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Although initially considered promising, pulsed electron beam 
welding proved ineffective in this experiment 
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ABSTRACT. Interest existed in developing 
pulsed electron beam welding for appli
cations in which keyhole penetration and 
low heat input were needed. The process 
parameters were checked with respect to 
weld penetration, conduction melting 
and root irregularities (e.g., incomplete 
penetration and porosity). The results in
dicated that only small gains could be 
achieved in penetration with respect to 
heat input, whereas the increase in root 
irregularities increased greatly. It was 
therefore concluded that pulsed electron 
beam welding in a keyhole mode is not 
satisfactory for most welding applications. 

Introduction 

The use of electron beam and laser 
beam welding for joints where extreme 
precision is needed is well documented 
(Refs. 1, 2). On the one hand, continuous-
power electron beam welding and laser 
beam welding are particularly well suited 
to applications where high weld aspect 
ratios are needed. On the other hand, 
pulsed laser beam welding is typically used 
for thin-section welds and designs where 
part heating must be minimized. The area 
between these regimes — welds that need 
deep joint penetration and minimal heat 
input — is not adequately addressed by ei
ther of the above processes. We studied 
the feasibility of using a pulsed electron 
beam power source to make welds of this 
category. 

Pulsed Electron Beam 
Welding Parameters 

Along with the standard parameters for 
electron beam welding, pulsed electron 
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beam welding has its own unique param
eters that must be considered: pulse fre
quency or period, pulse-on time, pulse 
amplitude and pulse shape. 

The pulse frequency or period defines 
the rate at which beam pulses are gener
ated. This term is mathematically continu
ous as the pulsed parameters approach 
the continuous-power limit. 

The pulse-on time is the portion of the 
pulse period when the electron beam is 
emitted. The remaining pulse time (pulse-
off time) is the cooling cycle for the weld 
metal. The smaller the ratio of pulse-on 
time to pulse-off time, the higher the 
cooling rate of the weld metal. 

Since the current during pulse-off time 
is zero amperes, the pulse amplitude is 
equivalent to the current during pulse-on 
time. We observed some drift from zero 
(probably due to machine electronics) in 
the pulse-off time current, and we moni
tored it carefully during this experiment. 
We found no comparable drift in the 
pulse-on time beam current during the 
study. 

The pulse shape generated by the weld
ing machine was supposed to approxi
mate a square wave. In practice, how
ever, it rounded off as pulse frequency 
increased to approximate a sine wave. 
The rounding is shown in the oscillograms 
of Fig. 1, which were obtained using a 
Faraday cup circuit. 
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Previous Work 

Reports on pulsed electron beam weld
ing have focused on the solidification 
structures and morphology of the finished 
welds. Although it is known that penetra
tion efficiency can be increased with 
pulsed beams, this aspect has not been 
thoroughly studied. 

Tokmakov (Refs. 3, 4) found that large 
penetration increases relative to fusion-
zone area can be gained with use of a 
pulsed beam. The penetration increase 
resulted from the reduction in conduction 
melting that occurred on the sidewalls of 
the weld. It developed, however, that the 
welding efficiency gains were also linked 
to increased weld spatter, which was in 
turn related to the formation of weld po
rosity. 

Another study, by Slavin and Khudy-
shev (Ref. 5), compared the effect of 
cooling rates on grain refinement in the 
fusion zone. They found that grain size 
could be reduced by using pulsed welding 
parameters. Control of grain size in this 
way could be helpful for welding pure 
metals, in which grain growth is a severe 
problem. We found that this grain refine
ment was more than offset by the spatter 
and porosity problem discussed by Tok
makov. 

