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Correlation of Joint Penetration with 
Electron Beam Current Distribution 

An empirical relationship for joint penetration as a function 
of beam width is proposed 

BY G. K. HICKEN, W. H. GIEDT AND A. E. BENTLEY 

ABSTRACT. Electron beam welding ma
chine current distributions in the plane of 
the workpiece surface were measured by 
oscillating the beam across a narrow slit 
above a current collector. The beam 
focus location was varied from 2.54 cm (1 
in.) above to 2.54 cm below the work-
piece surface for beam currents of 4, 8 
and 12 mA at 110 kV. Immediately fol
lowing each beam current distribution 
measurement a bead-on-plate weld was 
made in 304L stainless steel. 

Welding results demonstrated quanti
tatively the strong effect of beam focus 
location on penetration, and that it is nec
essary to control beam focus coil current 
to within ± 1% to achieve ± 5% accuracy 
in joint penetration. A procedure for 
evaluating a characteristic beam width 
from the beam profile data was devel
oped, and a correlation of the penetration 
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data in terms of a beam width, which in
cludes 95% of the current, is presented. 

Introduction 

For a specified beam current and accel
erating voltage, maximum penetration 
during electron beam welding is usually 
achieved when the beam is focused 
slightly below the workpiece surface. The 
focus coil current is determined by first 
adjusting the focus coil current until the 
apparent size of the beam impinging on a 
test surface at the same level as the work-
piece surface is minimized. This is consid
ered to be the focus current required for 
the beam to be focused at the workpiece 
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surface. The focus coil current is then re
duced to move the focus location below 
the surface. The amount of the reduction 
is usually decided by the operator based 
on his experience and judgment. This is 
clearly a qualitative procedure and usually 
involves some trial and error testing. 

Comprehensive studies of the effects 
of beam focus location on joint penetra
tion and fusion zone geometry (i.e., the 
depth-to-width ratio) were carried out by 
Adams for low- and high-voltage welding 
machines (Refs. 1 and 2). The effects of 
accelerating voltage, beam current, weld
ing speed and focus coil current were in
vestigated. Beam current distributions 
were determined by moving the beam 
across a small tungsten wire probe 0.010 
cm (0.004 in.) in diameter. The beam fo
cus current yielding maximum penetration 
in 1.27-cm (0.5-in.) thick specimens of an 
austenitic stainless steel En 58) was defined 
as the optimum focus current (OFC). Illus
trative results for an accelerating voltage 
of 130 kV and a beam current of 10 mA 
from a ribbon-type filament at a travel 
speed of 2.54 cm/s (60 in./min) and a 
work distance of 15.24 cm (6 in.) showed 
that maximum joint penetration was 
achieved with the beam focused about 
2.54 cm (1.0 in.) below the workpiece 
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surface. However, when focused at the 
surface, the decrease in penetration was 
only about 4%. In contrast, with a hairpin-
type filament, optimum or maximum pen
etration occurred with the beam focused 
at the workpiece surface, and a 3% change 
from OFC reduced the penetration to 
about one-half of optimum. It was con
cluded that for accurate control of pene
tration with a ribbon filament it would be 
necessary for the focus current to be 
within ± 1 % of the OFC value. Greater 
precision would be required with a hair
pin-type filament. 

The results of the studies reported in 
Refs. 1 and 2 clearly establish the impor
tance of beam focus location. Beam cur
rent density distributions, as indicated by 
moving the beam across a small wire, 
were utilized to determine the beam 
focus location, and joint penetration was 
shown to be dramatically changed by 
varying the beam focus location relative 
to the upper surface of the workpiece. 
However, no consideration was given to 
investigating whether or not a quantitative 
relationship exists between beam current 
distribution at a workpiece surface and 
penetration. This was the objective of the 
study described herein. 

Beam Current Density Distribution 
Measurement Techniques 

A number of methods for investigating 
the current distribution in a highly focused 

Fig. 1 — Narrow-slit 
Faraday cup. 

