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ABSTRACT

The purpose of this work was to explore the usefulness 
of pulsed electron beam welding in an industrial setting. 
Improvements in the fusion zone weld geometry have been 
reported by using pulsed electron beam welding. This study 
characterizes the weld geometry and porosity content for 
pulsed and continuous wave electron beam welds.

Some increase in the weld penetration for a given power 
input was obtained with pulsed electron beam welding.
However, the fraction of penetration increase in the welds 
decreased as the power input to the welds was increased.
The weld toe width also decreased as the incremental power 
input to a given length of weldment also decreased.

These gains from the use of a pulsed electron beam 
welding source, were overwhelmed by the poor quality of the 
finished welds. The welds exhibited a much greater quantity 
of discontinuities than the continuous wave electron beam 
welds. The stability of the pulsed electron beam welds was 
also poor when compared with the continuous wave welds. 
Pulsed electron beam welding is not recommended for typical 
welding situations. In most cases, weld joint designs can 
be made to allow for the use of continuous wave electron 
beam welding.
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I. INTRODUCTION

A. HIGH POWER DENSITY WELDING PROCESSES
Three welding processes are considered to be high 

power density types. These are electron beam welding, 
laser beam welding and, at extreme power levels, plasma 
arc welding. The distinguishing feature of these 
processes is that a keyhole is formed in which heat 
conduction melting is not the dominant melting phenomena. 
The heating mechanism is due to the impingement of a high 
power density heating source which causes rapid evaporation 
of the metal atoms at the surface of the workpiece. This 
evaporation process allows high vapor pressures to build up 
in the weld cavity which is formed (1).

The keyhole melting mechanism allows much higher depth 
to width ratio fusion zones to form than in normal arc 
welding processes (2). Another feature of high energy 
density welding processes is that no Marangoni convection 
currents occur. These convection currents are detrimental 
to the penetration repeatability of heat conduction melted 
welds in some materials. Figure 1 compares the mechanisms 
for the heat conduction melting in the gas tungsten arc 
welding process with that for a keyhole mode weld.
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Figure 1. This figure compares the difference between an 
arc welding process and a high power density welding 
process. The ideal gas tungsten arc process in (a) 
includes only heat conduction melting. The same process in 
(b) includes the results of materials which contain high 
(deep penetration) or low (shallow penetration) 
concentrations of surface active elements. The weld in (c) 
depicts an electron beam weld with the associated keyhole.
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The typical cutoff power density for keyhole formation 
found in the literature (3, 4) is approximately 1 X 104 
W/mm2, as seen in Table 1. This listing shows that the 
plasma arc heating source can barely confine the arc to the 
power density levels needed to vaporize a material. Laser 
and electron beam sources can readily heat materials to 
temperatures which cause vaporization and keyhole 
formation.

1. Plasma Arc And Laser Beam Welding 
The two processes, other than electron beam welding, 

which also create a keyhole welding mode are plasma arc 
welding and laser beam welding. The advantages and 
disadvantages of these processes when compared to electron 
beam welding are important reasons as to why electron beam 
welding is presently used and why pulsed electron beam 
welding could be promising for certain types of welds.

Plasma arc welding is the only arc welding process 
that achieves power densities large enough to form a 
welding keyhole. These power densities are only realized 
at the high extremes of the welding parameter range. The 
keyhole formation is controlled mainly by one parameter, 
the weld constriction gas. The literature (1) indicates 
that this parameter tends to be difficult to control during 
a normal welding sequence.
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Table 1

Typical Power Densities of Selected Welding Processes 
Heat Source Power Density (W/mm2)

----------------------------------------- Conduction 5 W/mm2
Oxy-acetylene Torch 1 0 - 2 0
Gas Tungsten Arc Torch 50 - 150
----------------------------------------- Keyhole 104 W/mm2
Plasma Arc Torch

CMoH 'd*0 H1

Laser Beam 103

HH0 H1

Electron Beam OH r*0H1
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A large amount, of the power input from the plasma arc 
process is used for heat conduction melting, typical of all 
arc processes. The width between the weld toes tends to be 
much larger than for either electron beam or laser beam 
welding. More conduction melting also occurs along the 
sides of the upper portions of the keyhole. Together these 
weld geometries create keyhole welds with the lowest depth 
to width ratio (5) of any of the three processes.

Laser beam welding uses a high energy density beam of 
coherent monochromatic light to quickly heat a workpiece 
surface to its vaporization temperature. The weld 
geometries of laser welds are much closer to electron beam 
welds than to plasma arc welds (6). The major problem with 
laser welding is that coupling problems, especially on high 
reflectivity materials such as copper, aluminum and 
stainless steel alloys, occur and cause laser welding to 
mainly be used for thin section weldments (7, 8).

One other problem with this process is the large 
amounts of waste heat generated by this process tend to 
make the cooling systems needed for laser welding very 
large. Many laser welding power supplies are pulsed to 
allow the heat to dissipate so that the lasing cavity is 
not damaged by heat build up (9, 10, 11). Therefore laser 
welding is typically only used in low penetration welding 
situations where high precision welds are needed.
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2. Electron Beam Welding 
The two previous processes left an area in the keyhole 

welding spectrum where electron beam welding is the most 
suitable process. This area includes welds which need very 
pure atmospheres or the removal of welding atmosphere 
contaminants which can be afforded a weld done in vacuum 
and those welds which need high depth to width ratios along 
with deep penetration. One small area which is not covered 
fully by any of the three normal high energy density 
welding processes is that where large depth to width ratios 
are needed with a small width between the weld toes such as 
some thin to thick section welds. An overview of the 
electron beam welding process will ensue in the following 
sections.

a. Electron Beam Welding Equipment 
Electron beam welding has many different equipment 

configurations, but there are basically two types, low and 
high voltage. A high voltage electron beam welding system 
may be run in a high vacuum, medium vacuum or atmospheric 
pressure mode. A low voltage electron beam welding system 
is operated only in a high vacuum. The electronics are 
similar for all of these different operating systems and 
depending on the specific application, one or more of the 
modes will usually perform the needed weld (2, 12).
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Applications for the different types of electron beam 
welding machines are determined by economic considerations, 
the weld penetration needed and the amount of contamination 
which can be allowed in the chosen material (6). Table 2 
shows the normal operating ranges for both high and low 
voltage electron beam welding machines (4, 5). The high 
voltage welding system makes a beam which is of small 
diameter and high electron velocity. This configuration is 
achieved by exerting a large electromotive force on a 
relatively small number of electrons. An environment may 
then be created where the focusing coil to work distance 
can be over one meter with no detrimental effects on the 
weld quality. (2, 13) However, the attainable weld 
penetration does decrease as the beam travel distance 
increases. The depth to width ratio from a high voltage 
electron beam weld is higher than for any of the other high 
power density welding processes. The high depth to width 
ratio also creates conditions where the weld distortion is 
minimized. (14, 15)

Low voltage electron beam welding systems have a less 
intense power density than high voltage electron beam 
welding systems due to the nature and relation of the 
welding parameters. The power density is lower because the 
low accelerating voltage and high beam current parameters
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Table 2
Normal Low and High Voltage Operating Extremes

Parameter
Accelerating Voltage (kV) 
Beam Current (mA)
Part Travel Speed (mm/s) 
Vacuum Regime (torr)

Low Voltage High Voltage
20 — 60 70 - 200
0 - 200 0 - 100
2 - 15 5 - 2 5
< 1oH < 760
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used in a low voltage electron beam welding system cause 
the beam diameter to be larger than for high voltage 
electron beam welding (12, 16). This less dense beam 
creates a wider fusion zone than found in high voltage 
electron beam welding. The major advantage of low voltage 
electron beam welding is that the electronics used in these 
systems are less expensive to assemble and maintain than 
those in high voltage electron beam welding systems.

The different work chamber vacuum levels dictate the 
production rates which are accomplished with a given piece 
of equipment. High vacuums, less than 10”3 torr, are 
used for reactive materials or when extreme welding 
precision is needed. Medium vacuum, between 10~3 and 25 
torr, and atmospheric systems are used for high production 
rate welding. These lower vacuum levels are generally a 
compromise between the allowable contamination level in the 
finished weld and economical part welding rates (2, 17).

The electrical components in a high voltage type 
welding machine needed to produce an electron beam consist 
of a high voltage tank and an electron gun assembly. This 
high voltage tank transforms and rectifies the line 
electrical power to a relatively high voltage, low current 
DC signal. This signal is then supplied to the electron 
beam generating gun assembly. The gun assembly in most
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modern electron beam welding machines is of a triode 
design, as shown in Figure 2, which consists of a cathode, 
a grid cup, sometimes called a bias cup and an anode (18).

The cathode is a wire filament made from commercially 
pure tungsten, commercially pure tantalum or in some cases 
a tantalum-10 percent tungsten alloy. An electric current 
is established through the filament at a level where 
electrons are evaporated due to resistance heating, this 
process is called peaking of the filament (19). The 
current needed to establish peaking is related to the 
cross-sectional area of the filament, the vacuum level in 
the upper column and the work function of the filament 
material. The work functions of both tungsten and tantalum 
are approximately 4.5 eV at the working temperature of an 
electron beam generating filament (20).

