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ABSTRACT. A refinement of the x-ray 
pinhole movie camera technique is 
used to continually monitor the EB 
weld process using a combination of 
parameters and materials. A com
parison of full penetration and partial 
penetration welding is made, as wel l 
as an examination of the effects of 
beam power density. Periods of spik
ing are clearly revealed and a means 
whereby spiking might be reduced is 
proposed. 
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In t roduct ion 

The electron beam welding process 
has provided a new dimension in jo in
ing technology because of its ability 
to generate welds w i th large penetra
t ion depth to width ratios, but associ
ated wi th this ability are unique weld 
defects — cold shuts, root porosity, 
and spiking. These defects have been 
linked w i th the dynamic nature of the 
weld cavity, but prior to the develop
ment of the x-ray pinhole camera 
(Ref. 1), wh ich provides for con
tinuous monitoring of points of beam 
impingement, the dynamic nature of 
the beam-metal interactions had es
caped observation. This technique is 
applied to a number of materials and 
weld parameters in order to develop a 
basic understanding of electron beam 

welding and the spiking phenomenon. 

Exper imenta l Procedure 

The x-ray pinhole movie camera re
cords the position of x-rays generated 
as the electron beam interacts wi th 
the material w i th in the weld cavity 
during welding. Depending on the 
point of beam impingement, a region 
on the rapidly moving x-ray f i lm 
(typically 1.5 m/sec) is exposed, Fig. 
1. The result is a high speed "smear 
picture" which accurately gives t ime 
related information on points of elec
tron beam impingement. The t ime in
formation is provided by a series of 
t iming light dots produced on the 
f i lm by pulsing a neon bulb at 50 mi l
lisecond intervals. The f i lm used to re-

Table 1 — Experimental Parameters, Objectives and Data 

Weld 

1 

2 

3 

4 

Material 

2024AI 

1100 Al 

7075 Al 

7075 Al 

Thick
ness, 
cm 

0.952 

0.952 

1.27 

0.952 

Vol-
wge, 

kV 

122 

123 

126 

120 

Cur
rent, 
mA 

10 

10 

10 

10 

Approx. 
beam 
x 10-2 

5 

5 

5 

11 

area 
mm 2 

Welding 
speed, 

cm/sec 

0.88 

0.88 

0.88 

0 

7075 Al 

7075 Al 

1.27 

0.952 

10 

Ti-6AI-4V 
410 stainless 
steel 
Mg casting 
alloy 
ETP Cu 

122 

120 

123 
120 

135 

131 

10 

10 

10 
10 

5 

10 

11 0.88 

0.88 

0.88 
0.88 

0.88 

0.88 

Objective 

Record beam-metal 
interaction in 2024 Al 
Record beam-metal 
interaction in 1100 Al 

Record beam-metal 
interaction in 7075 Al 
Record effect of 
welding speed on 
beam-metal interaction 
Record effect of 
defocusing on 
beam-metal interaction 
Record beam-metal 
interactions in a 
full penetration weld 
Study material effects 
Study material effects 

Study material effects Fig. 17 

Study material effects — 

Weld 
speci
men 

Fig. 3 

Fig. 5 

Fig. 7 

Fig. 10 

Beam-
metal 

interactions 

Fig. 4 

Fig. 6 

Fig. 8 
Fia.9 
Fig. 11 

Fig. 12 Fig. 13 

Fig. 14 

Fig. 15 
Fig. 16 

Fig. 18 

Fig. 19 
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Electron Beam Axis 
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Camera Rotated 
90 for illustration 
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X-ray Shield 

Focusing Target 

X - r a y Pinhole Camera 

Fig. 1 —Sketch illustrating x-ray pinhole camera technique 

cord the beam-metal interactions is 
35 mm x 25 ft, Kodak NS-392T med
ical x-ray f i lm. 

The factor most critical in generat
ing high quality x-ray f i lms is the con
trol of f i lm exposure, which is accom
plished through the camera pinhole 
geometry. Too small an opening can 
result in an underexposed f i lm whi le 
too great an opening causes a de

crease in resolution. A cone-shaped 
hole wi th an opening at the apex vary
ing between 0.01 and 0.10 cm 
depending on welding and material 
conditions, was suitable for generat
ing the experimental data. Another 
factor critical to obtaining quality f i lm 
exposure is the problem of x-ray 
attenuation due to the material. Since 
the x-rays are generated wi th in the 

weld cavity, they must f irst travel 
through the sample material. As a re
sult, most of the welds in th is ex
periment were made w i th butted 
plates in which the plate facing the 
camera was very narrow, typically 1 
to 2 mm (see Fig. 1). 