EB have been developed. The most famil
iar involves the use of a small-diameter 
wire probe. As mentioned above, Adams 
moved the beam across the wire. Others 
have swung the wire or wires through the 
beam to eliminate possible perturbation 
of the beam by the deflection roil. This 
approach and its limitations are described 
by Hartwig and Hopwood (Ref. 3). 

The output of a wire probe at any loca
tion in a beam represents a summation of 
the current through the projected area of 
the wire at that location. The resulting 
profile as the wire sweeps through the 
beam may therefore be regarded as one-
dimensional. Traverses in different direc
tions generally show some variation, indi
cating that the beam is not symmetrical. 
The two-dimensional nature of beams has 
been investigated by making a series of 
measurements in two directions with a 
small aperture in a plate (Refs. 3-5). Map
ping of the current density field in this way 
requires continuous exposure of the plate 
area around the aperture to the intense 
beam. This results in substantial heating of 
the plate. Hence, reported measurements 
have been for relatively low beam power 
or current levels. 

A technique yielding results similar to a 
wire probe is to form a narrow slit be
tween two plates (Ref. 6). While the slit is 
moved under or the beam is moved over 
the slit, the electrons passing through the 
slit are collected in a Faraday cup below. 
This type device can withstand exposure 

f INSULATING 
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to higher current beams and was there
fore selected for this investigation. It is 
described in the following section. 

Experimental Apparatus and 
Procedure 

The device fabricated for electron beam 
current distribution measurements is illus
trated in Fig. 1. The electron beam is os
cillated across the opening formed be
tween two tungsten plates mounted on 
top of a copper body, which acts as a heat 
sink. At any instant, a fraction of the beam 
passes through the narrow slit formed at 
the base of the tungsten plates. The 
remainder is collected on the plates and 
flows through the copper body to the 
ground. As the beam moves across the 
opening between the tungsten plates, the 
variation in the electron flow through the 
slit is a measure of the current density dis
tribution in the beam. 

The electrons that pass through the 
narrow slit then pass through a 0.635-cm 
(0.25-in.) diameter channel, are collected 
in a cupped copper cylinder (the Faraday 
cup), and flow through a 100-ohm resistor 
to the ground. The voltage drop across 
this resistor was digitized at 0.5-jts inter
vals and recorded.1 The current variation 
with location (equal to the beam oscilla
tion velocity multiplied by the time mea
sured from the start of current f low to the 
Faraday cup) can then be evaluated from 
the record of the voltage drop across the 
resistor. 

The narrow slit for making beam cur
rent profile measurements is formed be
tween two 0.95-cm (0.5-in.) thick tung
sten plates. As shown, the inner faces of 
these plates are machined to an angle of 
10 deg. This tapering provides sharp edges 
for accurately defining the beam sampling 
width. Tapering also increases the surface 
area over which the rest of the beam im
pinges. This spreads the heating effect of 
the beam through the thickness of the 
tungsten plates in the critical region near 
the edges of the slit. The slit width was set 
with a feeler gauge. Ideally, the narrower 
the opening, the better. Practically, how
ever, the current signal must be suffi
ciently greater than the noise level to ob
tain acceptable measurements. This will 
depend on the beam current and the size 
of the beam. Results indicate that an 
opening as small as 0.0025 cm (0.001 in.) 
is satisfactory for a sharply focused high-
voltage beam. As a general specification, 
it is suggested that the opening be 10% or 
less of the beam full width, which includes 
95% of the total power. 