The electrons which have been driven off of the 
filament are then confined into a relatively defocused beam 
by the grid cup which acts as a bias electrode. The grid 
cup, by use of the bias voltage, also determines the number 
of electrons which flow in the beam. When a pulsed 
electron beam is desired, the grid cup bias is alternated 
to make the beam pulse between the pulse on or continuous 
wave current and the zero current settings (17).
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Filament C—)

Grid Cup

— Anode (+)

—Electron Beam

Figure 2. Schematic of a typical triode gun assembly for 
high voltage type electron beam welder.
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The shaping effect of the grid cup forces the beam to 
converge while going through the positively charged anode. 
This positive charge accelerates the electrons to a speed 
somewhere between ten and seventy percent of the speed of 
light. The beam can then be reshaped or deflected by any 
or all of the three remaining sets of electromagnetic coils 
in the column of the electron beam welding machine. A 
schematic of the column assembly (2, 6) is illustrated in 
Figure 3.

These three coils in order of occurrence in the lower 
column are the beam alignment coil, the electromagnetic 
lens coil and the beam deflection coil. The beam alignment 
coil moves the beam into alignment with the two other sets 
of coils. If the beam is not aligned properly with the 
lens coil, the energy distribution of the electron beam at 
the workpiece may not be of a symmetric three dimensional 
Gaussian pattern.

The two remaining coils adjust the electron beam to 
create the desirable fusion zone shape. The 
electromagnetic lens coil is used to move the beam focal 
point either above or below the workpiece as desired for 
welding. The beam deflection coils move the beam to create 
many different electron beam stirring patterns. The most 
common pattern used in electron beam welding is circle 
deflection.
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Figure 3. Schematic of a typical column assembly from a high vacuum, high voltage electron beam welder. The upper column generates a raw electron beam and the lower column processes the beam for welding.
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b. Electron Beam Welding Parameters 
Four major parameters influence the characteristics of 

a completed continuous wave electron beam weld. These 
parameters are the accelerating voltage, beam current, part 
travel speed and the beam spot size. Table 3 demonstrates 
how these and other electron beam welding parameters affect 
the weld shape (21). The accelerating voltage and travel 
speed are straightforward calibration and timing 
measurements. However, the beam current and beam spot size 
are more difficult parameters to characterize, as simple 
measurement techniques are not readily available.

Two relatively simple and accurate measurements by a 
device called a Faraday cup can give insights to both the 
beam current and beam spot size. The Faraday cup is an 
electron collector which is placed in the path of the 
electron beam. The current which is collected is then run 
through a known resistance and the voltage across this 
resistance is measured. The beam current is then 
calculated using Ohm's Law. Figure 4 illustrates how a 
Faraday cup measures the actual electron beam current.

By a slight modification to the standard Faraday cup 
design, the beam shape pattern can be observed. The 
modification entails making a narrow slit where the current 
passes into the collector. The beam is then swept across
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Table 3
Welding Parameter Effects on Fusion Zone Shape

Increasing Parameter
Accelerating Voltage
Beam Current
Part Speed
Beam Diameter
Beam Travel Distance
Vacuum Level

Depth 
Increase 
Increase 

Slight Decrease 
Decrease 

Slight Decrease 
Decrease

Width 
Slight Increase 
Slight Increase 
Slight Decrease 

Increase 
Slight Increase 
Slight Increase
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Figure 4. The Faraday cup electron beam characterization 
circuitry used in this experiment. This configuration 
allowed both disk storage and hard copy output of the weld 
characterization data.
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the slit using a linear beam deflection pattern. An 
electron beam density map is then measured with an 
oscilloscope. The symmetry of the electron beam is 
measured by changing the deflection direction and 
realigning the Faraday cup (22).

c. Characteristics of Electron Beam Welding
The use of electron beam welding has many advantages 

over the other high power density processes. When high 
depth to width ratios are desirable, the workpiece is 
placed in a high vacuum chamber which helps the process in 
two ways. First, the electrons which are easily deflected 
by the larger molecules present in air, encounter fewer air 
molecules. The electron beam is less divergent when 
striking on the surface to be welded since less energy is 
lost between the gun assembly and the workpiece. The 
second advantage is that the fusion zone does not become 
contaminated by impurities that are detrimental to the 
properties of the fusion zone material.

Electron beam welding is usually done in a continuous 
wave fashion since the problems associated with heat 
generation present in laser welding do not occur in 
electron beam welding. Pulsed operation in electron beam 
welding could be used to reduce the heat input to the weld 
joint either for metallurgical or design reasons.
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The problems that laser beams have exhibited in 
coupling to some metal surfaces are not present in electron 
beam welding. The electrons in the beam couple to any 
material that is an electrical conductor. Unlike a laser 
beam, magnetic fields in the path of the electron beam can 
cause beam movement and misalignment to occur. Low voltage 
electron beams are affected to a larger extent by magnetic 
fields than high voltage electron beams. One study 
discovered that a low voltage electron beam can be affected 
up to six hundred percent more than a high voltage electron 
beam (2, 23).

Other disadvantages to electron beam welding include 
the high capital equipment and part machining costs. A 
modern electron beam welding machine equipped with computer 
numerically controlled tables and computer control of the 
parameters is a very large capital expenditure. These 
capital costs can be partially offset by smaller costs for 
welding consumables with electron beam welding than for arc 
processes and higher energy efficiency than in laser 
welding.

Parts to be electron beam welded must be machined to 
close tolerances so that the electron beam can follow the 
joint. The close positioning tolerances also increase the 
cost of weld fixturing. Arc processes are more forgiving
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to poor joint fit-up. Therefore, machining and fixturing 
costs can be of considerable consequence to the process 
chosen to produce a given part (24).

The total energy efficiency for electron beam welding 
is greater than that for most other welding processes. The 
sixty-five percent power efficiency is much higher than the 
power efficiency for either of the other high power density 
processes. This efficiency is one key to making electron 
beam welding competitive with other welding processes, 
especially when joint configurations containing thick 
sections or minimum distortion specifications are 
considered (12) .
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3. Pulsed Electron Beam Welding
a. Pulsed Electron Beam Welding Parameters 

The characterization of a commercial pulsing module on 
an electron beam welding machine was one goal of this 
study. Figure 5 illustrates the commercial pulsing unit 
configuration found on a Leybold-Heraeus electron beam 
welding machine. Major pulsed electron beam welding 
parameters are: 1) pulse frequency or period, 2) pulse on
time, 3) pulse amplitude and 4) pulse shape. All other 
pulse information can be calculated using this data (17). 
The pulse frequency is the rate at which pulses are 
generated at the gun assembly by the pulsing electronics. 
The pulse period is of course the reciprocal of the pulse 
frequency. In some instances, when comparing continuous 
wave and pulsed electron beam welding, the pulse period is 
quantitatively easier to understand. For example, in 
continuous wave electron beam welding, the pulse tendencies 
approach a zero pulse period behavior which means the pulse 
frequency behavior is similar to an infinite number of 
pulses per second.

The pulse on time is the portion of the pulse period 
that the electron beam is striking the workpiece. The 
remaining time, or pulse off time is the cooling cycle for 
the weld metal. The smaller the ratio of pulse on time to
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WELDTIME/PULSING

Figure 5. This photograph from the Leybold-Heraeus 
operating manual (25) shows the controls available on the 
pulsing module used in this experiment.
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the pulse off time, the higher the cooling rate of the weld 
metal. As the pulse on time gets longer, the weld pulse 
will become closer to establishing a steady state mode as 
is found in continuous wave welding.

The pulse current amplitude in pulsed electron beam 
welding is set by the welding parameters which are entered 
during the continuous wave set up. The pulse on time 
current is the continuous wave electron beam current. The 
pulse off time current is zero amperes, when the electron 
beam welding machine is working properly. The pulse beam 
current amplitude during actual welding does not tend to 
remain stable due to pulse off time current drift (25).

The pulse shape which is generated should be a square 
wave. In practice, the wave tends to round off and 
approximates a sine wave in shape. Figure 6 shows the 
rounding which occurs as the pulse frequency increases. 
These oscillograms were obtained using a Faraday cup 
circuit.

b. Other Work in Pulsed Electron Beam Welding 
Although the depth to width ratio of high voltage 

electron beam welding is higher than for any other welding 
process, in some cases a modification of the solidification 
rate or heat flow during welding is desirable. The lack of 
a comprehensive study of pulsing variables and relations.
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along with a need to confirm results of other work (26, 27, 
28) which has been presented on the topic, led to the 
interest in this subject.

All topics which have been reported in the literature 
have dealt with the morphology of the finished weld. The 
baseline welds for all studies were continuous wave welds 
of the same average heat input. The subjects studied 
include the effects of weld metal expulsion on the surface 
roughness and the root irregularity, the theoretical and 
calculated efficiencies of the welds and the expected 
cooling rates and solidification structures of the fusion 
zone.

When pulsing is used during electron beam welding, 
large amounts of material may be displaced from the surface 
of the weld when the high energy beam interacts with the 
material. The effect of these material expulsions on 
overall weld quality is an important consideration for 
actual welding conditions. Since theoretically, deeper 
penetration with less conduction melting could be achieved 
by the use of a pulsed electron beam source, work was done 
to reduce the amount of displaced material as related to 
the pulsing parameters (26). Tokmakov found that when 
metal leaves the keyhole cavity, the material lost is 
typically replaced by either some form of void or an
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undercut condition. A linear dependence was noted between 
the amount of material expelled during welding and an 
increase in the pulse on time (26).

