
Control of Spiking in Partial Penetration Electron Beam Welds 

Spiking is a function of beam power density and total beam power, and 
cannot be reduced at the present state of the art without reducing penetration depth 

BY R. E. A R M S T R O N G 

ABSTRACT. The effect of five machine 
parameters—accelerating voltage, heat 
input, travel speed, beam focus position, 
and beam oscillation—on the amount of 
spiking in a deep partial-penetration elec
tron-beam weld in uranium was investi
gated. When the electron-beam is oper
ating in the hole-drilling mode, any 
parameter change that reduces the power 
density of the beam in the hole reduces 
spiking and gives a smoother root, but it 
also reduces the depth of penetration. 
When the power density of the beam is 
increased to regain the depth of penetra
tion, the amount and length of spiking is 
increased. The conclusion is that spiking 
is not a function of individual machine 
parameters but is inherent in a high-
depth-to-width-ratio electron-beam weld. 

Introduction 
The welding industry, especially the 

nuclear branch, is constantly looking 
for more precise methods of welding. 
The electron beam process appeared 
to be the ultimate in control and 
reliability because it is almost com
pletely electronic. In the few years we 
have been using this process, we have 
found that it has not always per
formed as we would like it to, espe
cially when we are attempting to 
make high-strength, partial-penetra
tion welds. 

It is sometimes desirable to make 
maximum-penetration welds with no 
melting through, with minimum dis
tortion, and with minimum effect of 
welding heat on adjacent or underly
ing materials. These criteria are not 
easily achieved. However, electron 
beam welding appeared to offer the 
possibility of improved welds of this 
type. Lawrence Radiation Laboratory 
(LRL) purchased its first electron 
beam welding unit with this goal in 
mind. 

Maximum penetration welds are 
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difficult to achieve without some melt
ing through because the root of a 
partial-penetration electron-beam weld 
is not uniform but is very irregular. 
These irregularities in the root are 
what we have chosen to call "spikes." 
A spike is a sudden increase in pene
tration beyond what might be called 
the average penetration line. Typical 
spikes in longitudinal sections through 
the center of electron-beam welds in 
various materials are shown in Fig. 1. 

We could not assure a penetration 
of 85 c/c or greater in 1

 s in. or 
thicker material without expecting at 
least some of these spikes to penetrate 
the root. Many spikes have voids in 
their lower portions, because the mol
ten metal does not fill them complete
ly. Voids appear as root porosity on 
radiographic inspection. In some 
cases, the molten metal will fill the 
spike but will not fuse to the sides of 
the hole, which is a condition similar 
to a cold shut in a casting. These cold 
shuts seriously reduce the strength of 
the weld at the root. They are quite 
difficult to find by radiography, but 
can usually be detected by ultrasonics. 

This study was made to determine 
the effect of each of the controllable 
machine parameters on spiking, so 
that we might develop a welding 
procedure that would give maximum 
penetration with minimum spiking. 

Background 
From our work with the electron 

beam process, we have found, as have 
many others, that there are two modes 
of welding. In the low-power mode, 
which arbitrarily defined here as "less 
than the amount of power required to 
fully penetrate 0.125 in. of stainless 
steel," the electrons give up their heat 
at the surface of the metal and the 
joint is then melted by conduction, 
just as in gas welding. In fact, the 
cross section of a low-power electron-
beam weld is similar to that of a gas 
tungsten-arc or an oxyacetylene weld. 

In the high-power mode, which is 
any amount of power greater than 

that required to fully penetrate 0.125 
in. of stainless steel, the electron 
stream can be so concentrated that it 
drills a hole by a complex thermal 
process, including vaporization of the 
metal. As the beam moves along the 
work, molten metal flows in behind 
and fills this hole. What goes on in this 
hole is rather a mystery, although 
there are a number of theories and 
explanations.1- - The hole is full of 
metal vapors and gases liberated from 
the base metal, and there is a con
stantly changing pressure in the hole, 
as shown by violent eruptions of mol
ten metal or weld spatter. 

In a full-penetration weld, these 
gases and vapors are vented through 
the bottom of the weld and the condi
tions in the hole are reasonably con
stant. In a partial-penetration weld, 
these gases and vapors must vent back 
through the hole in opposition to the 
beam, and the electrons must pass 
through this constantly changing com
position plasma to reach the base 
metal. 