By controll ing the ratio of weld 
cavity to pinhole distance vs. x-ray 
f i lm to pinhole distance, the record of 
points of beam impingement wi th in 
the cavity can be magnified. In addi
t ion, the exposed x-ray f i lms can be 
enlarged using standard photo
graphic techniques; thus, the activity 
in a 0.5 cm deep cavity is easily en
larged to 2 cm for purposes of 
analysis. 

The welding operations w e r e 
performed using a 3 kW Hamilton-
Standard Model #W1-0. Weld param
eters were recorded using the meters 
provided on the welding machine w i th 
the exception of beam voltage which 
was monitored w i th a digital volt
meter. Travel speed was recorded 
using a photo-tachometer sensitive to 
linear movements as small as 0.2 
mm. 

Generating data requires setting up 

•(U 

• * 
Fig. 2 — Longitudinal section through 
weld no. 1 (2024 Al). Rule divisions in mil- Fig. 3 — Portion of beam impingement record of weld no. 1. Nominal oscillation frequency, 
limeters 400 cps. X1.5 (interval between timing dots, 0.050 sec) 

Fig. 4 — Longtiudinal section through 
weld no. 2 (1100 A I). Rule divisions in 
millimeters 

Fig. 5 — Portion of beam impingement record of weld no. 2. Nominal oscillation frequency, 
600 cps. X2.14 (intervalbetween timing dots, 0.050 sec) 

Fig. 6 — Longitudinal section through 
weld no. 3 (7075 Al). Rule divisions in 
mill/meters 

Fig. 7 — Portion of beam impingement record of weld no. 3. Nominal oscillation frequency, 
400 cps. XI .5 (interval between timing dots, 0.050 sec) 
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Fig. 8 — Another portion of beam impingement record of weld no. 3 showing one of the 
infrequent surface closure events. Nominal oscillation frequency, 400 cps. X3.15, reduced 
30% (interval between timing dots, 0.050 sec) 

the camera and test sample such that 
the pinhole is on line wi th the axis of 
the beam and aimed at the approx
imate midpoint of the expected pene
tration depth. The chamber is 
evacuated, weld parameters are set, 
and sequentially, the camera motor is 
engaged, we ld samp le mo t ion 
initiated, and the electron beam 
energized. The data obtained in this 
manner does not lend itself to 
presentation since the exposed fi lm is 
several meters in length, but selected 
sections of the f i lm can easily gen
erate contact prints and enlarge
ments. Thus, beam-metal inter
actions are recorded and in partic
ular, periods of spiking can be pre
sented. 

Exper imenta l Resul ts 

In the course of this study, several 

engineering materials were used in 
conjunction w i th welding parameters 
which produced spikes. The materials 
and parameters are presented in 
Table I which also contains the ex
perimental objective of each run in 
addition to listing those figures which 
identify weld samples and selected 
sections of the x-ray f i lms. Since the 
earlier work wi th the x-ray pinhole 
camera technique demonstrated the 
ability to reveal weld penetration 
(Ref. 1), this work concentrates on 
the basic beam-metal interactions as 
a function of material, the influence 
of the welding speed, and the differ
ences in partial vs. full penetration 
welding. General observations on the 
effects of these factors are developed 
from the data presented in Fig. 2 
through 18 as well as techniques by 
which spiking might be suppressed. 