Initial tests were conducted with a 
model W4 Hamilton Standard welding 
machine (with a ribbon filament) by mov-

/. A Model 4094 Nicolet oscilloscope was used 
with a Model 4562 processing unit. 
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Fig. 2 — Illustrative record of a series of electron beam current distribu
tions for surface focus at 110 kV and 4 mA. 
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Fig. 3 — Photograph of single expanded current distribution from Fig. 2. 

ing the slit under the beam at speeds of 2.5 
and 3.81 cm/s (60 and 90 in./min). Melt
ing of the knife edges occurred at a cur
rent of 8 mA. To minimize heating during 
final testing, the beam was oscillated at a 
frequency of 150 Hz and total amplitude 
of about 0.75 to 1.0 cm across the slit, 
while the slit was moved normal to the di
rection of oscillation at 3.81 cm/s (90 in./ 
min). In this way, a record of approxi
mately 10 to 15 profiles was obtained for 
each test condition. Part of a typical 
record is shown in Fig. 2. No melting of the 
knife edges occurred up to currents of 12 
mA. The slit opening was positioned 15.24 
cm (6 in.) below the focus coil heat shield. 
The effect of beam focus was investigated 
by focusing the beam at locations varying 
from 2.5 cm (1.0 in.) above to 2.5 cm be
low the upper surface of the weld spec
imen surface. Focus location was deter
mined in the usual way, i.e., minimizing the 
beam spot size when impinging on a 
tungsten surface at the selected elevation. 
All profiles were measured with the slit 
15.24 cm (6 in.) below the heat shield. 

After records of the beam profiles were 
obtained both normal and parallel to the 
travel direction, a bead-on-plate weld was 
made on 304L stainless steel specimens 
0.635 cm (0.25 in.) thick for the 4- and 8-
mA tests and 0.9525 cm (0.375 in.) thick 
for the 12-mA tests. The test plates were 
mounted so that the upper surfaces were 
at the same level as the slit opening, i.e., 
the work distance was 15.24 cm. 

Results 

Electron beam profiles and weld pene
trations in 304L stainless steel were mea
sured with the beam focused at distances 
of 12.7, 14, 14.6, 15.24, 15.9, 16.5 and 
17.8 cm (5, 5.5, 5.75, 6,6.25, 6.5 and 7 in.) 
below the heat shield. For each test con
dition, as the beam was being oscillated 
parallel to the travel direction across the 

slit and the slit was being moved normal to 
the beam oscillation direction, a record of 
approximately 10 to 15 beam profiles was 
obtained. Figure 2 shows part of a record 
for surface focus at 110 kV and 4 mA. 
Note that there is about ± 5% variation in 
the peak values. Similar variations were 
observed at other current levels. Although 
the source of these fluctuations has not 
been determined, it is recognized that 
they could be responsible for variations in 
the root region of welds. An expanded 
view of a single profile from the record in 
Fig. 2 is presented in Fig. 3. The slit open
ing was set at 0.010 cm (0.004 in.). The in
dividual points represent the voltage drop 
across the 100-ohm resistor at 5 us inter
vals (At). The velocity of the beam cross
ing the slit was about 300 cm/s. Each da-

Ax 

turn point (Fig. 3) is determined by the os
cillograph circuitry in a sampling time of 
about one nanosecond. During this time, 
the beam would move less than 0.1% of 
the slit width. Hence, the data points 
shown are essentially instantaneous val
ues and represent the current through the 
slit as a function of beam location. Rotat
ing the slit 90 deg and oscillating the beam 
normal to the travel direction yielded 
amost identical results, indicating that the 
distribution was close to symmetrical. 

Assuming that the beam current has a 
probability distribution that can be repre
sented by a Gaussian density function, the 
current density would be given by 

l(r) = (l/27rcrs
2) exp (-r2/2as

2) (1) 

where l(r) represents the current per unit 

Fig. 4 —Gaussian 
distribution function. 
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area at a radius r (Fig. 4), I the total beam 
current, and the distribution parameter as 

is the standard deviation. To compare this 
distribution with measurements such as 
shown in Fig. 3, it is necessary to integrate 
Equation 1 in one coordinate direction 
(e.g., in the y direction) from - c o to +00 
(Fig. 4). Introducing r2 = x2 + y2, 

l(r) = (l/27ro-s
2) exp [-(x2 + y2)/2<7S

2] (2) 

