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ABSTRACT 

An experimental and analytical study of the temperature distri
butions along the molten metal surface in an electron beam welding 
cavity is described. Surface temperature distributions in cavities 
were measured with a narrow band infrared radiation pyrometer. The 
availability of the cavity temperature measurements allowed estimates 
to be made for the vapor pressure and surface energy forces as a func-
t on of cavity position. The results in<,'! .ated a force imbalance oc
curred in the cavity. It is postulated t. et at the location of the 
force imbalance a liquid material projection forms periodically and 
moves into the path of the electron beam. The liquid in this projec
tion is driven towards the bottom, partially filling the cavity. This 
action is followed by the electron beam pushing the liquid aside to 
form a maximum depth cavity. This process is then repeated. 

An analysis for predicting cavity oscillation frequency shows 
reasonable agreement with frequencies measured at the weld root deter
mined from weld sections. A study of the measured temperature distri
butions in cavities of varying depth combined with the force imbalance 
observations led to an interpretation of when spiking might occur. A 
procedure is proposed for determining the spiking tendency for a given 
set of weld parameters. The results of this study permit a designer to 
select apriori the best set of weld parameters to achieve a weld of pre
dictable quality. 
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SUMMARY 

A review of recent studies of electron beam welding clearly indi
cates that the fundamental mechanisms and their interactions are ex
tremely complex. Although the importance of the pressure produced by 
evaporating metel in the cavity is generally recognized, no definitive 
information has as yet been obtained to validate this hypothesis. 
Since the vapor pressure will be determined by the surface temperature 
of the molten metal, an experimental program was undertaken to measure 
local temperatures in the cavities produced during electron beam yield
ing. The results obtained were utilized in providing an improved in
terpretation of the governing forces and their interactions. 

The experimental part of the program utilized a narrow band in
frared radiation pyrometer to measure the surface temperature in the 
cavity which forms during electron beam welding. The location of the 
pyrometer measurement spot was controllable from outside the vacuum 
weld chamber during welding. Temperature distribution measurements 
were obtained both perpendicular and parallel to the welding direction. 
For shallow welds, measurements could be obtained at the cavity bottom. 
The interreflections occurring in the welding cavity were found to ef
fect the measured pyrometer output. The temperature measurements indi
cate that a temperature gradient exists in the cavity with the tempera
ture highest at the bottom. 

Many investigators have suggested that a vapor filled cavity is 
formed in the path of the electron beam during welding and that the 
molten metal oscillates. The analytical part of the program starts by 

vn 



showing that a relationship exists in the cavity between the vapor 
pressure, surface energy, and the hydrostatic head. The availability 
of the cavity temperature measurements, allowed estimates to be made 
for the vapor pressure and surface energy forces as a function of 
cavity position. A region of force imbalance was found to exist in 
the cavity above which the surface energy force was greater than the 
local surface vapor pressure force. 

It is postulated that at the location of the force imbalance, a 
liquid material projection moves into the path of the electron beam, 
is then driven towards the cavity bottom, thus partially filling the 
cavity. This is followed by the electron beam pushing this liquid 
aside to form a maximum depth cavity. An analysis based on the cavity 
geometry, surface energy, and the vapor recoil force acting on the 
liquid projection is presented. This allows the time to push the 
liquid projection to the cavity bottom to be determined. This time is 
used to calculate a cavity oscillation frequency which shows reason
able agreement with measured frequencies at the weld root determined 
from weld sections. A separate analysis relates the freeze ridge pat
terns observed at the weld bead surface to a dynamic behavior of the 
liquid metal at the cavity top. Estimated ridge frequencies agree well 
with the experimentally measured frequencies, but are not necessarily 
the same as the base frequencies. 

Indicated general conclusions are t.iat for a specific material the 
peak cavity temperature measured does not depend on electron beam power 
settings or on weld speeds. A typical cavity temperature distribution 
results in a large local vapor pressure at the cavity bottom and neg-
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ligible pressure near the cavity top. Because of the importance of 
vapor pressure, the amount of volatile elements in an alloy can have 
a dramatic effect on the behavior of the cavity during welding. Tem
perature measurements of an alloy cavity after repeated weld passes 
indicate that as very small amounts of highly volatile elements are 
evaporated and leave the cavity there is a substantial increase in tem
perature. The analysis, which is based on knowing the temperature dis
tribution in the cavity, provides a possible interpretation of the 
cavity oscillations dicing welding. The measured temperature distri
butions were observed to exhibit a characteristic behavior as a func
tion of weld depth. This observation was combined with the occurrence 
of the cavity force imbalance to develop a general method which can be 
used to assess spiking. Without performing a single test weld a set of 
weld parameters can be selected and it can be determined whether spik
ing will be a problem or not. 
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NOMENCLATURE 