The most striking fact that can 
be observed in all the f i lms is that 
the beam-metal interactions are 
dynamic, even wi th zero welding 
speed (Fig. 16) and that the point of 
beam impingement moves at speeds 
as great as 6.5m/sec (Fig. 17). In ad
dition, it is observed that this point 
generally works from the top of the 
cavity towards the bottom and decel
erates as it approaches an "equi l ib
r ium" depth. Spiking events are char
acterized by periods of weld cavity 
stability in which the points of beam 
impingement become reasonably 
fixed wi th a significant amount of the 
beam's energy being expended at the 
weld root. The termination of a spike 
is signaled by the restoration of the 
oscillatory motion of the point of 
beam impingement. The characteris
tics of spiking events are determined 
by material properties and weld 
parameters such that the magnitude 
(as great as 25% of the average weld 
penetration) and duration (between 
2.5 and 55 milliseconds) of the spikes 
vary. In addition, the basic pheno
menon of a continually oscillating 
point of beam impingement is seen to 
be characteristic of both partial and 
full penetration welds (Figs.7 & 1 3). 

Discussion of Resul ts 

Necessary to any discussion of re
sults is a consideration of those fac
tors which enter into electron beam 
welding as unknowns. Of major im
portance is the stability of the beam's 
total power and power density. No 
continuous monitoring of critical weld 
parameters was performed; thus, line 
voltage fluctuations, high voltage 

Fig. 9 — Longitudinal section through 
weld no. 4 (7075 Al). Rule divisions in 
millimeters 

Fig. 10 — Portion of beam impingement record of weld no. 4. Nominal oscillation fre
quency, 150 cps. X1.4 (intervalbetween timing dots, 0.050 sec) 

Fig. 11 — Longitudinal section through 
weld no. 5 (7075 Al). Rule divisions in 
millimeters 

Fig. 12 — Portion of beam impingement record of weld no. 5. Nominal oscillation fre
quency, 220cps. X1.58(intervalbetween timing dots, 0.050 sec) 
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ripple, f i lament age and position 
wi th in the electron gun, and f i lament 
temperature are among those factors 
in the machine and its setup that 
could have influenced the results of 
an experiment of this type. It is as
sumed that variations did exist, but 
that they were w i th in the bounds 
normally encountered in high voltage 
electron beam welding. 

Another factor which presents un
knowns is the effect of vaporized ma
terial on electron gun stability. 
Vapors and ions generated during 
welding are free to interact w i th the 
electron gun accelerating and grid 
potentials initiating possible arcing 
events which result in an uncon
trolled beam of varying total power 
and power density. The effects of 
these complex machine-mater ia l 
interactions are not addressed in this 
work, although their possible in
fluence is recognized. The two issues 
discussed above suggest that there 
are several uncontrolled factors 
which can influence electron beam 
welds, and depending on the degree 
of sophistication required for a given 
welding operation or experiment, 
these factors could be significant. 

Recognizing that conditions exist 
wh ich have an unknown influence on 
the welding of this experiment, it be
comes reasonable to interpret the re
sults. The results of this work support 
the existence of a weld cavity in 
which the back pressure created by 
evaporating material is the dominant 
cavity-producing force, wh i le the 
hydrostatic head and surface tension 
are the significant cavity closing 
forces (Refs. 2, 3, 4). The dynamic 
interaction of these forces are re
sponsible for the unique characteris
tics of electron beam welds and are at 
least in part revealed by the x-ray pin-
hole camera. 

Figure 10 illustrates the basic 
nature of beam-metal interactions. 
The beam is seen to impinge wi th in 
the cavity at several points, but main
tains a sequence of excursions to
ward the base of the weld cavity. At 
certain points, it is clear that a large 
percentage of the beam's energy is 
being delivered at the base of the 
weld cavity, fol lowed by the beam's 
impinging at multiple points nearer 

Fig. 13 — Portion of beam impingement record of weld no. 6. Nominal oscillation fre
quency, 200 cps. XI.5 (intervalbetween timing dots, 0.050 sec) 

Fig. 14 — Portion of beam impingement record of weld no. 7. Nominal oscillation fre
quency, 435 cps. X2.73 (interval between timing dots, 0.050 sec) 