A second study (27) concluded that some gains in 
welding efficiency were noted in pulsed electron beam 
welding when compared to the continuous wave mode. 
Empirically, the electrical efficiency of the two processes 
was almost the same, while the melting efficiency of the 
pulsed beam was up to fifty percent greater. Of the 
increased melting efficiency, most of the energy was used 
to increase the penetration since the amount of conduction 
melting was reduced. The study found an eight to tenfold 
increase of the depth to width ratio by using pulsed 
electron beam welding parameters of 154 Hz frequency and a 
range of 0.5 to 2.0 millisecond pulse on time (27). These 
parameters are very close to some of the parameters chosen 
for this experimental work. The present work saw no such 
extreme penetration increases due to the use of pulsed 
electron beam welding.

As would be expected, the cooling rates and 
corresponding solidification structure can be greatly 
affected by use of pulsed parameters. The growth of 
dendrites from the sides of the fusion zone can be 
interrupted by the next incoming pulse (28). In the
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welding of pure metals, this could be used to refine the 
large columnar grains which many times grow over the entire 
length of the fusion zone. The tendency to form weld 
discontinuities due to the high cooling rates overwhelmed 
the grain refinement capabilities in the present 
experimental study.
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B. TYPE 21-6-9 STAINLESS STEEL
Type 21-6-9 electroslag refined stainless steel was 

chosen for this investigation. This material is a nitrogen 
strengthened, austenitic, specialty stainless steel. This 
stainless steel is used in many high strength and toughness 
applications rather than the 3XX series stainless steels. 
Table 4 shows the nominal specification as well as the 
actual composition of the material used in this work. Type 
21-6-9 stainless steel was partly of interest since it is 
frequently electron beam welded because of microstructural 
and mechanical property considerations.

The mechanical properties exhibited by type 21-6-9 
stainless steel are better than a typical 3xx series 
stainless steel. The yield strength of type 21-6-9 
stainless steel is typically 410 to 550 MPa while the range 
for 304 stainless steel is 240 to 345 MPa. The fracture 
toughness is also better for type 21-6-9 stainless steel.

Microstructurally, type 21-6-9 stainless steel has 
exhibited heat affected zone sensitization problems when 
welded using the standard arc processes (5). Unlike the 
3XX series stainless steels, chromium carbonitrides as well 
as chromium carbides are precipitated during the weld 
cooling cycle in type 21-6-9 stainless steel. The carbon 
levels in type 21-6-9 stainless steel are usually kept



3300 28

Table 4
Nominal Composition for Type 21-6-9 Stainless Steel

Element Specification fw/o) Actual (w/o)

Cr 19.0 - 21.5 20.8
Ni 5.5 - 7.5 7.0
Mn 8 . 0 - 1 0 . 0  8.2
N 0.20 - 0.30 0.29
C 0.02 - 0.04 0.038
Si 0.3 - 0.7 0.49
S < 0.015 0.001
P < 0.020 0.016
O < 7 0  ppm 20 ppm
Fe Balance Balance
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below levels where sensitization would be a problem in the 
3XX series stainless steels. However, nitrogen content 
cannot be reduced without being detrimental to the strength 
and microstructure of the material. Sensitization is 
suppressed by electron beam welding due to the high cooling 
rates which makes the precipitation of second phases 
difficult. At least one study has shown that 
volatilization of manganese and nitrogen occurs in the 
fusion zones of electron beam welds on type 21-6-9 
stainless steel. This volatilization of nitrogen and 
manganese also magnified the formation of voids during 
unstable welding processes (29) .

One final reason that type 21-6-9 stainless steel was 
chosen for this work is that it has also been used on other 
recent characterization research of electron beam welding 
parameters (22). By keeping the material for these studies 
constant, the discovery of broader concepts of the electron 
beam welding process was not obscured by changing alloy 
characteristics
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C. HEAT FLOW IN ELECTRON BEAM WELDING
1. Continuous Wave Electron Beam Welding

a. Keyhole Formation 
As an electron beam strikes the workpiece during 

welding, the electrons transfer a quantity of energy to the 
material which is equal to the product of accelerating 
voltage the beam current. Although the electrons do not 
penetrate the surface of the workpiece to any great extent, 
the material under the highest density portion of the 
electron beam is quickly vaporized. The atoms evaporating 
off of the surface create a cavity called a keyhole. The 
size and stability of the keyhole is determined by a 
pressure balance with components from the liquid surface 
tension due to temperature gradients, the vapor pressure 
and the hydrostatic head present (30). Figure 7 
demonstrates the formation of a weld keyhole and Figure 8 
shows the pressure interactions in the keyhole.

In a steady-state keyhole, three stages of the weld 
are found to be occurring. The first is that the leading 
edge of the keyhole is melting. The second is that the 
molten metal is flowing around the side walls of the 
keyhole and finally the molten metal is solidifying on the 
weld back wall (31). The keyhole itself is a narrow cavity 
which somewhat resembles a cone in shape. This cavity is
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—Electron Beam

Normal Cavity

ta)

—Electron Beam

Cavity _  
Instability

(b)

—Electron Beam

Normal Cavity

(d)

—Electron Beam

Collapsed 
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(c)

Figure 7. The stages of a normal keyhole mode weld which include normal cavity penetration in (a), cavity instability at a low height in the keyhole in (b), a collapsed cavity after the instability overcomes the vapor pressure in the cavity in (c) and the return of normal cavity penetration in (d).
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Liquid Layer

ST

Figure 8. Interactions of the vapor pressure (Pv), hydrostatic head (Pg) and surface tension pressure 
(PSt)• the major constituents of the pressure balance in keyhole mode welding.
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held open by the vapor pressure of the metal, which is 
quickly vaporized due to the high power density of the 
beam. The vapor pressure is a function of the material 
properties and the temperature in the weld cavity, which is
related to the position in the keyhole. At times the vapor
pressure constituent of the force balance is overcome by 
the surface tension and hydrostatic head causing the 
keyhole to collapse (32). These three pressures are the 
major pressures acting on a weld keyhole although many 
other negligible pressure quantities are known to exist.

The surface tension pressure is represented by two 
equations, one for the cavity walls and one for the root 
radius. The surface tension pressure on the walls is

pw = y/ r (1)

and the surface tension pressure at weld root is

Pr = 2Y / r (2)

where Pw and Pr are the surface tension pressures 
developed at the respective locations in the keyhole and y 

is the surface tension of the liquid film of material, 
which is also a function of temperature, in N/m and r is 
the radius of curvature of the keyhole in m.
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The temperature dependence of the surface tension in 
the keyhole is a very important factor in establishing an 
equilibrium in the keyhole. The temperature gradients 
which create surface tension driven flow in the keyhole 
cause the liquid to flow in two directions (33) . The first 
gradient is from the front to back of the keyhole and the 
second gradient is from the bottom to the top of the 
keyhole. This flow tends to force the cavity to collapse 
after the electron beam has moved to melt new material.

The hydrostatic head pressure can also be an important 
pressure constituent, especially in a deep keyhole. The 
expression which relates the pressure created by 
gravitational forces is

pg = pgh (3)

where p is the density of the material in kg/m3 , g is the 
acceleration of gravity, 9.8 m/s2 and h is the distance 
from the workpiece surface in m.

The main pressure which holds the keyhole open during 
welding is the vapor pressure created by the evaporation of 
metal atoms by the high power density electron beam. At 
the weld centerline, which is the highest power density
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portion of the electron beam extremely high temperatures 
are noted. This high temperature area is narrow and may be 
approximated by the beam diameter, which may be measured by 
various means such as a modified Faraday cup or flying wire 
apparatus. This means that the vapor pressure should have 
no problem forming a cavity at the most concentrated 
portion of the electron beam. Along the side walls of the 
cavity where the power density is lower, instabilities may 
occur where the surface tension pressure and the 
hydrostatic head are greater than the vapor pressure.

One approximation of the pressure created by the 
material evaporation caused by the electron beam is

Pv - c exp[T/Tv ] (4)

where Pv is the vapor pressure related to the material 
temperature, c is related to the alloy characteristics, T 
is the temperature at the area being studied and Tv is 
the vaporization temperature of the alloy being welded.

The vapor pressure in the keyhole decreases while 
moving toward the top surface of the workpiece. This is 
caused by the temperature dependence of vapor pressure, the 
bottom of the keyhole where the most intense part of the 
beam is striking is higher in temperature than the walls of
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the keyhole. The hydrostatic head forces pull the liquid 
material from the side walls of the keyhole to fill the 
weld cavity. Finally, the surface tension forces tend to 
pull material from the bottom portion of the keyhole toward 
the top as well as moving the material from the front side 
of the keyhole to the back wall of the keyhole (33). Thus, 
to maintain a stable keyhole a pressure balance must be 
maintained between the vapor pressure, the surface tension 
pressure and the hydrostatic head.

When the forces exerted by surface tension and 
hydrostatic head together become greater than those exerted 
by the vapor pressure, a pressure imbalance is created and 
the cavity collapses. If this imbalance occurs near the 
bottom of the keyhole a relatively smooth weld root with 
minimal porosity is produced (34). As the area of 
constriction moves up the walls of the keyhole a greater 
tendency for porosity and a condition called spiking 
occurs. Spiking is a non-steady state increase in 
penetration due to the electron beam path not being shaded 
by the material which collapses to close the weld cavity. 
The amount of porosity increases because the molten metal, 
upon collapsing, traps some of the metal vapors at the 
keyhole bottom. Upon solidification this causes a 
shrinkage void to form. The greater risk of spiking is due
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to the cavity not closing at an equilibrium rate (35).
This allows the beam to melt material past the normal weld 
root. When the molten metal finally closes the cavity, an 
area with higher penetration, and typically a void, is left 
after solidification (36). Figure 9 shows the cavity 
dynamics during a weld which is spiking.

b. Analytical Determination Of Penetration
Many equations have been derived from heat flow 

analysis to determine the penetration for a given electron 
beam weld. The equations are similar, but use differently 
shaped heat sources to simulate the beam interaction with 
the surface. Hence to properly distinguish the heat flow 
equation which fits electron beam welding best, the beam 
pattern must first be approximated.