Weld Penetration 

Many equations can be used to de
scribe heat flow during welding. Of these, 
probably the best to describe electron 
beam welding in the keyhole mode is the 
Rosenthal equation altered to model a 
Gaussian-shaped power source (Refs. 6, 
7) shown as: 

T - T 0 = 
/ 

dt" Q/i 
2-irpC J 2at" -I- a2 

exp [ 
w 2 + y2 + 2wvt" + (vt")2 

4at" + 2<r2 (1) 

where t" = measured time increment, 
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0.3 Power Factor 

0.1 Power Factor 

Fig. 1 — Rounding of the beam-current pulse as frequency and pulse-on 
time change. A —Shows 0.3 power factor pulses; B —shows 0. I power 
factor pulses. Pulse frequency increases from (i) to (iii) in each. The pulse-
on time beam current for all welds was nominally 10 mA. 
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Fig. 2 — Relationship showing that pulsing of the weld power increases 
the weld penetration with respect to total power input per length of weld 
section. 

a = beam distr ibut ion w id th , a = thermal 
dif fusivity, v = relative wo rkp iece veloc
ity, Q / l = tota l p o w e r input per unit 
length, c = material heat capacity, and 
w = distance in the x-direct ion minus the 
heat source displacement (mm). 

Equation 1 gave much bet ter agree
ment w i t h actual w e l d geomet ry data than 
did equations that w e r e discont inuous at 
the we ld centerl ine. The ability to use a f i 
nite beam w i d t h also enabled calculation 
o f a finite centerl ine temperature fo r the 
w e l d . The d rawback to Equation 1 is that 
a beam distr ibut ion w id th must be accu
rately measured. W e solved this p rob lem 
by using a mod i f ied Faraday cup assembly. 
The mod i f ied Faraday cup al lows the 
beam to be scanned across a small mask 
placed on t o p o f a convent ional Faraday 
cup. A plot o f the current f l o w th rough 
the mask dur ing a scan provides a beam 
prof i le. 

Equation 1 may be used to der ive a rel
atively simple expression for w e l d pene
trat ion. Equation 2 applies only after steady 
state has been achieved. Equation 2 does, 
howeve r , fit the empirical w e l d data in the 
f o r m : 

" K [(VD)"] + c (2) 

Table 1—Nominal Composition of Type 
21-6-9 Stainless Steel 

Element 

Chromium 
Nickel 
Manganese 
Nitrogen 
Carbon 
Silicon 
Sulfur 
Phosphorus 
Oxygen 
Iron 

Composition 
(wt-%) 

20.8 
7.0 
8.2 
0.29 
0.038 
0.49 
0.001 
0.016 

20 ppm 
Balance 

w h e r e d = w e l d penetrat ion dep th (mm), 
E = beam vol tage (kV), I = beam current 
(mA), v = workp iece veloci ty (mm/s) , 
D = beam diameter (mm), and K and n are 
related to the material thermal propert ies. 

W e h o p e d to be able to generate an 
equat ion similar to Equation 2 for pulsed 
e lect ron beam weld ing parameters. The 
existing l i terature for pulsed e lect ron beam 
weld ing has no references to equations 
that deal w i t h w e l d geomet ry as a func
t ion o f the we ld ing parameters. 

Experimental Procedure 

Scope and Objectives 

O u r purposes in this study w e r e t o 
characterize pulsed electron beam w e l d 
ing and to investigate the usefulness of the 
process in an industrial setting. Ou r o b 
ject ive was to discover the parameter re
gimes in wh i ch pulsed electron beam 
weld ing w o u l d and w o u l d not p roduce 
satisfactory we ldments . W e planned to 
establish the usefulness of pulsed EB 
weld ing in an industrial env i ronment by 
measuring the machine repeatabi l i ty, 
studying the stability of the various pulsed 
electron beam weld ing parameters, and 
compar ing the general w e l d quality w i t h 
con t inuous-power e lectron beam welds. 

Test Apparatus Setup 

The test apparatus used for this exper
iment consisted of: 

1) A h igh-vacuum, high-vol tage Ley
bold-Heraeus 7 .5-kW elect ron beam 
weld ing machine. 

2) Type 21-6-9 stainless steel test plates. 
3) Fixturing for parameter setup and 

test plate m o v e m e n t dur ing weld ing. 
4) Faraday cup and mod i f ied Faraday 

cup. 
W e set the we ld ing parameters as sug

gested in the operat ing manual (Ref. 8) 
w i t h the addi t ion of some moni tor ing 

equ ipment to the normal sequence. Since 
the pulsing modu le d id not w o r k as in
tended , w e made a slight modi f icat ion in 
the startup sequence for the pulsed w e l d 
ing. 