Representative cavity radius 
Projected area of liquid projection, parameter (Ua/2o) 
Effective cavity exit area 
Cone surface area 
Effective cavity evaporation area 
Weld depth at which weld root area changes from a rela

tively smooth l Jne to a more wavy line 
Second Planck constant (1.4387 x 10 4 pm-°K) 
Specific heat capacity 
Incremental area 
Radiation exchange factor 

Surface tension temperature coefficient 
Emissive power 
Hemispherical spectral emissive power per unit area 
Hemispherical spectral emissive power per unit area of 

a blackbody 
Beam voltage 
Frequency 
Diffuse angle factor 
Hydrostatic head force 
Vapor pressure force 
Surface tension force 
Acceleration due to gravity 
Cavity penetration depth 
Heat of fusion 

x 



Distance betwaen force imbalance and cavity bottom 
Radiation intensity 
Spectral intensity 
Beam current 
Rate of evaporation per unit area 

Thermal conductivity 
Mass of vapor in cavity at time t 
Mass evaporation rate in cavity 
Mass rate exiting cavity 
Atomic weight 
Atomic fraction of species 
Average cavity pressure, exponent 
Equivalent inward pressure 
Pressure due to surface tension 
External pressure 
Vapor pressure 
Vapor pressure of pure species 
Incoming radiation to dA- by reflection from A 
Sum of radiation leaving dl\. 

Average cavity radius 
Cavity base radius of curvature 
Effective radius of evaporation at cavity bottom 
Top cavity radius 
Universal gas constant 
Stability parameter (H/h) 
Time 
Temperature, average temperature of cavity vapor 
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Temperature at cavity bottom 
Temperature at cavity top 
Melting temperature 
Radiant (brightness) temperature 
Surface temperature 
Temperature at which y is known 
Welding speed 
Cavity volume 
Vertical position in cavity, liquid metal movement 

distance 

Evaporation coefficient, thermal dif^usivity, di-
mensionless cavity location parameter 

Angle of probe line of sight relative to cavity 
surface (e + 4>) 

Surface tension, activity coefficient of species in 
alloy 

Thickness of liquid material projection 
Apparent emissivity 
Spectral emittance 
Apparent spectral emittance 
Fraction of EB energy 
Wavelength 
Effective wavelength of pyrometer 
Cone angle of assumed conical cavity, dimensionless 

cavity temperature variable 
Reflectivity, density 
Stefan-Boltzmann constant 

xii 



AT Time increment 
T. Time required to push liquid projection to 

cavity bottom 
T„ Cavity penetration time 
$ Angle of probe line of sight relative to work 

piece surface 

xi n 
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INTRODUCTION 

Electron beam welding is the fusion joining of materials by bom
bardment of the interface region with a well defined stream of high 
energy electrons. Due to scattering or .i-.^ons at atmospheric pres
sure the process is usually done in a v --•«•• chamber at pressures on 

-5 
the order of 10 Torr, even though it is possible to achieve success
ful welds at slightly higher chamber pressures. Electrons emitted 
from a hot filament at a high voltage are accelerated towards and fo
cused on the material surface. The impinging electron beam is capable 
of penetrating only a very short distance into a material surface. 
The energy absorbed is sufficient to melt a thin layer of material and 
raise the molten temperature of the liquid to values at which a sub-

1 2 stantial vapor pressure is produced. ' 
Although relatively recent, EB welding has earned a place of 

promise as a joining process in the field of welding. However, success
ful electron beam welds are presently being obtained by many weld trials 
combined with electron beam welding experience. The problem is that the 
welding mechanisms are not fully understood, although much effort has 
been expended. Extensive studies on the effects of such factors as beam 
current, power, focus current, and part motion have been made. However, 
they have not been sufficiently successful in explaining the interaction 
of these parameters. It still is not possible to specify the appro
priate parameter values to use for making a weld in a new material or 
when the joint or other conditions are changed. 
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WELDING PRACTICE 

In order to use the electron beam for welding purposes, it must 
be focused at or near the workpiece surface. During this focusing proc
ess due to imperfect electron optics, the beam current distribution dis
torts gradually as the degree of focusing is increased. It can be 
readily appreciated that a beam which focuses to an elongated spot would 
have different fusion zone features depending on the direction of the 
weld pass. It can also be expected that smaller and more concentrated 
beams will produce larger depth to width ratios. It might then be con
cluded that the best welding beam is a small and highly concentrated 
one; that is, one of high power concentration. But it has been ob
served that this is the condition which is conducive to the formation 
of welding defects such as porosity, cold shuts, or spiking. 

