 
specimen used to determine these prop
erties included a full joint cross-section 
with the weld boss removed. There was, 
therefore, a notch present at the weld 
root due to the alignment step. These 
data show that there is no significant 
difference in the strengths of the welds. 
The ultimate strength is, however, lower 
than would have been expected from a 
GMA weld made with a matching filler 
metal such as aluminum Alloy 5356. In 
that case, an ultimate strength of 41 ksi 
(280 MPa) would have been expected 
(Ref. 14). The notch in the specimen 
design is probably responsible for this 
reduced strength. The reduction in mag
nesium in the weld metal is a less likely 
cause of this loss of strength as the 
failures were located in the weld heat-
affected zone. Similarly, the elongations 

are below the 13.6% that would have 
been expected from such a CMA weld 
(Ref. 14). This may be due to the narrow
ness of the EB welds, which causes the 
majority of deformation to occur in a 
small portion of the gauge length. 

The multipass, autogenous EB and the 
CMA welding processes resulted in 
approximately the same dimensional dis
tortion in the cylinders —Table 8. The 
cold wire-fed EB welding process resulted 
in the highest distortion. This is due to the 
high heat input and low welding speed 
used for the wire-fed process. This low 
speed was necessary to adequately con
trol the wire-feeding equipment. 

Radiography was used to determine 
the amount of porosity in the various 
welds. Those that were made by the EB 
processes had approximately the same 
level of porosity (less than five pores per 
inch of weld), while the GMA welds had 

BASE METAL - 4.5 WT % Mg 

5 
~ 4 
68 3 
£ 2 2 

ii 1 

a o 

• 3.4 WT % COLD-WIRE-FED ELECTRON 
BEAM 
ALUMINUM ALLOY 5356 WIRE 
FILL WELD SPEED - 15 ipm 

• GAS METAL ARC 
• ALUMINUM ALLOY 4043 WIRE 
• FILL WELD SPEED-80 ipm 

• MULTIPASS AUTOGENOUS 
ELECTRON BEAM 

• FILL WELD SPEED-40 ipm 

0.050 0.100 0.150 0.200 0.250 
DEPTH IN WELD (in.) 

Table 7—Comparison of Mechanical 
Properties of Welds 

Tensile 
strength 
(ksi) 

Yield 
strength 
(ksi) 0.2% 
OS. 

Elongation 
(%) 

Multipass 
Autogenous 

Electron 
Beam 

37.8 

21.6 

9.6 

Cold 
Wire-Fed 
Electron 

Beam 

36.4 

21.6 

11.2 

Cas 
Metal 
Arc 

38.7 

22.4 

6.7 

Table 8—Comparison of Transverse and 
Diametrical Distortion in Welded Cylinders 

Total weld 
passes 

Average 
transverse 
shrinkage 
(in.) 

Diametrical 
distortion 
(in.) 

Welding 
speed of 
fill welds 
(ipm) 

Multipass 
Auto

genous 
Electron 

Beam 

4 

0.022 

0.012-
0.75<a» 

40.0 

Weld Process 

Cold Wire-
Fed 

Electron 
Beam 

4 

0.031 

0.040-
1.0<a> 

20.0 

Gas 
Metal 
Arc 

4 

0.022 

0.013-
1n(a) 

80.0 

Fig. 22 — Weight-percent magnesium and silicon content in welds in aluminum Alloy 5083 

(a) Distortion measurement applies to both sides of the base 
metal. Distortion was maximum immediately under the weld 
and minimum at the distance f rom the weld that is indi
cated. 
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numerous pores. A radiographic window 
was also used to verify weld penetration. 
The triangular window is shown in Fig. 
15. An acceptable weld would melt-out 
this window so that it would not be 
visible during radiographic inspection. An 
ultrasonic window has also been devel
oped for use with multipass welds in 
aluminum. 

Conclusions 

Multipass, autogenous EB welding is 
established as a method to achieve high 
quality, deep penetration welds in urani
um and aluminum Alloy 5083. The pro
cess has been shown to eliminate cold 
shuts in uranium welds and to provide 
closely controlled penetration. 

Multipass, autogenous EB welds main
tain the characteristic high depth-to-
width ratios and low heat input of single-
pass EB welds. It has been shown that the 
increased part distortion of multipass 
welds over single-pass EB welds can be 
corrected by a preweld machined com
pensation. The distortion of multipass, 
autogenous welds is still less than that of 
arc welds. Multipass, autogenous EB 
welds have mechanical properties which 
compare well with single-pass EB welds 
or arc welds in these materials. Parameter 
changes that are necessary in multipass 
welding can be done manually with a 
check-off procedure and a stop watch or 

part revolution/degree counter. Com
puter control of the welding parameters 
is advantageous. 
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The AWS C l / W R C Commit tee on Resistance Welding has openings for commit tee membership. This 

commi t tee is concerned with the establ ishment of standards and recommended practices for the 
various resistance welding processes—spot, project ion, seam and flash butt welding. Applicants should 
have experience in one or more of these processes. Commit tee personnel who would like to be classified 
as users are especially desired. 

In addit ion, the AWS C-4 Commit tee on Gas Welding and Oxygen Cutt ing has openings for commit tee 
membership. This commi t tee is concerned with the establishment of standards and recommended 
practices for various gas welding and oxygen cutt ing processes. Applicants should have experience in 
oxyfuel gas cut t ing or gas welding. Commit tee personnel who would like to be classified as users are 
especially desired. 

For fur ther informat ion, contact Wes Dierschow, Technical Department, American Welding Society, 
P.O. Box 351040, Miami, FL 33135, telephone (305) 443-9353. 
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This report presents a detailed examination of the stress intensification factor (SIF) formulat ions for 
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WELDINC RESEARCH SUPPLEMENT 1195-s 