The test plates used for the welds w e r e 
electroslag-ref ined, Type 21-6-9 stainless 
steel —Table 1. W e chose this stainless 
steel for its microstructural and mechani
cal propert ies, wh i ch make it we l l suited to 
e lect ron beam we ld ing , and because its 
use w o u l d maintain cont inui ty w i t h o ther 
recent e lectron beam we ld ing studies. 
Also, Type 21-6-9 stainless steel contains 
manganese and n i t rogen, b o t h of wh ich 
are high-vapor-pressure consti tuents. 
High-vapor-pressure componen ts may 
magnify vo id fo rmat ion (Ref. 9) dur ing an 
unstable we ld ing process; this could be 
helpful dur ing a parameter characteriza
t ion. The test plates w e r e 50 m m long by 
6.35 m m thick (2 X 0.25 in.). These d imen
sions a l lowed steady-state we ld ing cond i 
tions to be achieved dur ing each we ld and 
p rov ided a suitable thickness range for 
gathering data. 

The f ixturing for this exper iment con 
sisted o f an adjustable tungsten target, a 
linear dr ive table and a Faraday cup beam-
current measurement assembly. The tung
sten target was placed level w i t h the test 
plate on the table. The chamber - to -work 
distance was held constant at 254 m m (10 
in.). 

W e made t w o Faraday cup measure
ments be fo re and t w o after each w e l d . 
The first Faraday cup measurement aug
men ted the panel meter current value. 
This indicated if there w e r e any meter 
calibration prob lems or if a p o o r connec
t ion had deve loped b e t w e e n the Faraday 
cup and the storage osci l loscope. The 
other measurement was a pulse-off beam 
current check; the beam current was ze
roed and then swi tched on as a check of 
the amount of drift in the beam-generat
ing electronics. W h e n these prel iminary 
measurements had been comp le ted , w e 
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recorded the actual welding parameters 
on the storage oscilloscope. 

We chose typical parameters used in 
industrial electron beam welding applica
tions for this investigation. The travel 
speed, however, was greatly influenced 
by the use of pulsed parameters, which 
were comparable to pulsed laser beam 
welding speeds. 

Results and Discussion 

Penetration Depth 

In electron beam welding, the measure
ment of interest is typically weld penetra
tion depth. Pulsed electron beam welding 
was proposed as a method to decrease 
the total heat input to a weld area without 
adversely affecting the weld penetration 
depth. An earlier study by Tokmakov (Ref. 
3) had found improvement over the ex
pected weld penetration when pulsed 
parameters were used. 

Figure 2 exhibits the power law expres
sion for the weld penetration as a function 
of the welding parameters used in our 
work; three sets of welding data were 
compared on this graph. The data from 
the welds fell into two distinct groups: one 
for the continuous-power electron beam 
welds, and one for the pulsed electron 
beam welds. The two lines were parallel, 
within measurement error. No large in
crease in the penetration was found in the 
range studied. 

The form of the weld penetration ex

pression found in this experiment agrees 
with other work on continuous-power 
electron beam welding (Refs. 6, 7). When 
we compare pulsed welding to continu
ous-power welding, we must include a 
power factor since weld penetration is 
related to the average power input to the 
weld. We calculated two expressions for 
the weld data. Equation 3 relates to the 
continuous-power weld data: 

d c p = 3. Pi - 0 . 2 5 (3) 

Equation 4 relates to the pulsed weld 
data: 

Pi 
dp = 3 . 0 ^ +0.5 (4) 

where d c p = continuous-wave weld pen
etration (mm), dp = pulsed-wave weld 
penetration (mm), p = power factor, 
I = beam current (mA), and v = the work-
piece velocity (mm/s). 

Although these equations may appear 
similar, large differences exist. The first 
variable of interest is the power factor. By 
definition, the power factor is unity for the 
continuous-power equation. For pulsed 
welding, however, the power factor will 
always be less than one. We would, 
therefore, always expect reduced pene
tration when using pulsed welding param
eters. 

In the parameter space studied, the 

power factor was the only pulsing variable 
we found to be related to weld penetra
tion. Pulse frequency did not affect max
imum weld penetration, although it would 
definitely have been of consequence in 
considerations of average weld penetra
tion. We did not study average weld pen
etration since, for normal joint specifica
tions, it would be a meaningless value. 