The first heat flow equation which will be discussed 
in this paper is usually called the Rosenthal point source 
equation (37). The first form of this equation was 
developed for a stationary point energy source. This would 
be similar to an ideal gas tungsten arc torch providing 
energy to a metal block. The stationary power source was 
then easily changed into a moving point power source. The 
other types of energy sources may be placed into this 
equation to give better fits to the actual weld data. In 
this work, two other sources are to be discussed, the line
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—Electron Beam Electron Beam-

Cavity Instability

Normal Cavity
Spiked Cavity
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Electron Beam-

Normal Cavity
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Deep Penetration

(c) (d)

Figure 9. The stages of a spiked keyhole mode weld which include normal cavity penetration in (a), cavity instability at a high point in the keyhole in (b), a collapsed cavity and the inherent deep penetration of spiking in (c) and the return of normal cavity penetration in (d) .
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source and the Gaussian shaped source. The line source is 
the configuration for an ideal electron beam, whereas the 
Gaussian source gives a better representation of an actual 
electron beam welding heat source. Figure 10 illustrates 
the predicted weld shapes from the three different heat 
sources discussed in this section as well as the 
approximate temperature profiles for each.

The moving point source would be the ideal case of a 
gas tungsten arc torch. This model consists of a 
semi-infinite plate at ambient temperature. The plate is 
assumed to be insulated against heat loss from the top 
surface. The general solution for this equation after 
steady-state is achieved may be given by

T-Tq = (q/27Tx R) exp [- (v/2a) (R+x) ] (5)

where T is the weld temperature at the defined point in 
°C, Tq is the ambient temperature of the plate edge 
before welding in °C, q is the energy input to the plate 
in J/s, x is the thermal diffusivity multiplied by the 
specific volume heat capacity for the plate material in 
W/mm°C, R is the scalar distance from the point heat 
source in mm, v is the velocity that the workpiece is
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moving in relation to the heat source in mm/s, a is the 
thermal diffusivity of the plate material in mm2/s and x 
is the distance from the point heat source in the direction 
that the plate is moving with relation to the heat source 
in mm.

Some difficulties to be noted about the point source 
equation are 1) the lack of a distributed energy source 
causes the temperature at the weld centerline to be 
infinite, 2) the calculated infinite temperature at the 
weld centerline causes the temperatures within the 
remainder of the fusion zone to be much higher than 
empirical data would indicate, 3) the equation suggests 
that the fusion zone should be semicircular in 
cross-section and 4) the equation does not take into 
account any heat transfer phenomena other than heat 
conduction (37).

The point source equation produces reasonable 
estimates of the weld area in transverse cross-section. A 
given amount of heat input will melt a certain volume of 
metal with respect to the thermal characteristics of that 
metal. The point source also gives good correlation to 
empirical data from the edge of the fusion zone through the 
heat affected zone and base material. The point source 
equation has no relation to the weld geometries generated 
by a high energy density power source.
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The first approximation of a high power density source 
is to use a line heat source. The same general form of the 
Rosenthal equation is used for the line power source except 
that the length of the heat source is assumed to be equal 
to the thickness of the plate. When solving for the line 
source equation, a planar area of heat is taken into 
account. In the limit, as the x dimension of the plane 
approaches zero, the plane will become a line along the 
z-axis or depth direction of the weld. The general 
solution to the line source equation is

T-Tq = (q/vT) / (2PcVrrât) exp[-y2/ (4at) ] (6)

where t is the plate thickness in mm, p c is the specific 
volume heat capacity of the plate material in J/mm3 °C, 
and y is the distance along the line source axis from the 
surface of the plate in mm (36, 37, 38).

The problem of an infinite centerline temperature 
found when using the point heat source is still present 
when considering the line heat source case. The predicted 
weld shape for the line source is again different than is 
measured from actual weld data. This difference is due to 
the use of a heating source that is symmetric throughout 
the material. An actual electron beam loses energy along 
the side walls during formation of the weld cavity.
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The third power source to be considered is the 
Gaussian shaped source. An approximate Gaussian shape has 
been experimentally observed by many electron beam welding 
researchers. By use of the modified Faraday cup, the 
electron beam energy distribution dimensions can be 
measured for use in the heat flow equation. Again the 
standard Rosenthal equation is used, but with the Gaussian 
heat source substituted for the point source. After the 
transformation to insert the Gaussian source, the equation 
may written as

where t" is the the measured time increment in s, a is the 
beam distribution width in mm and w is the distance in the 
x direction minus the displacement of the heat source in mm 
(22, 39).

The major difference between this equation and the 
point and line sources is that a finite centerline weld 
temperature may be calculated. Using experimentally 
measured data, good correlation is found between the 
calculated penetration and actual weld data. The data 
measured in the present work agreed well with the

T-T0 = .(0/1,1
2 TTpC

( % f ) 2 (7)
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calculated values for weld depth. The width data from the 
experimental work does not fully agree with the calculated 
results but some insight will be generated as to this 
occurrence in the results and discussion section.

When solving the integral in equation 7 numerically, 
the values found for the depth of penetration agree well 
with the present work and other studies (22,39). This 
point will be elaborated on in the next section on 
empirical weld studies and in the results section.

Modern studies can use extensive computer calculations 
to calculate the theoretical heat flow by finite element 
techniques. These types of calculations were out of the 
scope of this work. Some of the modelling efforts have met 
with success in predicting the shape of electron beam 
welds. For a finite element technique to work, suitable 
boundary conditions must be chosen.

c. Empirical Determination Of Penetration 
Many studies (8, 15, 32, 33, 35, 39, 40, 41) have been 

done to determine the effects of electron beam welding 
variables on weld penetration and stability. Newer 
equipment designs, as well as more knowledge of the 
electron beam welding process, have made inroads into the 
repeatability of weld penetration results. Some reports 
early in the use of electron beam welding technology
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discussed root irregularities of up to 50 percent of the 
maximum weld depth (40). By use of newer technology found 
on modern equipment, a correctly functioning electron beam 
welding machine is very repeatable for a given set of 
welding parameters.

Many different forms of equations have been used to 
report empirical weld penetration data. The accelerating 
voltage, beam current and travel speed are well established 
and easily measured electron beam welding parameters. The 
fourth important continuous wave electron beam welding 
parameter deals with the position of the electron beam 
focal point with respect to the workpiece. This parameter 
has been written in many different forms, although the 
basic parameter is related to the electron beam power 
density profile. Most researchers have chosen to use 
either a focusing coil current or a measured distance that 
the beam focal point is either above or below the surface 
of the workpiece (41, 42). For repeatability of the weld 
shape, the distance from the focusing coil is a more 
appropriate parameter. The electron beam power density 
profile parameter is set by measuring the beam diameter 
with a Faraday cup apparatus. The distance from the 
focusing coil allows calculation of either the convergence 
or divergence angle of the electron beam at the workpiece.
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One relatively simple, general equation includes the 
beam diameter to predict the weld penetration (22). The 
equation is

d = k [(El) / (vD)n ] + c (8)

where d is the depth of weld penetration in mm, E is the 
accelerating voltage in kV, I is the beam current in mA, v 
is the velocity of the workpiece with relation to the 
electron beam in mm/s and D is the beam diameter in mm.
The parameter n is related to the material to be welded and 
ranges from 0.5 to 0.7, for stainless steels the value has 
been found to be approximately 0.6.

A form of the penetration equation agreed well with 
the data obtained during this experiment for both 
continuous wave and pulsed electron beam welding. Not all 
parameters in this equation were varied in the present 
study, but agreement existed between those that were 
changed. One point to be made about this equation is that 
it is only valid for data from high voltage type electron 
beam welding machines, the relation tends to break down as 
if a different parameter control regime exists when used 
with data from low voltage welding machines (41).
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2. Pulsed Electron Beam Welding 
Due to the non-steady state nature of the pulsed 

electron beam welding process, no quantitative approaches 
were found in the literature which related the pulsing 
parameters to the final weld shape. A qualitative approach 
lends most of the needed insight into the problem. One of 
three weld regimes is typically present when using pulsed 
electron beam welding. These welding regimes are stitched 
welds, continuous wave like welds and welds in transition 
between the first two modes. Figures 11-a, b, c and d 
exhibit these different modes, along with a continuous wave 
electron beam weld, with longitudinal low magnification 
metallography from the present study.

The stitched mode is an undesirable welding regime in 
most cases. A weld made in the stitched mode consists of a 
series of continuous spot welds where large areas of the 
fusion zones are composed of voids from solidification 
shrinkage. The operating parameter space which is 
associated with the stitched mode develops when the work 
travel speed is too fast, when the pulse frequency is too 
slow or a combination of both occurs.