A spike is a sudden increase in penetration beyond what might be 
called the average penetration line. Many spikes have voids in their 
lower portions because molten metal does not fill in completely. In 
some cases the molten metal will fill a spike but will not fuse to the 
sides of the hole which is a condition similar to a cold shut in a cast
ing. These cold shuts seriously reduce the strength of the weld at the 
root. They are quite difficult to find by radiography but can usually 

3 
be detected by ultrasonic inspection. It has been suggested that spik
ing is inherent in the hole boring mode of electron beam welding and 
cannot be eliminated by any parameter adjustment on commercially avail
able machines without sacrificing penetration. 

As the beam moves along the work, a cavity is formed and molten 
metal flows from behind and fills this cavity. Although, there are a 
number of theories and interpretations, it is not known for certain 



just what is happening in the cavity. The cavity is filled with metal 
vapors and gases liberated from the base metal and there is a constantly 
changing pressure in the cavity, as shown by violent eruptions of molten 
metal or weld spatter. In a full penetration weld these gases and 
vapors are vented through the bottom of the weld and the conditions in 
the cavity are reasonably constant. In a partial penetration weld these 
gases and vapors must vent back through the cavity in opposition to the 
beam arid the electrons must pass through this constantly changing compo
sition plasma to reach the base metal. If the material surges into the 
cavity and interrupts the beam at fairly regular intervals, then the 
focal point of the beam is constantly changing. This may be caused by 
electron deflection as the electrons strike metal atoms in and above 
the cavity. This interaction may alter the electron space charge and 
cause a change in focal point which will modify the power concentration 
in the beam at the workpiece. Consequently with these fluctuations in 
the beam and the instabilities in the weld cavity it is not surprising 
that the root of the weld is so irregular. 

Also possibly important is the actual distribution of energy in the 
beam. Measurements of the distribution at low energy display a ragged 
appearance with many localized energy peaks. At high power levels large 
differences in energy density throughout the beam might be expected. 
Furthermore, these localized peaks in the energy distribution may appear 
in some random manner for short periods of time possibly even more ac
centuated. Therefore, even for a beam that is not highly focused, it 
has been suggested that the potential exists for spiking if a localized 

peak occurs with an extremely high energy density for sufficient dura-
4 tion. 
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FUNDAMENTAL STUDIES OF ELECTRON BEAM WELD PROCESS 

Recent work has shed considerable light on the electron beam weld 
process. Although a detailed physical model of the electron beam inter
action with the material is still lacking, observations of several in
vestigators suggests a general mechanism. The forces acting in the 

5 cavity have been assessed. The cavity shape and oscillations have been 
observed by several investigators using x-ray photography. It is sug
gested that a fundamental difference exists between low and high voltage 
welding. The weld cavity is believed to experience a deep closure for 
low voltage welding and a surface and deep closure for high voltage weld
ing. A flash x-ray technique has been used to observe the oscillation 

£ 7 Q 
of a cavity filling and opening. ' ' A pinhole x-ray source combined 
with a movie camera has allowed the beam impingement to be monitored dur-

9 10 ing welding. ' The results suggest the cavity is alternately opened 
and filled. A continuous x-ray fluoroscopic technique was used to 

11 12 
photograph the cavity oscillating in width and depth. ' Cavity oscil
lations have also been observed by use of high speed photographic tech-

13 mques. Evidence has been presented suggesting that surface tension 
14 can induce cavity oscillations. The reaction force during welding has 

5 
been measured by mounting the workpiece on a balance ; and the vapor re
actions in the cavity have been detected by measurements made using a 

15 
piezoelectric sensing element attached to the workpiece surface. Im
portant results of these studies will now be reviewed in more detail. 
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Forces Acting in Cavity. As part of their early studies on EB 
5 welding, Hashimoto and Matsuda estimated the magnitude of the various 

forces associated with welding. They concluded that the forces due to 
the beam impulse of the electrons on the material surface, and the elec
tromagnetic effect of the beam current, are small. Only the repulsive 
force due to evaporation of metal was significant. 