Integrating in the y direction will yield an 
expression for current through an area 
equal to slit width As and extending from 
—00 to -Fco. This will be denoted as slit 
current ls(x) and is equal to the one-dimen-
sionally integrated current density l(x) times 
slit width As. So, ls(x) denotes (assuming as 
suggested in Fig. 4 that As < < <rs) 

ls(x) = l(x)As = f+00(l/27i-o-s
2) exp 

J -co 
[ -x2 + y2)/2(js

2]Asdy 

This gives 

l(x)As = (I/ \fhto~l) exp [-x2/2ffs
2]As (3) 

or 

M(x2) = ^Xi2 i(xi)Ax (6) 

l(x) = (I/V2^r)exp[-x2/2(rs
2] (4) 

in which typical units for l(x) would be 
mA/mm. 

To determine the value of cs, the distri
bution of integrated current density l(Xj) 
was first calculated by dividing the mea
sured voltage distribution data points by 
the product of the resistance in the Fara
day cup circuit and the slit width. These 
values were then normalized by dividing 
by the total beam current, yielding a set of 
values of i(Xj) = l(X|)/l. The first and second 
moments, M(x) and M(x2) were then cal
culated as 

where Ax = vAt is the distance the beam 
moves between data points, Xj = iAx, and 
n is the number of data points. The stan
dard deviation cs is then given by 

<rs
2 = [M(x2) - M(x)2] (7) 

For each test condition, values of as for 
nine consecutive beam profiles were eval
uated and an average value then deter
mined. 

Recognizing that the effective area of 
the beam will be larger than the area 
within a radius equal to the standard dis
tribution parameter <rs, the radius a defin
ing the area within which 95% of the cur
rent flows was introduced. This distribu
tion parameter is commonly used in 
describing welding heat sources and is re
lated to o-s by 

o-2 = 6o-s
2 (8) 

Substituting this in Equation 4 gives 

M(x) = y\j i(Xj)Ax (5) 

l(x) = ^/(37^)(\/o-)exp[-3(x/a)Z} (9) 

The measured one-dimensional distri
bution of the beam current for the beam 
focused 0.635 cm below the specimen 
surface is compared in Fig. 5 with the dis
tribution predicted from Equation 9 using 
the value of a determined from the data. 
The agreement is considered exception
ally good. A similar comparison is shown 
in Fig. 6 for the beam focused 2.5 cm be
low the specimen surface. Note that the 
measured distribution is not symmetrical, 
and that the peak of the Gaussian distri
bution is about 10% higher than the 
experimental data. 

The beam width as characterized by a 
is also shown in Figs. 5 and 6. Variations of 
this distribution parameter with beam fo

cus current for distributions measured at 
the specimen surface are plotted in Fig. 7 
for beam currents of 4 and 8 mA. Note 
that there is very little difference between 
the values of a for currents of 522 and 518 
mA, which yielded focus at the surface 
and at 0.635 cm below the surface, re
spectively. This suggests that the joint 
penetrations produced for these two con
ditions would be about the same. The ex
perimental penetration data presented in 
Fig. 8 show this to be true. Note that 
measured penetrations for the beam fo
cused at the surface, 0.635 and 1.27 cm 
(0.25 and 0.5 in.) below are within a range 
of 6%. 

In comparing measured beam profiles 
with predicted distributions from values of 
<T evaluated as described above, it was 
noted that for locations within about 0.25 
in. above or below the focus plane, 
agreement was similar to that illustrated in 
Fig. 5. For distances greater than 0.25 in. 
from the focus plane, current distributions 
became increasingly more nonsymmetri
cal. This is due to the beam being elon
gated to an elliptical shape with the direc
tion of the major axis falling between the 
travel (x) and the normal (y) directions. The 
small-aperture two-dimensional measure
ments presented in Ref. 3 illustrate this 
distribution. In view of this trend, it is rec
ognized that characterizing the beam at 
locations beyond the focal plane region 
with a single distribution parameter will 
only be approximate. For the nonsymmet
rical distributions observed, the possibility 
of using distribution parameters evaluated 
for both the x and y directions should be 
investigated. 