H. Tong of the University of Cali
fornia, Davis, has found from analysis 
of flash X-ray pictures taken during 
welding that the melt region behind 
the beam is in constant motion: it 
surges into the hole and interrupts the 
beam at fairly regular intervals. In 
addition, the focal point of the beam 
is constantly changing. This is because 
some of the electrons are deflected 
from their course when they strike 
metal atoms in and above the cavity 
and because the ion stream returning 
up the beam reacts with the electrons 
and changes their space charge.3 This 
change in focal point changes the 
power concentration of the beam at 
the workpiece. With these fluctuations 
in the beam and the instabilities in the 
weld cavity, it is not surprising that 
the root of the weld is so irregular. 

Material Selection 
Depleted uranium was selected for 

this study to obtain additional experi
ence in the welding of this material. It 
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Fig. 1—Spikes in (a) aluminum, (b) 
uranium, and (c) stainless steel 

has a density of 19.07 g/cc, a melting 
point of 1132° C, thermal conductivi
ty of 0.071 cal/cm/° C at 70° C, and 
transformation points at 660 and 775° 
C. It is moderately hazardous, mainly 
because of its chemical properties (the 
material is not appreciably radioac
tive), it oxidizes very quickly, it is 
pyrophoric when finely divided, and it 
is normally welded by the gas tung
sten-arc and electron-beam methods. 
It has been welded by other methods, 
such as gas metal-arc and submerged 
arc, but uranium filler metal is dif
ficult to obtain and maintain oxide-
free. 

The metal used for this study was 
furnished by the Atomic Energy Com
mission Y-12 facility at Oak Ridge, 
Tennessee. A total of 650 welding 
coupons, each 3 in. long, : , /4 in. wide, 
and 0.335 in. thick, were cut from 
two wrought vacuum annealed plates, 
with the 3 in. dimension taken in the 
rolling direction. Each coupon was 
numbered; 510 coupons were taken 

Fig. 2—Welding samples (a) after welding, (b) after fracture 

from one plate and 140 from the 
second plate. 

Spectrographic chemical analyses 
were made of samples taken from 
several locations in each plate. The 
principal impurities are: carbon, 369 
ppm; silicon, 275 ppm; iron, 120 ppm; 
nickel, 60 ppm; and manganese, 50 
ppm. Just prior to placing the samples 
in the welding chamber, the surfaces 
to be welded were wiped with acetone 
and electropolished in a phosphoric 
acid-chromium trioxide solution to re
move the oxide coating. 

Equipment 
The welding equipment used was a 

5 yr old, 150 kv, 6 kw, hard-vacuum 
electron-beam welding machine with 
all the commercially available attach
ments, including a variable-frequency 
circle generator. Nonstandard addi
tions included digital meters to supple
ment the standard kilovolt and mil-
liampere meters, a digital meter to 
show the amperage applied to the 
focus coil, an exhaust line to maintain 
a flow of room air through the cham
ber when the door is opened, and a 
liquid nitrogen baffle to aid in 
pumping and to prevent backstream-

ing of diffusion pump oil. The air flow 
from the room through the chamber is 
required to protect personnel from 
breathing residues of hazardous mate
rials that may be deposited in the 
welding chamber during welding. 

Fixturing 
A special fixture was built to permit 

welding twelve samples at one 
pumpdown and ensure that all sam
ples would be welded at the same 
level in the welding chamber. The 
fixture was machined from a solid 
aluminum plate to hold four pairs of 
samples in each of three slots. Leaf 
springs hold the samples together until 
they are tack-welded, and hold-down 
bars between the slots keep the sam
ples from excessive warping during 
welding. The fixture is clamped to an 
aluminum stand previously aligned 
with the viewing telescope and bolted 
to the welding work table. Once the 
stand is positioned, the fixture can be 
removed and replaced quickly and the 
weld seams will always be in align
ment. 

All parts of the fixture and the 
stand were made of nonmagnetic ma
terials to eliminate the possibility of 
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residual magnetic fields that might 
defied the electron beam during weld
ing. 