Calculations for the various forces acting on the liquid surface 
in the cavity during welding revealed that some balancing must occur to 
maintain the cavity. The repulsive force due to metal evaporation acts 
to both push aside the molten metal, thus preventing it from falling 
back into the cavity, and to expose a fresh surface of base metal. Dur
ing steady state welding conditions, this excess metal seems to skirt 
around both sides of the cavity and is pushed up into a near-by pool at 
the cavity rear and top. The diameter of the hole seems to be about 
equal to that of the beam, and it is assumed that it penetrates deeply 
into the material surface with nearly the same cross sectional area. 

The vapor pressure force acts to push the hotter metal from the 
cavity bottom towards the top since it is believed that the liquid tem
perature and consequently the vapor pressure at the bottom is much 
higher. The surface tension trys to constrict the size of the cavity 
since it is trying to create a liquid surface of minimum energy. 
Finally, the hydrostatic head of the molten metal liquid maintains a 
constant tendency for the metal to flow into the cavity. It is con
cluded that some sort of balance exists between the forces which act 
to form the cavity, and those which act to fill it. 
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Observed Cavity Shape and Oscillations Using Flash X-Ray Technique. 
Tong and Giedt, utilizing a radiographic technique, conducted an inves
tigation of the shape of the cavity which forms during electron beam 
welding. The radiographs revealed that the shape of the cavity was con
tinually changing in an oscillating fashion. The varying shape of the 
cavity during one period of oscillation was proposed to be analogous to 
the cavity which developed behind projectiles entering into water at 

7 8 high speeds. ' This analogy served to formulate an analytical model 
predicting the penetration rates of the cavity as a function of a vapor 
pressure of the melt and the maximum depth of penetration. Since vapor 
pressure is a function of surface temperature, a heat transfer analysis 
was performed to relate surface temperature with cavity penetration 
rate. The combination of this surface temperature analysis with the 
analysis of the analog yielded an iterative scheme for predicting the 
oscillation frequency of the cavity as a function of the depth of pene
tration and welding parameters. The predicted frequencies were compared 
with the spiking frequencies observed from microsections of welds for 
both high and low voltage welders. 

The basic feature of the model proposed in Reference 6 was that 
the cavity was alternately filled with liquid metal and then the elec
tron beam bored a deep hole in the material forcing the liquid out of 
the way, and in some instances, actually drilling into new unmelted 
material. The alternate filling and emptying in the cavity region can 
be used to explain how porosity can develop in the weld region. As the 
molten metal flows into the cavity it can trap bubbles of gases at the 
base of the weld, and if the cooling rate is sufficiently rapid, fluid 
may freeze before the gases can be convected to the surface. Also, if 
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the cooling rate is sufficiently rapid when the melted material falls 
into the cavity, the walls of the spike may already be frozen, so that 
the fluid upon falling into the spike might not bond thus forming a cold 
shut or a crack. The periodic penetration and closing of the cavity are 
also very efficient in mixing the melt and result in a very homogeneous 
fusion zone. 

Early heat transfer solutions represent the deposition of the EB 
energy as a steady line source. ' Experimental evidence, however, 
shows that due to an oscillating flow of the molten material, the EB 
energy is deposited on a surface which varies from close to horizontal 
to the sides of a cone-shaped cavity. To account for this a cylindri
cal constant-temperature boundary condition was also proposed by Tong 

18 
and Giedt. A prediction method was formulated for the depth of pene
tration based on this model. Results were found to agree favorably with 
available experimental data. 

g Observed Cavity Oscillations Using Pinhole X-Ray Source. Mara 
conducted a study to develop a more accurate description of the events 
occurring during electron beam welding with special attention being di
rected to the spiking phenomenon. "'"' e experimental tool used to evalu
ate the proposed model of electron beam penetration was a pinhole x-ray 
movie camera which monitored the points of beam impingement. The pro
posed model and their experimental evidence suggest that the mode of 
penetration in the engineering materials examined proceeds by an oscil
lation of the beam within a cavity at frequencies of several hundred 
cycles per second, and that the beam infrequently maintains an equilib
rium state. Results further suggest that during these periods of equi
librium attainment the cavity forces maintain a relatively open and deep 
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hole. Then the EB can act directly on the cavity bottom and thus pro
duce a spike. Mara believed that the mechanism in electron beam pene
tration proceeds by a sequence of events in which the cavity is alter
nately cleared and filled, and the forces acting within the cavity never 
attain a well defined state of equilibrium. He believes that the spik
ing phenomena occurs when the cavity maintaining and cavity closing 
forces begin to approach the equilibrium state. It is during v.hese 
petiods that a pressure bottle exists and the beam is allowed to work at 
the base of the cavity with a possible increase in power density due to 
gas focusing. This action results in the formation of a spike. 