Fig. 15 — Portion of beam impingement record of weld no. 8. Nominal oscillation fre
quency, 780 cps. X2.0(intervalbetween timing dots, 0.050 sec) 

the surface. This suggests that as the 
beam is working in the cavity, super
heated molten metal is displaced to 
the surface. As the hydrostatic head 
pressure increases, partial intercep
tion and collapse of the cavity be
come imminent. In addition, the 
metal displaced to the surface gen
erates waves which are reflected at 
the weld pool periphery and return to 
the cavity where they are free to inter
act wi th the beam. Depending on the 
magnitude of such event, the material 
associated w i th the wave wi l l be 
partially driven toward the cavity 

base and into the sides. Recognition 
of the beam's interaction w i th ma
terial near the top of the weld cavity 
whi le also impinging at points lower 
in the cavity suggests that the upper 
half of the weld cavity is usually clear 
and the location of only partial beam 
interception. Thus, the likelihood of a 
complete surface closure event is 
minimal. High speed photographic 
f i lms of high voltage electron beam 
welds on aluminum alloys (Ref. 5) 
support this observation, and Fig. 8 
illustrates the rather unique surface 
closure event which was observed 

Fig. 16 — Longitudinal section through 
weld no. 9 (Mg casting alloy) X3.55, re
duced 44% 

Fig. 17 — Portion of beam impingement record of weld no. 9. Nominal oscillation fre
quency, 650 cps. X1.67(intervalbetween timing dots, 0.050 sec) 
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Fig. 18 — Portion of beam impingement record of weld no. 10. Nominal oscillation fre
quency undetermined. X5.0 (interval between timing dots, 0.050 sec) 

only twice in over 50 experimental 
welds. 

Although the top portion of the 
weld cavity maintains its integrity, 
the f i lms suggest that there are fre
quent intervals when the lower por
tion of the cavity is free from beam 
impingement. During these periods, 
surface tension and the pressure gen
erated by the hydrostatic head 
coupled w i th material properties 
determine the sequence of events. As 
closing forces act, the root of the cav
ity tends to f i l l w i th molten metal. 
Should the material have compara
tively low thermal conductivity and 
reasonable fluidity, complete f i l l ing of 
the cavity could occur. 

Another material wh ich could dis
sipate the heat more readily by 
conduction might freeze prematurely 
leaving the often observed defect of 
weld root porosity. These same prop
erties would influence a material 's 
propensity to form cold shuts. Of 
course, the formation of root defects 
is not only a function of the material 
properties but is influenced by the 
weld parameters that determine the 
time-related energy distribution of 
the weld root area which is decided 
by the duration and frequency of 
beam excursions to the cavity base, 
and affects the very critical weld root 
cooling rate. 

It has been noted that the x-ray 
f i lms generated indicate a weld cavity 
whose top portion remains reason
ably stable, w i th only the lower re
gions exhibiting closure events. In 
addition, the f i lms suggest that the 
points of beam impingement fol low a 
regular oscillatory frequency which is 
determined by the welding param
eters and the material. This nature is 
evident even at zero welding speed, 
which suggests that as the beam 
works its way to the cavity base, the 
material displaced to the top at least 
partially reenters the path of the 
beam. As this interception occurs, the 
wave of molten material is ac
celerated towards the cavity base and 
partly back into the cavity wal l . As 
one introduces the factor of a non
zero welding speed, the point of likely 
beam interception becomes fixed at 
the front of the weld cavity. 

Thus, welding progresses in a fixed 
sequence of beam excursions in 
which a large measure of the beam's 
energy is expended down the front of 
the weld cavity and at frequencies of 
150 to 650 cps for the runs of this 
experiment. The molten metal is dis
placed from the front to the rear wi th 
the cavity stability maintained except 
for the lower portions wh ich the f i lms 
indicate as being free of beam im
pingement for discrete intervals. 

These observations indicate that 
for high voltage welding there is no 
appropriate oscillation frequency that 
applies to the complete weld cavity, 
since only the base region undergoes 
complete closure events. It is pos
sible, however, to suggest the exist
ence of a cavity base activity which 
follows at a regular frequency. 

In addition to the nature of beam-
metal interactions, the f i lms graph
ically present the conditions under 
which spiking occurs. Spiking events 
are seen to be periods in which 
the points of beam impingement 
are reasonably fixed w i th a signif
icant portion of the beam's energy 
being delivered at the cavity base 
producing the additional penetra
tion. These events were observed to 
have durations varying between 5 
and 55 mill iseconds depending on 
parameters and the material. During 
this period, the oscillatory nature of 
the point of beam impingement 
breaks down, and there exists only 
l imited interception of the beam 
either by material from the front lip of 
the cavity due to the welding speed or 
from the wave reflections of molten 
metal from the rear of the weld pool. 