Procedure 
The joint design used was a straight 

butt weld without a step. Backing 
material was not required because less 
than full penetration was desired. 
Twelve pairs of coupons were electro-
polished, clamped in the fixture, and 
placed in the welding chamber. The 
chamber was evacuated to 3 X 1 0 - 4 

torr or less, and each end of each pair 
was tack-welded to prevent the seam 
from opening during welding. 

The twelve pairs were welded ac
cording to the parameters selected, 
removed from the chamber and 
fixture, and fractured by applying 
pressure in a Riehle testing machine to 
the face side. The center 1 in. of each 
fractured surface was photographed 
at 8.25X for record and evaluation. 
The joint and sample configuration as 
well as the fracture load application 
point are shown in Fig. 2. 

Design of Experiment 
The six welding variables we be

lieved to have the greatest effect on 
welding and which can be machine-
controlled are: accelerating voltage, 
beam current, work travel speed, 
beam focal-spot position, circle size, 
and circle frequency. Three additional 
variables we believed to have a minor 
effect on welding are: the distance of 

Table 1 —Heat Input Parameters 
Investigated 

Joules/110 
in . 

3800 
3400 
3200 
3000 

3800 
3400 
3200 
3000 

4400 
4000 
3800 
3400 
3200 
3000 

5000 
4800 
4200 
3800 
3400 

kv 

»• 
®» 

X 
X 
X 

X 
X 
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X 
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X 
X 

X 
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a Photographs reproduced in paper. 

the workpiece from the focus coil, the 
age of the filament, and the degree of 
vacuum. In this study the distance of 
the workpiece from the focus coil was 
held constant, the effect of filament 
age was not determined (because this 
would be a difficult parameter to spec
ify), and a minimum vacuum of 5 X 
lO^1 torr was reached before weld
ing was started. 

The first three machine parameters 

—accelerating voltage, beam current, 
and work travel speed—determine the 
heat input to the work. The combina
tion of these can be expressed in 
joules (watt-sec.) per inch. The last 
three machine parameters—beam fo
cal-spot position (amount of defocus 
of the beam), circle size, and circle 
frequency—control the concentration 
of heat in the work. 

The experiment falls into two 
parts: Part 1—to determine the effect 
on spiking of each of the heat input 
parameters while keeping the heat 
concentration parameters constant. 
Part 2—to determine the effect on 
spiking of each of the heat concentra
tion parameters while keeping the 
heat input parameters constant. 

When the study was originally 
planned, it appeared that statistical 
analysis was necessary to determine 
the individual effect on spiking of each 
parameter change. The prime requi
site for the ability of statistical analysis 
to detect the result of small changes in 
a single parameter is to express all the 
conditions and results of each situa
tion in numbers. We could supply 
numbers for the machine parameters 
but could not find a spiking character
istic to m.a,ure that would change 
only as the machine parameters are 
changed. 

We made a continuous 14 in. long 
weld, cut it into fourteen segments 1 
in. long, and photographed the center 
1/2 in. section of each segment. Each 

Joules-
per 

: inch 

3200 

3000 

3400 

nokv 150 kV 

5200 

3400 

Inches 
; per 

minute 

60 

t^jM^&jMJkaMI^JtSM[ 
60 

40 

tM**te&a&^mi£j 
30 

30 

Fig. 3—Spiking at extreme ranges of heat input study 
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section was then examined and the 
spikes measured in great detail. An 
average penetration line was estab
lished by measuring the length of each 
spike. The number, length, and area 
of each spike that protruded beyond 
this average penetration line was tabu
lated for each section. These values 
were compared for the entire weld. 
We found that they varied in a seem
ingly random fashion and no one val
ue remained constant throughout the 
entire weld. 

Because of the apparent random 
nature of the spiking in a continuous 
weld, we could not see how to sepa
rate the parameter change effects 
from the random effects and to ex
press these effects by precise measure
ments with any degree of confidence. 
The randomness of the spiking could 
be caused by instabilities in the proc
ess, as has been described, or by 
instabilities in the welding equipment. 
The welding equipment met all the 
performance checks and was in nor
mal operating condition for a com
mercial machine, although we suspect 
there are some contributing instabili
ties in the machine as built. 