The transition mode is also undesirable for practical 
welding. This mode occurs when the electron beam pulses 
just start to tie into each other to form a continuous
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Murakami *s Reagent 2 mm
(a)

Figure 11. Four longitudinal metallographic sections 
illustrating the different regimes of electron beam welding 
found in this study. The weld in (a) is a pulsed electron 
beam stitched mode weld. The weld in (b) is a continuous 
wave like pulsed weld. The weld in (c) is a transition 
mode pulsed weld and the weld in (d) is a continuous wave 
electron beam weld.
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weld. The characteristics of welds made in this mode are 
large root irregularity indices and large volumes of 
porosity. This mode also exhibits more than normal weld 
spatter for electron beam welding. The operating parameter 
space for the transition mode is similar to that for the 
stitched mode except that the combination of weld travel 
speed and pulse frequency are not in the extreme portions 
of the parameter window as in the case of stitched mode 
pulsed electron beam welding.

The continuous wave like mode is the only pulsed 
welding regime with any promise for industrial welding 
tasks. The spot welds in this mode become fully tied into 
one another to create a weld which is less prone to 
porosity and root irregularity than the other pulsed 
electron beam welding modes. The operating parameter space 
for the continuous wave like mode uses a slow travel speed, 
a fast pulse frequency or combination of both to create the 
optimal pulsed electron beam welding conditions (27, 43).
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II. EXPERIMENTAL SCOPE AND OBJECTIVES

The purpose of this work was to characterize pulsed 
electron beam welding and to investigate the usefulness of 
the process in an industrial setting. An extensive 
literature search demonstrated the need for a comprehensive 
characterization of the pulsed electron beam welding 
process, as little work had been published in the area. 
Industrial applications for a welding method with high 
penetration and little heat conduction melting was 
desirable for thick to thin section joint geometries as 
well as standing edge welds on thin sheet materials.

This characterization work entailed the measurement of 
the various changes in weld geometry between pulsed and 
continuous wave electron beam welding in material 
thicknesses common to the electron beam welding process.
The objective was to discover the regimes where the pulsed 
electron beam welding process would and would not deliver 
satisfactory weldments. The usefulness of pulsed electron 
beam welding in an industrial environment was to be 
established by measuring the machine repeatability, 
studying the stability of the various pulsed electron beam 
welding parameters and comparing the finished weld quality 
with that from continuous wave electron beam welding.
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III. EXPERIMENTAL SET UP

A. ELECTRON BEAM WELDING MACHINE
The electron beam welding machine used for this 

experiment was a Leybold-Heraeus 7.5 kW model. A 
photograph of the machine is found in Figure 12. This 
welding machine was a high vacuum, high voltage type with 
150 kilovolt maximum accelerating voltage and a two stage 
beam current adjustment with ranges from 0.00 to 10.00 
milliamperes or 0.0 to 50.0 milliamperes. Both current 
ranges could be pulsed, although the Leybold-Heraeus 
operating manual (25) considered only the 0.0 to 50.0 
mi11iampere scale to be accessible for pulsed electron beam 
welding operation. A problem in the machine electronics 
negated the suggested sequence for pulsing enablement found 
in the operating manual.

After the fixturing and all internal connections were 
completed, the vacuum chamber on the Leybold-Heraeus 
machine was evacuated to a level of approximately 10”4 
torr. Once this vacuum level was achieved, the corona 
cleaning sequence was started. The corona cleaning was 
used to boil any small amounts of oxide or other impurities 
from the beam generating filament. Once the corona 
cleaning was completed, the weld parameters were set on the 
machine console.
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Figure 12. This photograph shows the welder used in this 
experimental work. The machine was a 7.5 kW high voltage 
type Leybold-Heraeus electron beam welder.
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The accelerating voltage was the first welding 
parameter set because many of the other parameters are 
affected by the value of the accelerating voltage. For 
this work, the accelerating voltage was held constant at 
120 kilovolts. Once the accelerating voltage was set, the 
beam current generating electronics were activated.

The filament current was first set to a level which 
allowed for a small amount of electron emission. Once the 
electron emission was established, the filament peaking 
electronics were activated. Filament peaking allowed the 
operator to find the maximum electron emission which could 
be obtained from the electron beam generating filament.
The filament current was then adjusted to this maximum 
level of electron emission and set at that point for 
welding. If higher filament currents were used during 
welding, the filament life would have been shortened with 
no appreciable change in the number of electrons generated.

Once the peaking of the filament was completed, the 
beam current was adjusted to the desired operating level.
In this experiment, the beam current was measured with the 
operating console meter and by use of a Faraday cup. The 
panel meter measurement was acquired by measuring the bias 
voltage across the grid cup which was calibrated to a 
specific beam current. The Faraday cup measured the actual
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flow of electrons striking at the workpiece level. The 
last parameter to be set when welding in the continuous 
wave mode was the electron beam focal point. In this 
experiment, all welds were made using a sharp focus at the 
workpiece surface.

After the continuous wave electron beam welding 
parameters were set on the operating console, the pulsing 
module was activated. The operating manual instructions 
(25) for setting the pulsed electron beam welding mode on 
the Leybold-Heraeus electron beam welding equipment were 
not correct. To properly activate the pulsing module, the 
beam current was first set in the desired operating range 
during the continuous wave parameter set up. After the 
continuous wave electron beam welding parameters were set, 
the pulse enablement mechanism on the beam current module 
was activated for those welds made in the pulsed electron 
beam welding mode.
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B. WELD FIXTURING AND TEST PLATES
The fixturing for this experiment consisted of an 

adjustable tungsten set block, a type 21-6-9 stainless 
steel weld test plate that was 6.35 mm thick, an X-drive 
linear table driven by a pulse width modulated motor 
controller and a Faraday cup connected to a Nicolet 
oscilloscope equipped with a Hewlett-Packard X-Y plotter.
A photograph of the fixturing configuration used in this 
work is shown in Figure 13.

The adjustable tungsten set block was used to set the 
welding parameters and to ensure that the electron beam was 
centered in the viewing optics. The tungsten set block was 
levelled to be the same distance from the electron beam 
focusing coil that the weld test plates were placed.

The linear drive table was placed such that the weld 
test plates were at a distance of 254 mm between the top of 
the vacuum chamber and the top of the weld test plate. The 
distance of interest for this electron beam welding was the 
focusing coil to work distance, but this distance could not 
be measured due to vacuum system valving between the 
chamber and the focusing coil. Since this welding was done 
at sharp focus, small changes in the gun to work distance 
were not deleterious to the finished welds. If the coil to 
work distance had been an important variable in this
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Figure 13. This photograph shows the inside of the welding 
chamber of the electron beam welder as configured in this 
experiment. The tungsten target block was levelled with 
the test plate in the X-drive linear table. The Faraday 
cup apparatus was connected to the oscilloscope through a 
vacuum tight electrical pass through.
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experimental work, a modified Faraday cup could have been 
used to supply data for obtaining the calculated focus coil 
to work distance.

The weld travel speed was adjusted with the pulse 
width modulated motor controller. The signal from this 
controller set the fixture motor speed which was geared to 
the X-drive linear table. The fixture speed was checked 
before and after each set of welds to ensure that the 
controller was not drifting.

After the continuous wave welding parameters were set, 
the Faraday cup assembly was used to make two measurements 
before the pulsing module was activated. The first 
measurement was to check the beam current value. This 
measurement ensured that both the electron beam welding 
machine and the Faraday cup assembly were functioning 
properly. A reading on the oscilloscope which did not 
agree with the panel meter indicated a calibration problem 
with the meter or a poor connection between the Faraday cup 
and the oscilloscope. The second Faraday cup measurement 
was made after turning the beam current setting to a zero 
level and then starting the electron beam. The beam 
current was known to be drifting if a nonzero reading was 
taken during the second measurement. The pulse off beam 
current during pulsed welding would be nonzero if the zero
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beam current was drifting during the parameter set up. To 
alleviate this beam current drift, the electron beam 
welding machine had to be put in a standby mode while the 
beam current generating electronics could stabilize.

After making the continuous wave beam current 
measurements, the pulsing module was activated. All welds 
in this experiment used the 0.00 to 10.00 milliampere beam 
current range in conjunction with the pulsing module.
After the pulsed electron beam welding parameters were set, 
the values were first examined with the Faraday cup to 
ensure that both the beam current settings and the pulsing 
parameters were working correctly. After the oscilloscope 
measurements were accepted and stored on floppy disks, the 
experimental welds were completed.
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C. COMMERCIAL PULSING MODULE
The pulse generator on the Leybold-Heraeus electron 

beam welding machine produced square wave or approximately 
square wave electron beam pulses. The pulsing module had 
no capability to produce any pulse type except an 
alternating beam on to beam off mode. As illustrated in 
Figure 5, the only settings which were adjustable were the 
pulse frequency and the pulse on time. The pulse frequency 
could be set to any value between 0 and 1100 Hertz, while 
the pulse on time had five distinct operating levels 
between 0.5 and 10.0 milliseconds. The pulse on time could 
only be used at values between zero and fifty percent of 
the total pulse period. Any pulse on time value larger 
than fifty percent of the wave period caused the pulse 
generator to not properly control the pulse on time 
functions.