Thus, spiking events are charac
terized by periods of near equil ibrium 
in which, for a brief instant, the back 
pressure of evaporating atoms which 
maintains the integrity of the fluid 
walls, is in delicate balance w i t h the 
forces of surface tension and the 
hydrostatic head. On the other hand, 
the non-equil ibrium condit ion in 
which the cavity generating forces 
and the cavity closing forces do not 
reach a balanced state appears re
sponsible for uniform penetration. 

These observations suggest tech
niques by which spiking might be re

duced. First, the fact that the point of 
beam impingement can be charac
terized by a natural oscillatory fre
quency suggest that the judicious 
selection of a pulsing sequence to 
accommodate this action might serve 
to maintain the beam's action so as 
to eliminate those periods of cavity 
equilibrium which characterize the 
spiking event. Thus, a reasonable first 
approach would be to select a beam 
on-t ime sufficient to al low the beam 
to penetrate to the cavity base fo l 
lowed by a beam off-t ime long 
enough to ensure partial interception 
of the beam by the advancing weld 
cavity front, yet short enough so that 
the significant weld pool solidif ication 
and the associated defects would not 
result. 

A n example of this approach might 
be as fol lows. A given weld condit ion 
whose natural oscillation frequency 
is 1 50 cps would suggest a beam on-
time which is the reciprocal of this 
number or 6.7 milliseconds. The 
optimum beam off-t ime would have 
to be determined experimentally. 

Another approach to the minimiza
tion of spiking would be to optimize 
the welding speed so as to encourage 
the maintenance of the oscillation of 
the point of beam impingement, by 
the advance of new material from the 
front lip of the cavity at the optimum 
time. 

Another significant factor which 
evolves from the f i lms is the observa
tion that the basic beam-metal inter
action wi th its associated oscillation 
frequency is operant in both full and 
partial penetration welds. The only 
difference comes about from the addi
tional venting of the cavity and 
energy heat input loss which occurs 
as the beam exits from the material. 
Immediately, the internal pressure 
drops which enhances the collapse of 
the weld cavity tr iggering the inter
ception of the beam by both the cavity 
closing forces and the advance of 
metal due to the welding speed. 

Conclusions 

1. It has been shown that the x-ray 
pinhole camera technique is capable 
of generating an accurate and con
tinuous record of beam-material inter
actions, thereby revealing at least in 
part the cavity related phenomena in
volved in electron beam welding, 
including the spiking event. 

2. Uniform weld penetration is 
characterized by a continually oscillat
ing point of beam impingement 
which maintains periodic excursions 
from near the top of the cavity to the 
cavity base. 

This oscillation is most likely main
tained by the regular interception of 
the beam by advancing material due 
to the welding speed, the forces of 
surface tension and the hydrostatic 
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head, and the dynamic wavelike mo
tions wi th in the weld pool. 

3. Spiking is revealed to be the re
sult of a breakdown of this oscillatory 
nature, in which, for short intervals, 
the points of beam impingement be
come reasonably fixed and the weld 
cavity stable. This allows for a signif
icant portion of the beam's energy to 
be dissipated at the weld root result
ing in increased penetration. 

4. The suppression of spiking 
might likely adopt an approach in 
which an appropriate pulsing sched
ule is developed which would main
tain the oscillatory nature of the point 
of beam impingement and discourage 
the near equilibrium condit ion charac
teristic of the spiking event. Another 

approach, although more difficult to 
put to practical use, might be the 
selection of a welding speed to " f i t " 
the weld parameters in an effort to 
optimize the periodic interception of 
the beam. 

5. The basic mode of penetration is 
the same for both partial and full 
penetration high voltage electron 
beam welding. In both cases, the 
point of beam impingement under
goes continual oscillation wi th in the 
weld cavity. 
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WELDING HANDBOOK, Sixth Edition 

The WELDING HANDBOOK, Sixth Edition encompasses all aspects of welding 
including fundamentals, technology, processes, equipment, accessories and 
applications. The Sixth Edition is composed of these six clothbound sections: 
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Section 2 $12.00 $13.00 $ 8.00 
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Add 4% sales tax in Florida. Send your orders for copies to the American Welding 
Society, 2501 NW 7th Street, Miami, FL 33125. 
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