When we found that the precise 
measurements necessary for statistical 
evaluation were not possible, we se
lected visual evaluation as an alter
nate. A photograph of each welded 
sample was placed in the position 
shown in Table 1; the amount and 
character of the spiking was estimated 
by comparing each sample with its 
neighbors. The photographs of each 
weld are available for future study 
and can be evaluated statistically at 
any time that a useful measurable 
quantity was found. At the conclusion 
of the experiment, no measurable 
quantity was found and the visual 
method of evaluation is the basis for 
the reported results. 

Part 1 samples were made to check 
the effect of heat input parameters on 
spiking. The voltage, travel speed, and 
total heat input were varied as shown 
in Table 1. The beam current was not 
specified, because it depends on the 
voltage and travel speed if the heat 
input value is specified. The value of 
the beam current used on each sample 
can be calculated by dividing the val
ue for joules/in. by the voltage in 
kilovolts and multiplying by the num
ber of inches traveled in 1 sec. The 
circles in Table 1 show the samples 
for which photographs are given in 
this paper. Only a few of the many 
photographs taken are shown to illus
trate the results. 

Part 2 samples were made to check 
the effect of heat concentration on 
spiking. At first the focus level was 
selected by visual focusing on a tung
sten target set at different levels. This 

620 mA 630 mA 

-»> 

640 mA 650 mA 

Fig. 4—Effect of raising focal point above work by increasing focus coil current— 
150 kv, 50 ipm, 21.1 milliamp beam current 

did not give satisfactory results, as 
explained later in this paper in the 
section on beam focusing. The experi
ment was repeated by selecting a set 
of parameters that gave considerable 
spiking with the focus level at the 
work surface—and then increasing the 
focus coil current by specific incre
ments to raise the focal point above 
the work surface. The actual level was 
not determined due to the focusing 

difficulties. The effect of circle deflec
tion of the beam was investigated by 
deflecting the beam in circles of 
0.030, 0.035, and 0.040 in. diameter 
as measured by visually observing the 
beam on a tungsten target. Circle 
frequency was checked by holding the 
beam power, focus, and circle size 
constant and varying the circle deflec
tion frequency from 25 to 500 cy
cles/sec. 

22.5 mA beam current 
615 mA focus current 

22.5 mA beam current 
645 mA focus current 

23 .0 mA beam current 
620 mA focus current 

23.0 beam current 
650 mA focus current 

rv>*4mjJ'WJJ"J! 

30 .0 mA beam current 
660 mA focus current 

, 

^f^t^l —• 
35.0 mA beam current 
660 mA focus current 

Fig. 5—Additional studies on effect of focal point position—150 kv, 50 ipm 
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N o c i rc le def lec t ion 0 .035 i n . diam c i r c l e , 50 cps. 

0.035 i n . diam c i r c l e , 100 cps 0.035 i n . diam c i r c l e , 500 cps 
Fig. 6—Effect of deflecting beam in circle at various frequencies—150 kv, 22.5 mill i-
amp, 50 ipm, 615 milliamp focus current 

Fig. 7—Effect of combining beam defocus and circle deflection—150 kv, 40.0 mill i
amp, 50 imp, 660 milliamp focus current—0.040 in. diam circle, 30 cps 

Results and Discussion 
The results of the study of the 

effect of accelerating voltage, beam 
current, and work travel speed (Part 
1) show that these three parameters 
individually have little effect on spik
ing when the same depth of penetra
tion is maintained. There appear to be 
fewer spikes and a smoother root at 
lower travel speeds, but there is also 
less penetration, due to the greater 
loss of heat through conduction. When 
the power is increased to get deeper 

penetration, the spiking increases. 
Figure 3 shows the spiking at the 

extremes of our tests. The 110 and 
150 kv welds at the same heat input 
are quite similar in penetration depth 
and spiking characteristics. The fusion 
and heat-affected zones are also simi
lar. As the travel speed is slowed from 
60 to 30 ipm the fusion and heat-
affected zones become wider and the 
penetration and spike length decrease. 
When we increase heat input from 
3400 to 5000 joules in. at 30 ipm, we 

Fig. 8—Cold shuts in sides of welds 
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recover penetration but we also recov
er spiking. 