Workpiece velocity is another parame
ter that must be accounted for in a com
prehensive penetration equation, and the 
data from our study agree well with the
oretical analysis using a Gaussian-shaped 
power density. The exponent on the ve
locity seems to be material-dependent, 
but other work has shown that a value of 
0.6 is representative for stainless steels. 

Both Equations 3 and 4 have slope and 
intercept constants that are physically re
lated to the experiment. The slope con
stant for both equations includes parame
ters such as beam voltage (held constant 
in this work) and material thermal proper
ties. When we consider the intercepts, we 
must note some differences between the 
continuous-power and pulsed weld data. 

During continuous-power operation, 
some power is used to heat the material 
from ambient conditions to the melting 
point. This set of conditions would sup
port the view that the penetration inter
cept should be a negative value. The 
pulsed data, however, are related to the 
time needed to achieve a steady-state 
penetration. In the parameter space stud
ied, the positive intercept is probably re
lated to the large power input while the 
beam is on. A discontinuity in the equation 
will exist at some point close to the zero 
power level. At some point, the regime 
controlled by power input in our study 
could (and probably would) be replaced 
by a regime controlled by pulse-on time. 

Toe Width 

Another important consideration in 
electron beam welding is weld toe width, 
a practical measure of heat-conduction 
melting obtained with a set of welding 
parameters. We would expect the toe 
width of a pulsed weld to be smaller than 
that for a continuous-power weld since 
the weld cools between pulses. Two rea
sons exist for the importance of control
ling the toe width: 1) the toe width is re
lated to the nonaxial shrinkage in a finished 
weldment, and 2) the toe width may need 
controlling to maintain dimensional spec
ifications on dissimilar thickness sections. 
The experimental data in Fig. 3 show that 
toe width did increase nominally with an 
increase in the average heat input. 

Three expressions, Equations 5, 6 and 7, 
were found for the parameter space we 
studied. Equation 8 was related to the 
continuous-power weld data: 

W„cp = 2.0 (pl)' 0.2 
+ 0.24 (5) 
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Fig. 4 — The keyhole width changed only slightly with the welding 
parameters. This would be expected since only a small amount of con
duction heating occurred on the keyhole sidewalls. Legend: J — contin
uous-wave data, O - 0.3 power factor data, O— 0.1 power factor data. 
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Equation 6 was related to the 30"o power 
factor pulsed electron beam welding data: 

W t/30 = 1 3(PD° 
,,0.5 + 0.24 (6) 

And Equation 7 was related to the 10% 
power factor pulsed electron beam weld
ing data: 

(pi)02 

Wt,10 = 1 . 2 ^ 5 - + 0 . 2 4 (7) 

where Wt,i = toe width (mm) and i = the 
appropriate pulsing parameter. 

The intercept for the toe width is re
lated to beam diameter rather than to 
welding power input, and beam diameter 
may be obtained from the power density 
profile. Other investigators (Ref. 6) have 
used a modified Faraday cup to measure 
the beam diameter at this power range to 
be approximately 0.3 mm. Our work 
agreed well with their findings. 

Keyhole Width 

The last fusion zone geometry consid
eration of interest is keyhole width. Qual
itatively, we expected no appreciable 
change in the keyhole width from intro
duction of a pulsed electron beam weld
ing source. A small width decrease could 
be explained by a decrease in the average 
power input. 

Figure 4 displays the relation between 
electron beam welding parameters and 
keyhole width. As expected for a high-
voltage electron beam welding process, 
beam current had no significant effect on 
keyhole width. The power factor param
eter made qualitative sense in that the de
crease in energy for heat conduction 
melting correlated with the increase in the 
percentage of weld pulse time appor
tioned to cooling. 

The slower part-travel speeds allowed 
more heat to build up around the weld 
cavity, and we observed more heat-con
duction melting on the keyhole sidewalls 
as travel speed decreased. Since all welds 
are made at sharp focus, the relation we 
found does not include the effects of 
beam profile. Beam power density, how
ever, would greatly affect keyhole width. 
Equation 8 was calculated for all of the 
keyhole weld data we obtained: 

Wk = ^ a y - 0 . 1 (8) 

where Wk = weld keyhole width (mm). 