When considering the limits of the pulsing unit, 
calculations indicated that the usable range of the pulse 
frequency potentiometer was only from 0 to 1000 Hertz. In 
reality, the pulse generator did not work up to the fifty 
percent point, but closer to a level of 45 percent. This 
lower limit had major bearing on the pulsing parameters 
chosen for this experimental work.
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D. EXPERIMENTAL WELDING PARAMETERS
The continuous wave welding parameters chosen for this 

experiment were picked because the penetration depths 
achieved in type 21-6-9 stainless steel were in the range 
of 3.0 to 6.5 mm and the operating parameters were similar 
to those used for related industrial designs. The travel 
speeds for the pulsed electron beam welding and the 
factored beam current, continuous wave electron beam 
welding were chosen from studies on pulsed laser beam 
welding. Table 5 illustrates the parameter ranges used for 
this work along with the full ranges possible on the 
electron beam welding machine used for the experiment. 
Appendix A includes all welding parameters and Appendix B 
includes all measured data from the experimental work.
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Table 5
Experimental Parameter Scope 

Parameter Operating Range
Accelerating Voltage (kV) 70 - 150
Beam Current (mA) 0.00 - 10.0
Pulse On Time (ms) 0.5 - 10.0
Pulse Frequency (Hz) 0 - 1100

Test Range 
120 

0.00 -  10.0 
0.5 - 10.0 
10 - 600
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E. SAMPLE PREPARATION AND MEASUREMENTS
After the welds were completed, the test plates were 

rough sectioned to make samples in the longitudinal and 
transverse welding planes. The transverse weld sections 
were then wet ground through -240, -320, -400 and -600 grit 
papers. After this grinding, the samples were rough 
polished using a -600 soft grit cloth. The samples were 
then macroetched using Marble's reagent. Marbles's reagent 
was used since it highlighted the fusion zone boundary 
better than either an oxalic acid electro-etch or a ferric 
chloride swab etch.

The longitudinal metallographic sections were harder 
to prepare than the transverse sections. The small width 
of the keyhole mode fusion zone in an electron beam weld 
made the longitudinal metallography sensitive to 
misalignment in any axis. To combat alignment problems, 
the samples were first rough ground in the longitudinal 
plane using a -80 grit belt. This first grinding sequence 
allowed the metallographer to square the sample faces with 
the weld and to reduce the total time needed to grind to 
the weld sample centerlines. Next the samples were rough 
wet ground on both transverse faces through -240, -320,
-400 and -600 grit papers and then macroetched with 
Marble's reagent. The transverse outline of the weld
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fusion zone allowed adjustments in the feed pressure and 
placement during grinding on the longitudinal sections.

The longitudinal sections were then ready for rough 
wet grinding through the -240, -32 0, -400 and -600 grit 
papers. In this work, care was taken that the weld 
centerline was not removed by grinding before the rough 
polish step was approached. Once the samples were ready 
for a rough polish, a -600 soft grit cloth was used. The 
samples were then macroetched using Marble's reagent to 
allow the weld data to be measured.

Measurements of the transverse sections were made to 
obtain the weld depth of penetration, the width between the 
weld toes, the keyhole width and the surface roughness.
The longitudinal sections were measured to determine the 
maximum depth of weld penetration, root irregularity 
difference and dimensional measurements of the weld 
porosity.

Two other qualitative observations were made about 
each weld at this point. The first was a determination of 
whether a weld keyhole was established with the particular 
set of weld parameters. The second was a determination 
whether the beam power pulses had tied into one another 
during the welding sequence.
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Using the measured data, the approximate percentage of 
each weld which was heat conduction melted and keyhole 
melted was calculated. The conduction melting information 
gave some insight into the weld toe width measurements as 
compared to a Rosenthal point heat source. The actual weld 
depth and width measurements were more helpful from an 
actual industrial welding situation.

The weld samples used for metallography produced for 
this report were finish polished with 1.0 micron alumina. 
After polishing, the samples were etched with Murakami's 
etch (potassium hydroxide solution). Macrographs were 
produced from the finished specimens.
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IV. Results and Discussion

A. PULSED ELECTRON BEAM WELDING TERMS 
The most descriptive way to depict the welding terms 

used in conjunction with the results section of this work 
was to compare them with two weld schematics. The 
schematics in Figure 14 illustrate both longitudinal and 
transverse sections of an electron beam weld in the keyhole 
welding mode. In some cases, the parameters used to make a 
particular weld in this study did not produce a keyhole.
The shapes of these welds, made by heat conduction melting, 
were representative of welds made by a low power gas 
tungsten arc welding. Some other welds were in a 
transition mode between conduction melting and steady 
keyhole formation. In those particular welds, the 
longitudinal sections varied rather irregularly between 
conduction melting and keyhole melting.

Some additional terms were related to the formation of 
a keyhole during the weld. Those terms are listed in the 
following glossary.

Keyhole Width (W%): The width of the keyhole was
measured at the midpoint of the distance between the 
weld root and the the inflection point between the 
keyhole and the conduction melted zones of the weld.
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(a)

(b >

Figure 14. Schematics illustrating metallographic sections 
of an electron beam weld. A transverse section is shown in 
(a) and a longitudinal section is shown in (b) . Both 
sections have the dimensions of the experimental 
measurements outlined.
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Penetration Depth (d): The maximum measured distance
between the surface of the base metal and the root of 
the weld.

Power Factor (p): The average power input in a pulsed
electron beam weld compared to the power input of a 
continuous wave electron beam weld using the same 
welding parameters. The equation used in this work 
was

where t is the wave period in s, I(t) is the beam 
current as a function of time in a pulsed weld in mA/s 
and Icw is the set maximum pulse beam current in mA.

Root Irregularity Index (Ir): The maximum weld
penetration depth minus the minimum weld penetration 
depth, Ad, on a longitudinal weld section divided by 
the maximum penetration depth as given by the equation

o
(9)

1 — Ad / d . (10)
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Surface Roughness (Rs): The measured weld overhead
added to the measured weld undercut.

Toe Width (W^): The distance measured between the
weld toes.

Weld Porosity Index (P): The area of porosity in a
longitudinal section of a weld divided by the total 
weld fusion zone area of that section. For the 
irregular voids found in this work, the approximate 
area was calculated using the equation

P = [0.5 (w1 + w2) h] / Weld Area (11)

where w1 and w2 were the nominal void width 
measurements and h was the nominal height of the void.

Beam Current (I): The electron beam current measured
by use of a Faraday cup.

Part Travel Speed (v): The velocity of an 
experimental test plate with respect to the electron 
beam.
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B. PULSED ELECTRON BEAM WELDING PROBLEMS 
Three problems not encountered in continuous wave 

electron beam welding were found when dealing with pulsed 
electron beam welding. The problems concerned the 
calibration and measurement of the beam current pulses, 
proper functioning of the pulsing module and drift of the 
off time beam current.

The calibration and measurement of the electron beam 
pulses were formidable tasks to undertake in an industrial 
welding environment. The measurement portion was not 
difficult since a Faraday cup attached to a storage 
oscilloscope was readily available. This instrumentation 
allowed the pulse shapes to be measured and documented for 
future comparisons. The calibration was a different 
concern, since the degree of change in the pulse that might 
affect the weld is not known. Since no control of the 
pulse shape parameters was available on the equipment used 
in the present work, these effects were not studied.

The assumed square wave pulses were only square waves 
at rather slow pulse frequencies. Comparisons of the pulse 
frequency rounding effect on some experimental Faraday cup 
measurements may be found in Figure 6. The data measured 
during this work showed that for a constant average power 
input, the area under the power input curve remained
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relatively constant as the pulse frequency was changed. In 
the higher pulse frequencies, which produced a higher 
percentage of quality welds, the pulse on time was found to 
be equal to the maximum beam current setting for only a 
fraction of the pulse. Likewise, the beam current did not 
shut off but for a small fraction of the off time period of 
the pulse. To ensure repeatability of pulsed electron beam 
welding in an industrial environment, studies would have to 
be implemented to find the effects of the pulse shape on 
the finished weld.

The commercial pulsing module affected the 
repeatability of the welding parameters during this work. 
The first problem noted with this module was that the beam 
current which was constant during the continuous wave 
parameter setup stage was not the same value as the beam 
current which was output by the pulsing module. This 
turned out to be a problem with the pulsed electron beam 
welding mode set up instructions found in the welding 
machine operating manual (25). The manual instructed the 
operator to shut off the beam current module to change from 
a continuous wave mode of operation to the pulsed mode of 
electron beam welding. The proper way to set the beam 
current for welding was to change directly from the 
continuous wave mode to the pulsing mode without shutting 
off the beam current module.
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The second pulsing module problem was the inability to 
create pulse on times longer than approximately 45 percent 
of the total pulse period. This limited the ability to use 
the pulsing mode in a fashion which maintained the open 
keyhole with a short cooling cycle between the beam on time 
pulses. The rapid vaporization and solidification in the 
keyhole helped to cause undesirable weld discontinuities, 
such as porosity and cold shuts, if the keyhole did not 
remain in a steady-state mode. The pulsing module did 
allow the weld pulse on time to be longer than 45 percent 
of the total pulse period, but when these pulses were 
measured with a Faraday cup assembly, they did not exhibit 
regular, cyclic behavior.

Probably the hardest problem to control in the use of 
the pulsed electron beam welding mode was the drift of the 
pulse off time beam current. The zero current drift was 
caused by heating of the circuitry in the beam current 
generating electronics. The only approach found to 
alleviate the problem was to shut the generating equipment 
down for a cooling period. This problem became more 
serious as the welding duty cycle was increased. After 
approximately one hour of continuous service, a cooling 
period was needed for the electronics system. This problem 
alone would tend to disallow the use of pulsed electron



T-3300 75

beam welding in an industrial setting. For economic 
reasons, high duty cycles are needed to offset the 
operating and capital expenses for the electron beam 
welding equipment.