The results of the study of the 
effect of softening the beam by defo-
cusing or by deflecting the beam in a 
circle show that both methods reduce 
spiking but reduce penetration as well. 
When the heat input is increased to 
regain the penetration lost, the spiking 
returns. The spiking is different in 
character—with fewer but thicker 
spikes, as if the spike-making macha-
nism were sustained longer in each 
spike but repeated at a slower rate. 
The study of the effect of changing 
circle deflection frequency did not 
show a positive effect on spiking or on 
penetration. 

Figure 4 shows the effect of pro
gressively raising the focal point of the 
beam above the work surface by in
creasing the focus coil current in regu
lar intervals. As the focal point is 
raised above the surface, the spike 
length decreases and the root becomes 
smoother but the penetration also de
creases. 

More examples of the smoothing 
effect of raising the focal point by 
increasing the focus coil current are 
shown in Fig. 5. Note how the spiking 
returns when beam current is in
creased to regain penetration. 

Figure 6 shows the effect of deflect
ing the beam in a circle. Just as in 
softening the beam by defocusing, 
both spike length and penetration are 
decreased. The combined effect of de-
focusing the beam, deflecting the 
beam in a 0.040 in. diam circle, and 
using high power to get the desired 
penetration is illustrated in Fig. 7. 
There is still considerable unfused 
area below the root, yet one spike 
penetrates completely through and 
one is almost through. The cross sec
tion shows a broad fusion zone with a 
round root and a large heat-affected 
zone. From a weld of this type we can 
expect high shrinkage and a large heat 
input to adjacent material. There is a 
considerable undercut on the surface 
due to the large molten pool formed 
during welding. 

The size and position of unfused 
areas or cold shuts change when spik
ing is reduced by softening the beam. 
In a surface-focused weld, the cold 
shuts usually occur in the root area of 
a weld and are probably formed when 
the molten metal following the beam 
fills a spike hole but freezes before it 
bonds to the sides of the hole. When 
the beam is softened, these cold shuts 
increase in size and extend up the side 
of the fusion zone. 

Figure 8 shows examples of cold 
shuts in the fusion zone of a weld. In 
this position, they apparently reduce 
the strength of a weld seriously, be
cause we have seen evidence in less 



ductile uranium alloys that each cold 
shut of this type has acted as a frac
ture initiation point. 

Proximity Effect 
When we studied the test results, we 

suspected that spiking might be affect
ed by how closely the penetration 
approached the root surface of the 
weld. As the penetration increases, the 
unfused area under the weld becomes 
hotter and should be easier to pene
trate. A small variation in beam pow
er might cause a large variation in 
penetration and put a practical limit 
to the maximum depth of penetration 
we could ever expect to obtain with
out spiking through. 

Four weld samples were prepared 
with 1 in. long steps milled in the root 
side to give six material thicknesses 
decreasing from 0.335 to 0.235 in. in 
0.020 in. steps. These samples were 
welded at 110 kv, 40 ipm travel 
speed, and 20 to 21 milliamp beam 
current with surface focus. When we 
examined the fractured surfaces of the 
samples, there was on apparent differ
ence in spiking or total penetration 
depth as the fusion zone approached 
the undersurface of the plate. Figure 
9 shows the samples made at 20 and 
23 milliamp on the 0.335 and 0.235 
in. thicknesses. It appears that almost 
full penetration is feasible if we can 
find a method of eliminating spiking. 

m— 

0.335 in. thick 20 mA 0.235 in. thick 

0.335 thick 23 mA 0.235 in. thick 

Fig. 9—Effect of proximity of weld root to under-surface of work—110 kv, 40 ipm, no 
deflection, focus Vz in. above surface 
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Fig. 10—Focus coil current vs. beam current 
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Focusing Study 
The beam focus settings for the 

125, 130, and 135 kv runs made in 
Part 1 were determined by the stand
ard method of visually focusing the 
beam on a tungsten block. The disad
vantage of this method is that the 
block heats up very quickly at high 
power and the outline of the incan
descent spot is hard to determine. The 
high-power beam also drills a hole in 
the block, and the beam spot drops to 
this new level and is confined in the 
hole. These conditions make this 
method of focusing difficult to repeat 
and very operator-dependent. Since 
the position of the focal point of the 
beam has a decided effect on spiking 
and penetration, accurate focusing is 
essential. 