Weld Discontinuities 

Three categories of weld discontinuities 
were noted in this work: weld porosity, 
voids and incomplete penetration; weld 
root irregularities; and weld surface rough
ness. All of these discontinuities are con
sidered to be detrimental to the quality of 
finished welds. 

The voids and incomplete fusion in 
some welds compromised their structural 
integrity and ability to remain leaktight. 
The degradation of the material proper
ties was related to the size and irregularity 
of many discontinuities (Refs. 10-12 ). This 
research found the asymmetry of the dis
continuities in the welds increased with 
increased percentage of porosity in the 
welds. 

In agreement with previous electron 
beam welding studies, we discovered that 
weld root irregularities were associated 
with the entrapment of porosity and other 
discontinuties (Refs. 6, 10). Figure 5 indi
cates that, at a root irregularity index of 
approximately 0.3, a threshold occurred 
between those welds with no or small 
amounts of porosity and those welds with 

large volumes of porosity. 
Root irregularities (e.g., spiking phe

nomena and general root oscillations) are 
characteristic of the melting processes in
volved in high-energy-density welding. 
Root oscillations in pulsed welding result 
from the constant filling of the weld cav
ity, caused by forces acting on the liquid 
metal along the back wall of the keyhole. 
The irregularity caused by the normal 
cavity-filling process is only a small per
centage of the total weld depth. Although 
we did not observe it in this experiment, 
spiking can be more detrimental to over
all weld quality. Spiking occurs when the 
normal cavity collapse does not occur 
during the welding cycle (Ref. 13). 

Although we did not quantify the ef
fects of surface roughness on the forma
tion of other discontinuities, we judged 
qualitatively that increased surface rough
ness was associated with increased weld 
porosity. No good relation would be ex
pected for this phenomenon since non-
steady-state conditions are involved. In 
our study, discontinuities such as shrink
age voids and incomplete fusion also 
affected the ability of pulsed welds to 
maintain stable penetration levels. Since 
porosity is more prevalent in the pulsed 
electron beam welds, additional studies 
into controlling root irregularity and weld 
porosity through the use of advanced 
electronics, i.e., pulse shaping, are re
quired before pulsed electron beam weld
ing is used for critical welding applications. 

Metallographic Results 

The metallographic sections of the 
welds may be used to describe many of 
the phenomena found in pulsed electron 
beam welding. In general, transverse 
cross-sections did not offer the dimension 
of interest for pulsed welding. The longi-
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fig. 6 — Four longitudinal metallographic sections illustrating the different regimes of electron beam welding found in this study. A — Pulsed electron beam 
stitched-mode weld; B — continuous-wave-like pulsed weld; C — transition-mode pulsed weld; D — continuous-wave electron beam weld. 

tudinal sections, however, were excellent 
for comparing the weld geometry con
siderations that must be accounted for 
when using pulsed parameters. Figure 6 
shows the various regimes for pulsed 
electron beam welding we found and 
compares them with a continuous-power 
weld. 

Figure 6A illustrates a weld in which the 
parameters were set so that the beam 
pulses did not make a continuous weld. 
These welds also gave an indication of the 
steady-state melting in pulsed welds in 
which the spots intersected. A rather large 
percentage of these spot welds had po
rosity that could be attributed to the high 
solidification rates within the keyhole. 

Figure 6B is a transition between the 
spot welds of Fig. 6A and welds in which 

the pulses fully tie to one another. This re
gime is characterized by massive amounts 
of weld discontinuities and penetration ir
regularity. Similar transitions have also 
been observed under some conditions 
when using a circular beam deflection. 

Figure 6C shows the only desirable re
gime for using pulsed electron beam weld
ing for deep penetration. The regime is 
characterized by slow travel speeds and 
high pulse frequencies. The weld root is 
relatively smooth and shows few weld 
discontinuities. The solidification pattern in 
the keyhole of this weld is of note com
pared to continuous-power welds —Fig. 
6D. The solidification front is relatively 
smooth, which indicates less preheating in 
front of the weld keyhole. The curved 
shape of the continuous-power weld so

lidification profile indicates much larger 
amounts of heat buildup in front of the 
heat source. Without improving the elec
tronics used in pulse generation, this looks 
to be the only welding regime practical in 
normal welding situations. 