T-3300 76

C. PULSED ELECTRON BEAM WELDING PENETRATION 
A major characteristic of any set of welding 

parameters is the effect they have on the depth of weld 
penetration. Pulsed electron beam welding was proposed as 
a method to decrease the total heat input to a weld area 
without affecting the weld penetration depth. In the case 
of pulsed electron beam welding, a previous study (2 6) had 
shown that the use of pulsing could create higher 
penetration than would normally be expected from a certain 
power input to the weld. That study found that the 
expected penetration levels could be increased by up to 
approximately 800 percent.

Regression analysis was used to find the powers for 
the variables in the weld depth of penetration equation. A 
logarithmic graph in Figure 15 shows the relation of the 
workpiece velocity and the slope of this line for the 
conditions for the present work. The relation found was 
similar to that found in other work. Once the relation was 
found for the continuous wave data, the comparison was made 
with the pulsed data.

Figure 16 exhibits the relationship between the weld 
depth of penetration and welding parameters found for the 
experimental data from this work. Three sets of power 
input data were compared on this graph. The data from the
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welds fell into two distinct lines, one for the continuous 
wave electron beam welds and the other for the pulsed 
electron beam welds. The two lines were parallel to each 
other within measurement error. These results did not 
agree with the previously published data on pulsed electron 
beam welding. No large increase in the penetration depth 
was found in the normal electron beam operating range.

The weld penetration parameter found in this 
experiment agreed with other work which has been done on 
continuous wave electron beam welding. When comparing 
pulsed welding to continuous wave welding, a power factor 
must be included since the penetration is related to the 
average power input to the weld. The empirical relation 
which was calculated from this weld data for continuous 
wave electron beam welding penetration is given by

d(mm) = 3.0 pi / v0e6 - 0.25. (12)

The weld penetration to parameter relation found for the 
case of pulsed electron beam welding was

d(mm) = 3.0 pi / v0e 6 + 0.5 (13)
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where d was the maximum weld penetration in mm, p was the 
power factor, I was the beam current in mA and v was the part 
travel speed in mm/s. An important observation must be made 
about the power factor, for continuous wave welding it is by 
definition one, while for pulsed electron beam welding it is 
always less than one.

Although these equations look similar, some large 
differences exist. The first variable of interest is the 
power factor. The variable does not need to appear in the 
continuous wave weld data as the factor is always one for 
these parameters. However, in the case of the pulsed welding 
data, the power factor is always some value less than one. 
Therefore the actual penetration is typically much lower than 
for the continuous wave welding parameters.

The power factor was the only pulsing variable which 
could be related to the weld penetration in this parameter 
space. The pulse frequency did not affect the maximum weld 
penetration although this parameter would have definitely been 
of consequence if the average weld penetration was 
considered. For industrial application the average 
penetration is a meaningless value due to normal joint 
constraints.
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The next variable of interest in these equations would 
be the part velocity. Theoretical analysis using a three 
dimensional Gaussian power distribution, as in equation 7, 
has shown that the weld depth of penetration should be 
inversely proportional to the workpiece velocity raised to 
approximately the power of 0.6 for stainless steels. 
Empirically, the data from the present work did fit this 
type of relation.

The intercepts for these equations were of interest. 
The negative intercept from the continuous wave data has 
been found in other work and qualitatively is reasonable.
A negative intercept is expected since a certain quantity 
of energy must be input to the material before any melting 
or vaporization occurs. The intercept for the pulsed weld 
data is a totally different concept from the continuous 
wave data. The pulsed data intercept is related to the 
slope from no penetration to steady state continuous wave 
penetration. This means that at some point a pulse on time 
period controlled penetration regime should take over from 
the power input controlled regime which was observed for 
all data in the present work.
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D. PULSED ELECTRON BEAM WELDING TOE WIDTH
Another important consideration in electron beam 

welding is the width of the weld at the plate surface.
This width can also be called the distance between the weld
toes or toe width. For this experiment, the toe widths 
were also good measures of the amount of heat conduction 
melting which took place during the welding cycles. 
Qualitatively, the less heat input to a weld, the smaller 
the toe width was for that weld. Using the same line of 
thought, pulsed welds with the same average heat input as 
continuous wave welds had a slightly smaller toe width.

Two typical industrial cases existed for specifying 
small toe width measurements in electron beam welding. The
toe width must be controlled for thick section, full 
penetration electron beam welding since increasing the 
amounts of conduction melting would cause the quantity of 
non-axial shrinkage of the weldment to increase. The 
second case occurs when a thick section must be welded to a 
thin section. Weld specifications typically would call for 
no damage to the edge of the thin section. The weld toe 
width must be minimized so that while the weld penetration 
may be maintained or increased, the thin section edge may 
still be retained.
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The welding parameters were fit using regression 
analysis. The logarithmic plot of toe width parameters 
versus the workpiece velocity is shown in Figure 18. Once 
the continuous wave equation was found, the pulsed data was 
compared and found to conform to the same type of relation.

The experimental data in Figure 19 shows that when the 
electron beam welding parameters were pulsed, the toe width 
did indeed decrease. The data also indicated that as the 
percentage of cooling cycle during a pulse was increased, 
the toe width decreased to a greater extent. Unlike the 
weld penetration data, the intercept to the zero heat input 
condition for electron beam welding toe width data was not 
expected to go through zero. The intercept for this 
dimension should be related to the beam diameter, rather 
than to the welding power input. Once the melting started, 
the absolute smallest weld pool possible would be the same 
size as the beam diameter.

The relation found between the weld toe width and the 
welding parameters for a continuous wave electron beam weld 
was given by

Wt (mm) = 2 . 0  (pi)0-2 / v0-5 + 0.24. (14)
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The equation for the weld toe width when compared to 
welding parameters for the thirty percent power factor 
pulsed electron beam welding data was

Finally, the relation between the weld toe width and the 
ten percent power factor pulsed electron beam welding data 
was found to be

where Wt was the weld toe width in mm, p was the power 
factor, I was the beam current in mA, and v was the part 
travel speed in mm/s. Again the power factor was an 
important variable which was constant within each 
equation. The power factor for the continuous wave data is 
always 1.0 while for the two sets of pulsed data the power 
factor is 0.3 and 0.1 respectively.

The equations for the toe width were interesting with 
respect to theoretical values. The weld toe width can be 
used as an indicator of the quantity of heat conduction 
melting in a weld. Using this observation, the data was 
compared to the Rosenthal point source heat flow equation. 
To make this comparison, the area of conduction melting

Wt (mm) = 1.8 (pi)0-2 / v0-5 + 0.24 (15)

Wt (mm) = 1.2 (pi)0-2 / v0-5 + 0.24 (16)

31
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compared to the total weld area was calculated. The power 
input used to make the weld was then multiplied by the 
percentage found for the heat conduction melted area. The 
agreement between these calculated widths and the actual 
weld data was good.

An interesting finding in this work was the value of 
the toe width intercept. Using a modified Faraday cup, 
other investigators (22), have measured the beam diameter 
at this power range to be 0.28 mm. The close agreement 
between the intercept, which should be closely related to 
the beam diameter, and the actual measured data indicates 
the usefulness of these equations to estimate the toe width 
over a this range of parameters.
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E. PULSED ELECTRON BEAM WELDING KEYHOLE WIDTH
The next important measurement to consider in electron 

beam welding is the keyhole width- This measurement would 
be related to the amount of axial shrinkage obtained from 
the weldment. The electron beam welding keyhole has 
relatively parallel sides, especially in the case of full 
penetration welding. If the heat conduction melting during 
the welding cycle is controlled, then little deformation 
from residual stresses, compared to arc welding processes, 
will occur.

Qualitatively, no major decrease in the keyhole width 
was expected by introduction of a pulsed electron beam 
welding source. A slight decrease was conceivable since a 
small amount of heat conduction melting on the side walls 
of the cavity exists during any given weld. Any decrease 
in the average power input to the weld would be expected to 
decrease the amount of conduction melting.

The use of regression analysis aided the search for 
parameters which were related to the weld keyhole width.
The logarithmic plot found in Figure 19 shows the slope of 
the workpiece velocity versus the keyhole width for 
continuous wave data. Once this analysis was completed, 
the pulsed weld data was also plotted.
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Figure 20 displays the relation between the electron 
beam welding parameters and the keyhole width. As expected 
for a high voltage electron beam welding process, the beam 
current had no significant effect on the keyhole width. A 
slight effect on the keyhole width was noted from the power 
factor and the part travel speed. The power factor change 
made qualitative sense in that as the percentage of the 
weld pulse time that was apportioned to cooling was 
increased, the amount of energy used for heat conduction 
melting was decreased. Finding that increasing the part 
travel speed had the inverse effect on the weld keyhole 
width, also was qualitatively reasonable. The slower part 
travel speeds allowed more heat to build up around the weld 
cavity which led to more heat conduction melting on the 
keyhole side walls.

The equation found to govern the weld keyhole width 
for both pulsed and continuous wave electron beam welding 
is

Wk (mm) = p0,15 / v0-2 - 0.1 (17)

where Wk was the weld keyhole width in mm, p was the 
power factor and v was the part travel speed in mm/s.
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This relation did not consider the effects of the beam 
diameter. Since all welds were made at sharp focus with 
respect to the surface of the workpiece, the beam diameter 
did not change appreciably throughout the present work.
The major parameters which could have been used to change 
the beam diameter were the beam focal point in relation to 
the workpiece and the introduction of some type of beam 
deflection pattern.