The sensitivity of penetration to beam 
focus current is demonstrated in Fig. 9. 
Two sets of data for 8 mA and 110 kV are 
plotted. From the error band, including a 
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Fig. 5 — One-dimensional integrated beam current distribution in travel 
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± 5 % variation in joint penetration, it can 
be seen that to satisfy such a requirement 
the beam focus coil current must be con
trolled to an accuracy of ± 1 % . 

Penetration Correlation Using 
Distribution Parameter 

In Ref. 7, it was shown that the variation 
of the average power per unit of pene
tration (P/d), nondimensionalized by di
viding by the product of the average 
thermal conductivity ka and the melting 
temperature referenced to ambient 0 m 

(that is, (P/d)/ka0m = Y), could be de
scribed by a simple power function of the 
parameter (vw/aa) = Xw, where v is the 
welding speed, w the fusion zone width at 
the surface, and aa the average thermal 
diffusivity.2 This relation is given by 

Y = 3.33XW
0625 (10) 

and is plotted in Fig. 10. The data points 

represented by circles along this curve are 
based on measurements of penetration 
and fusion zone width at the surface for 
the test runs with the beam focused within 
±0.635 cm of the workpiece surface.3 

The deviations of the data from the curve 
are within ±20%. As anticipated, devia
tions of results for beam focus at distances 
greater than 0.635 cm from the surface 
were greater than ±20% and were not 
included (the data points for these focus 
locations tend to fall above the curve of 
Equation 10, indicating that a higher power 
per unit of penetration is required). 

The measured beam current distribu
tions shown in Figs. 5 and 6 are superim
posed on transverse sections of their re
spective fusion zones in Figs. 11 and 12. 
Note that near the surface the beam 
diameter as characterized by 2<r is about 
one-half of the fusion zone width. In a re
cent study Wei, et al. (Ref. 8), developed 
an iterative method for determining the 

shape of the vapor cavity for a beam with 
a Gaussian power density distribution. 
Their results indicate that the width of the 
vapor cavity near the surface is approxi
mately equal to 2<T. Assuming this to be 
true, the additional width at the surface on 
each side shown in Figs. 11 and 12 (on the 
order of rx) would be indicative of the 
thickness of the liquid layer surrounding 
the vapor cavity. The indicated thickness 
is of the order of magnitude of liquid layer 
thickness predicted by Wei and Giedt 
(Ref. 9). 

2. The nondimensional energy transfer param
eter Y = P/dkgm can be identified as a Biot 
number when written as (P/cPOm) (d/kj. The 
parameter Xw = vw/aa will be recognized as a 
Peclet number. 
3. The average thermal property values se
lected for 304L stainless steel were ka = 0.25 
W/cm °C, em = Tm-Tco= 1408 °C, and 
aB = 0.045 crtf/s. 
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Fig. 11 — Comparison of beam current size with transverse fusion zone 
for 110 kV, 8 mA and focus 0.25 in. below workpiece surface. 

Fig. 12 —Comparison of beam current size with transverse fusion zone 
for 110 kV, 8 mA and focus 1.0 in. below workpiece surface. 

These observations suggest that, similar 
to the use of the melt width w at the sur
face, a may also be an appropriate width 
parameter to use in correlating EB pene
tration. The points plotted as squares in 
Fig. 10 represent the results with w in 
v w / a a replaced by 2cr, i.e., Y = P/dka0m 

as a function of X^ = v(2c)/aa. A least 
squares fit of these data points yielded the 
relation 

Y = 6.42X,0362 (11) 

Scatter of the data about the curve of this 
equation is within ±20%, which is similar 
to the deviations of the data from Equa
tion 10. This indicates that if a is known or 
determined from a beam profile measure
ment, joint penetration can be predicted 
from this relation as accurately as from 
Equation 10. 