Other Concerns 

We noted two other concerns about 
using pulsed electron beam welding. 
These were: 1) the calibration and mea
surement of the beam pulses; and 2) the 
drift of the beam current during use. 

Measurement of electron beam pulses 
by use of a Faraday cup attached to a 
storage oscilloscope was not difficult. This 
instrumentation allowed the pulse shapes 
to be measured and documented for fu-
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ture comparisons. The calibration o f these 
pulse shapes w o u l d be extremely diff icult, 
and the acceptable variability is not k n o w n 
and w o u l d not be easily de te rmined . Since 
this particular we ld ing machine o f fe red 
p o o r cont ro l over the pulse shape, w e did 
not study the effects of pulse-shape vari
ability. A compar ison of the pulse fre
quency rounding effect on some exper i 
mental Faraday cup measurements may 
be f ound in Fig. 6. As can be seen, some 
w o r k needs to be d o n e t o ensure w e l d 
repeatabi l i ty be fo re these parameter 
types can be used industrially. 

The second major concern was drift of 
the beam current dur ing use. A zero cur
rent dri f t , caused by heating of the beam-
curent-generat ing electronics, was very 
not iceable dur ing the Faraday cup mea
surements. The only w a y w e w e r e able to 
alleviate the p rob lem was to a l low the 
machine to coo l unti l the beam current 
cou ld be swi tched off. This cou ld def i 
nitely cause repeatabi l i ty prob lems dur ing 
fabricat ion of large quantit ies of parts. 

Conclusions 

The fo l low ing conclusions we re d r a w n 
f r o m the results of this w o r k : 

1) Introducing pulsed we ld ing parame
ters d id not substantially affect the we ld 
bead shape of e lectron beam welds. 

2) The parameters for bo th cont inu
ous -power weld ing and pulsed electron 
beam weld ing are related in ways that af
fect the we ld penetrat ion d e p t h , the we ld 
toe w id th and the we ld keyhole w id th . 

3) The large number o f w e l d disconti
nuities and p o o r cont ro l of the pulsing pa
rameters are great disadvantages to using 
pulsed electron beam weld ing. 
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Appendix 

The fo l low ing is an alphabetical list o f 
some of the nonstandard terms used to 
def ine the dimensions p r o d u c e d by pulsed 
electron beam weld ing. Terms standard 
to the we ld ing industry are not included, 
unless the c o m m o n defini t ion has been 
altered to fit the we ld ing process studied. 
To illustrate the terms, Fig. 7 shows t w o 
schematics that use transverse and longi
tudinal we ld sections. 

Keyhole width (W/J: The w i d t h o f the 
fusion zone measured at the midpoint o f 

Fig. 7-Metallographic 
section schematics of an 
electron beam weld 
A — Transverse section; 
11 — longitudinal section. 
Both sections have the 
dimensions ot the 
experimental 
measurements outlined. 

the distance b e t w e e n the we ld root and 
the we ld bay. 

Penetration depth (d): The max imum 
distance measured b e t w e e n the surface 
of the base metal and the we ld root . 

Power factor (p): average p o w e r ratio 
b e t w e e n a pulsed and a cont inuous-
p o w e r w e l d using the same nominal pa
rameters. The p o w e r factor for a cont in
uous -power w e l d is always one . A general 
f o r m for this is shown in Equation 9: 

1 fl(t)dt -If 
0 

(9) 
cp 

where T = w a v e per iod (s), l(t) = beam 
current in a pulsed we ld as a funct ion of 
t ime (mA/s ) , and l c p = con t inuous-power 
or max imum pulsed-beam current (mA). 

Root irregularity index (lr): The differ
ence in w e l d penetrat ion (Ad) along a 
longitudinal sect ion, d iv ided by the maxi
m u m penetrat ion (d) as s h o w n by Equa
t ion 10: 

lr = : 
Ad 

(10) 

Toe width (Wt): The distance be tween 
the we ld toes. 

Weld porosity index (P): The ratio of the 
porosi ty area to the w e l d area in a longi
tudinal sect ion. For an irregular vo id , the 
approx imate porosi ty area is calculated 
using Equation 11. 

P = 0.5 
(w-i + w 2 )h (11) 
W e l d area 

w h e r e w , = normal vo id w id th (mm) and 
h = nominal vo id height (mm). 
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