A change in the beam focal point or in the beam 
deflection pattern adjustments is not easily made when 
using pulsed electron beam welding. The change in beam 
focal point quickly decreases the power density at the 
workpiece to levels where only a slight degree of melting 
occurs during the pulse on time interval. The use of beam 
deflection patters could cause problems with insufficient 
melting across weld joints if not properly in sequence with 
the pulse on time periods.
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F. PULSED ELECTRON BEAM WELDING DEFECTS 
Three categories of weld defects were noted in this 

work, these were : 1) weld porosity, voids and cold shuts,
2) weld root irregularities and 3) weld surface 
roughness. All of these forms of discontinuities were 
detrimental to the finished weld quality.

The voids and lack of fusion tended to create probable 
leak paths. Common specifications for electron beam welded 
joints which must be leak tight include that no porosity 
detectable by non-destructive evaluation can be present.
The weld porosity also caused degradation of the mechanical 
properties of the weldments, especially when cold shuts and 
other non-spherical defects were present (44, 45, 46). The 
present work found that as the percentage of porosity 
increased in welds, non-spherical defects increased. This 
would be detrimental to the final product.

In this work, as in previous electron beam welding 
work, weld root irregularities were associated with the 
entrapment of porosity and other defects (22, 47). Figure 
21 indicates that at a root irregularity index of 
approximately 0.3, a threshold occurred between those welds 
with no porosity or small amounts of porosity and those 
welds which would be expected to have large volumes of 
porosity. There also seemed to be a maximum amount of weld
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porosity which could be associated with any given root 
irregularity index. Two relations were used to fit the 
discontinuous curve generated by the weld data. The 
relation which fits the low porosity data is given by

Pmax ^ °-02 for 0 < Ir < 0.3. (18)

Once the threshold for low weld porosity indices was 
surpassed, a different relation is needed to fit the 
maximum weld porosity likely to be generated. This 
relation is

pmax = 2 -5 (Ir “ 0.3)le6 for Ir > 0.3. (19)

where Pmax is the maximum porosity index of the welds and 
Ir is the root irregularity index of the welds.

Root Irregularity has been caused by many factors in 
electron beam welding according to the literature. Spiking 
phenomena and general root oscillations are characteristic 
to the melting processes involved in high energy density 
welding. This experimental work noted that some root 
irregularity seemed to be caused by discontinuities in the 
fusion zone of the weld. These discontinuities prevented 
some welds from maintaining a smooth, steady state keyhole 
melting mode.
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Root oscillations during electron beam welding were 
caused by the constant filling of the weld cavity due to 
forces acting on the liquid metal along the back wall of 
the keyhole. The irregularity caused by the normal cavity 
filling process was usually only a small percentage of the 
total weld depth. Spiking on the other hand, while not 
seen in this experiment, can be a more serious detriment to 
the overall weld quality. Spiking will occur if a 
non-steady state cavity closure is not maintained during 
the welding cycle (4). Schematics of both keyhole closure 
phenomena may be found in Figures 7 and 9.

In this work, discontinuities such as shrinkage voids 
and cold shuts also seemed to affect the ability of pulsed 
welds to maintain regular penetration levels. Since 
porosity was more prevalent in the pulsed electron beam 
welds, studies into controlling the root irregularity, and 
therefore weld porosity, would need to be completed before 
attempting to use the pulsed electron beam welding process 
for any critical welding applications.

Two cases were noted where these general principles 
for weld defects did not agree with the experimental 
results. The first occurrence was when low beam currents 
were used in the continuous wave electron beam welding 
process. In this case the ability to maintain a steady
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state keyhole was interrupted with short periods where only 
heat conduction melting took place. The difference in 
penetration was significant between the two modes which 
caused the root irregularity index to increase, while no 
similar increase in the weld porosity was noted. The 
second case dealt with high pulse frequency, low velocity 
pulsed electron beam welds. These combined conditions 
caused the welds to behave more like continuous wave welds 
since a steady state keyhole was achieved. Consequently, 
the welds exhibited less porosity and root irregularity 
than other pulsed electron beam welds.

The final type of weld discontinuity studied in this 
work was the weld surface roughness. One investigator 
quantified the surface roughness and found that it was a 
function of the electron beam diameter (22). Since this 
work was performed using a sharply focused beam at the test 
plate surface, the beam diameter did not change appreciably 
during the whole experiment. Qualitatively, the surface 
roughness did not change to any great extent during this 
work. This finding was supported by the experimental work 
which indicated that none of the studied parameters could 
be correlated to the surface roughness. Table 6 gives some
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Table 6
Surface Roughness Compared to the Pulse Power Factor

Power Factor Surface Roughness from)
Maximum Minimum Mean

1.0 0.447 0.056 0.195
0.3 0.733 0.054 0.450
0.1 0.754 0.308 0.562
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idea of the variations in surface roughness which could be 
expected for both continuous wave and pulsed electron beam 
welding. All welds exhibited surface roughness to some 
extent, but the low power factor pulsed welds did exhibit a 
larger spread in the data.
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V. SUMMARY
Other published work showed that weld penetration in 

electron beam welding can be increased dramatically for a 
given heat input by the introduction of a pulsed electron 
beam source. Therefore it would seem that the use of 
pulsed electron beam welding can be advantageous for many 
types of electron beam welding operations. Weld quality 
problems with the process were noted after further studies 
were completed. The advantages of the pulsed electron beam 
welding process were mostly related to the weld fusion zone 
geometry refinements which were gained. In this study, the 
actual weld penetration values from pulsed electron beam 
welding did show some gains over the continuous wave data, 
although not to the extent that the other studies had 
predicted. The only area of substantial penetration 
increase was observed at very low penetration levels but 
these are below the normal operating depths for electron 
beam welding.

Along with the increased weld penetration, the weld 
toe width was expected to decrease. The weld toe width did 
decrease as a result of the cooling cycle imposed during 
the pulse off time during welding. This cooling cycle 
allowed the excess heat to dissipate without causing 
unnecessary heat conduction melting to occur.
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Some secondary benefits were generated by the pulsed 
electron beam welds. The total heat input for a given weld 
was decreased by the use of pulsed electron beam welding. 
This lowered heat input decreased the residual stresses in 
the finished weldments. The greater percentage of heat 
input to the weld keyhole at the expense of heat conduction 
melting also allowed higher penetration in joint geometries 
such as thick to thin sections or thin section edge welds. 
This higher penetration was achieved without the risk of 
damage to the machined edges close to the weld joint.

The perceived increase in weld penetration by using 
pulsed electron beam welding probably does not continue to 
be a factor at higher parameter values. The difference in 
depth of penetration found in this study was a constant
0.75 mm. Once the weld penetration increased to the normal 
operating range for electron beam welding, the percentage 
of weld penetration change due to pulsing was trivial.

The penetration levels in pulsed electron beam welding 
were probably related to the time taken to move from no 
penetration when the electron beam was off to the 
penetration level established by steady state continuous 
wave welding parameters. Although the intercept cannot be 
defended theoretically, qualitatively the penetration 
intercept would definitely be expected to be at some level
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higher than found for the continuous wave weld data. At 
some point in the penetration to welding parameter 
relationship, a change in the controlling parameter regime 
should occur. At low power input levels, the amplitude of 
the weld pulse beam current controls the weld penetration. 
The transition to a pulse on time penetration control 
regime was not found in the present investigation but when 
considering heat flow, the transition would definitely 
occur at some penetration level.

The poor repeatability of the pulse wave form 
parameters is a great disadvantage when using pulsed 
electron beam welding in an industrial environment. This 
poor repeatability is associated with the drift away from 
zero beam current during the beam pulse off time cycle.
The inability to control the off time beam current also 
lowered the electron beam welding machine duty cycle. 
Barring maintenance stoppages, the continuous wave electron 
beam welding mode can be run at an almost 100 percent duty 
cycle. The pulsed electron beam welding mode, on the other 
hand, would decrease the machine duty cycle to 
approximately 50 percent. The inclusion of more controls 
would also increase the maintenance down time because of 
more wear on the electronics on the welding machine.
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The overall increase in the number of weld defects was 
also a disadvantage of pulsed electron beam welding. A 
threshold in the weld porosity index was found to be 
related to the weld root irregularity. Most of the welds 
below the start of the porosity threshold were continuous 
wave and most of the welds which exhibited large quantities 
of porosity were from the pulsed mode of operation. An 
inability to establish a steady state keyhole with the 
pulsed electron beam welding parameters probably caused the 
large root irregularity indices. The pulsing module 
electronics did not allow the parameter window to be 
expanded to include pulsing parameters which would have 
allowed for a stable, steady state keyhole melting mode.

Upon analysis of the data from this experiment, it was 
obvious that very few actual welding conditions would be 
improved by the use of pulsed electron beam welding. Under 
most conditions, the weld quality was reduced by the use of 
pulsed electron beam welding. In those cases where pulsing 
could assist to successfully complete a weld, the lack of 
parameter control would still tend to rule out the use of 
this process.
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VI. CONCLUSIONS

1. The introduction of pulsed welding parameters did not 
substantially affect the weld geometry of electron 
beam welds.

2. Relations were found and compared to both continuous 
wave and pulsed electron beam welding parameters for 
the depth of penetration, weld toe width and weld 
keyhole width.

3. The large quantity of weld discontinuities and poor 
control of the pulsing parameters would make pulsed 
electron beam welding a poor choice for welds where a 
high degree of precision or repeatability is needed.
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APPENDIX A

Experimental Welding Parameters
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