The possibility of correlating penetra
tion during EB welding with a Gaussian 
distribution parameter is supported by the 
analytical predictions presented by Wei, 
ef al. (Ref. 8). As shown, the curve repre

senting his modified results (Ref. 10) in Fig. 
10 essentially coincides with the curve for 
Equation 11 for values of X„ = v(2cr)/aa up 
to 2.0, and rises to about 25% above it as 
Xa approaches 5.0. Additional calculations 
to extend the predictions to higher values 
of X„ would be desirable. 

As shown in Fig. 10, the curve of Equa
tion 11 appears to intersect the Y = 3.33 
Xw

0 6 2 5 curve at about Xw = 12. The X„ 
curve is not shown beyond this point be
cause it is believed that the actual trend of 
the penetration with X„ is to become par
allel or asymptotic to the curve based on 
Xw. The latter possibility implies that as the 
variable v(2<r)/aa increases, the quantity 
2a approaches the surface fusion zone 
width w. In either case, a more complex 
relation than Equation 11 may be needed 
to describe the variation of penetration 
with <r. However, since an upper limit of 
12 for \a = v(2o-)/aa includes most weld
ing conditions, a simple relation such as 
Equation 11 may be adequate for a prac
tical prediction of penetration from a 

measured beam width. Tests at higher 
values of v(2o-)/aa are planned to investi
gate this hypothesis and to validate the 
proposed correlation given by Equation 
11. 

Conclusions 

From the results of this study it was 
concluded that: 

1) The current distribution in the region 
within about 0.635 cm above and below 
the focus location of a high-voltage elec
tron beam is closely approximated by a 
Gaussian density function. 

2) Beyond 0.635 cm from the focus 
location, the distribution becomes increas
ingly nonsymmetrical. 

3) The current distribution in a focused 
electron beam at a workpiece surface can 
be measured and characterized with a 
one-dimensional survey of the beam with 
a narrow-slit Faraday cup. 

4) Penetration is strongly dependent 
on beam focus location. With a ribbon-
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type filament, an accuracy of ± 1 % in 
beam focus current is required to control 
penetration to within ±5%. 

5) A beam Gaussian distribution pa
rameter evaluated from a narrow-slit Fara
day cup traverse can be used in Equation 
11 to predict welding penetration with an 
accuracy of ±20%. 
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The Effect of Crack Depth to Specimen Width Ratio on the Elastic-Plastic Fracture 
Toughness of a High-Strength Low-Strain Hardening Steel 

By J. A. Smith and S. T. Rolfe 

An experimental and analytical study of square three-point bend specimens was conducted to inves
tigate the elastic-plastic fracture toughness of a high-strength low-strain hardening steel using shallow and 
deep crack test specimens. Changes in CTOD level with varying crack depth-to-width ratios of CTOD 
specimens were investigated for this material and compared to other results to determine how material 
propert ies, such as the strength level and strain hardening, affect the CTOD level for varying a / W ratios. 

Publication of this report was sponsored by the Pressure Vessel Research Council of the Welding Re
search Council and the American Iron and Steel Institute. The price of WRC Bulletin 358 is $25.00 per 
copy, plus $5.00 for U.S. or $10.00 for overseas postage and handling. Orders should be sent wi th pay
ment to the Welding Research Council, 345 E. 47th St., Room 1301, New York, NY 10017. 
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Weldability of Low-Carbon Micro-Alloyed Steels for Marine Structures 

By C. D. Lundin, T. P. S. Gill, C. Y. P. Qiao, Y. Wang and K. K. Khan 

This report covers the "Validity of Carbon Equivalent Formulae," a "Predict ion of HAZ Hardness," a 
"Calculat ion of Cooling Rate/Cool ing T ime, " "Hydrogen Sensitivity and Cracking Morphology," "HAZ 
Softening," and presents a large number of "HAZ Microstructures." 

Publication of this document was sponsored by the U.S. Interagency Ship Structure Commit tee and the 
Welding Research Council. The price of WRC Bulletin 359 is $45.00 per copy, plus $5.00 for U.S. or $10.00 
for overseas shipping and handling. Orders should be sent with payment to the Welding Research Coun
cil, 345 E. 47th St., Room 1301 , New York, NY 10017. 
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