The amperage applied to the focus 
coil by the operator to get a visually 
sharp focus was recorded for all the 
samples made at 125, 130, and 135 
kv. These focus coil amperages were 
then plotted against beam current for 
each of the voltages to test the ac
curacy and reproducibility of the 
standard visual method of focusing. 
The operator took special pains to get 
the focus as sharp as possible. 

These values are plotted in Fig. 10. 
There is not only an overlap between 
the different voltages but a consider
able spread between focusing settings 
for the same voltage and same amper
age. From our study of the effect of 
focal spot position on spiking, we 
know that a change of 10 milliamp in 
focus coil current makes a detectable 
change in spiking and penetration. 
Some of the values in this plot appear 
to vary as much as 30 milliamp. This 
variation casts doubt on the accuracy 
of the standard visual focusing meth
od, especially if we intend to use focal 
spot position as a means of controlling 
spiking and penetration. 

A focusing study was made at 110, 
125, 130, 135, and 150 kv, using 15 to 
32.5 milliamp beam current in 2.5 mil
liamp steps. Both tungsten and OFHC 
copper were studied as target materi
al. We found a variation in focus coil 

current similar to although not as 
great as that shown in Fig. 10. The 
beam was visually focussed three 
times at each point, and there was as 
much as 15 milliamp difference be
tween the three focus coil values. 
When sections of the curves were re
peated at a later date, we found the 
shapes of the curves to be the same 
but they were displaced above or below 
the previous curves. We susect that 
this was caused by aging or replace
ment of the filament. This shift prob
ably accounts for the large spread in 
focus coil values in Fig. 10. 

When copper was used as a target 
material, less focus coil current was 
required at the same power level than 
when tungsten was used. This may be 
because the ion stream from copper is 
greater and the space charge neutrali
zation more complete. It is obvious 
that accurate focusing is a problem 
and that a more positive and reliable 
means of determining focus is re
quired. 

Some excellent work has been done 
in this field by Adams' and Sander
son" of the British Welding Institute. 
Their technique is to pass a tungsten 
wire rapidly through the beam and 
display the current signal on an oscil
loscope. When the beam focus is at its 
sharpest, the current signal and oscil
loscope trace will be at a maximum. 
This allows setting the focal spot at 
exactly the same position each time, 
eliminating the effect of material and 
operator judgment. We have modified 
the Adams method of deflecting the 
beam past the wire by using a special 
square-wave signal generator to trig
ger the beam deflection sweep at con
trolled intervals, instead of using the 
60 cycle deflection system. 

Our preliminary work looks promis
ing, but we experienced difficulty 
when we deflected the beam at ran
dom times. There is a considerable 
amount of 60 and 360 cycle ripple on 
the high voltage to the electron gun, 
especially at lower currents. If we 
sample the beam when the voltage is 
at the high point of the ripple, we get 
a different focal point than if we 

sample the beam at the low point of 
the ripple. We are refining our signal 
generator to deflect the beam at the 
same point on the voltage curve each 
time and are refining our electron 
beam welder power supply to reduce 
the ripple to the minimum. We believe 
that we can replace the tungsten tar
get method of focusing with an acU' 
rate, easily operated electronic meth
od. 

Conclusions 
1. Spiking is inherent in the hole-

drilling mode of electron-beam weld
ing and cannot be eliminated by any 
parameter adjustment on commercial
ly available machines without sacrific
ing penetration. 

2. Spiking appears to be a direct 
function of heat concentration, and 
anything that reduces the heat con
centration will reduce spiking as well 
as penetration. However, it may in
crease the number of unfused areas in 
the weld. 

3. Spiking will be at a maximum 
when a deep weld with a narrow 
fusion zone is made because of the 
high power concentration required. 

4. Increasing power to regain the 
penetration depth lost by lowering the 
heat concentration to reduce spiking 
will increase the spike length. 

5. Controlling the focus level by 
present visual focusing methods is not 
repeatable enough to be used as a 
reliable spiking control. 
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