Weber using the same experimental approach interpreted the x-ray 
pictures to reveal that the EB electrons collide with the material in 
regions along the cavity wall. At one time the beam may be striking 
half way up the cavity or near the surface, and a few milliseconds later 
it may be striking the cavity bottom. Since the beam is observed to 
strike material at various locations, this suggests that material has 
been inserted into the path of the beam. This material must be liquid 
metal falling into the cavity from the surrounding cavity walls. These 
events were termed "closures" and were observed to occur repetitively 
from 50 to 200 cycles/sec. 

The x-ray pictures are very interesting and allow a reasonable in
terpretation to be made of the dynamics in the cavity during welding. 
However, sufficient detail is lacking at the bottom of the weld where 
the spiking actually occurs. The photographs suggest that the beam 
spends most of its time in the cavity, and the cavity stays open most of 
the time. While some weld sections definitely show a spike, the photo
graphs do not. Therefore, one can only speculate as to what is really 
happening in the bottom of the cavity. 
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Cavity Oscillations Observed Using Continuous X-Ray Fluroscopic 
11 1? 

Technique. Arata et al• and Kennish used a photographic fluoro
scopic technique to record d continuous x-ray emission from the weld 
cavity region. By means of this technique combined with metal tracers, 
a direct observation of the beam hole and the movement of molten metal 
during electron beam welding can be recorded on movie film. The beam 
hole generally does not hold a steady shape and oscillated in width and 
depth. 

Arata et al• studied the dynamic mechanism in aluminum alloys 
during EB welding and observed a strong wall fluctuation to occur fre
quently and give rise to wall formations resembling caves and knobs 
(projections). They move upward at the rapid rate of 20-30 centimeters 
per second. This molten metal flow up and dawn the wall of the beam 
hole accounts for the favorable homogeneity of the fusion zone caused by 
the metal mixing. Their observations provide grounds for maintaining 
fiat the spiking can be formed without assuming the existence of such 
complete closure events as proposed by Tong and Giedt. 

They suggest that the formation of spiking is a result of the break
down of the balance between the vapor pressure and the hydrostatic head 
of the melt. In addition, the dynamic force of the molten fluid is re
vealed to have an intimate relation with the occurrence of the wall 
caves and wall knobs in the beam hole. Spiking was observed to be sup
pressed when a stable beam hole is produced. This was accomplished by 
inserting an alloy foil which contains a highly volatile element in the 
upper portions of the weld joint. The addition of certain elements into 
the weld cavity could significantly alter the surface tension force. 
However, they feel that additional experiments are necessary to clarify 
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the mechanism more precisely because of the different phenomenon ob
served in the specimens of various pure metals and alloys. 

Cavity Oscillations Observed Using High Speed Photographic Techni-
13 que. Ryzhkov and Bashkatov investigated the mechanism of formation of 

electron beam welds using high speed photography. Examination of the 
film at low speed revealed the hydrodynamic nature of the liquid weld 
surface. They noted that ripples and waves at the surface of the weld 
form as a result of the molten metal moving in waves beyond the channel 
in the weld pool. It was also observed that the waves at the surface 
and at the weld root are the same length and they are sometimes shifted 
into phase to different degrees. Finally, in the lower portion of the 
cavity, periodic wave form fluctuations were seen which seemed to be re
lated to a curving of the channel as a result of inertia. 

Careful examination of high speed photography of the cavity during 
EB welds of aluminum alloys did not allow detail to be detected in the 
depths of the cavity. It was observed that the molten pool surrounded 
the beam hole and oscillated dynamically. The size of the cavity open
ing periodically changed diameter. As the diameter decreased near the 
cavity opening a large bubble appeared on the surface. This suggests 
a cavity pressure buildup. This could be possible if the rate of metal 
vapor leaving is reduced as the opening gets smaller. The opening never 
disappears which suggests that the cavity does not collapse and com
pletely fill in during welding. 

Provided by Mr. R. E. Armstrong of the Lawrence Livermore Laboratory, 
Livermore, California 
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Surface Tension Induced Cavity Oscillations. 01'Shanskii ex
amined the movement of metal in the cavity during electron beam weld
ing. He explained how thermocapillary forces can develop on the sur
face of the liquid metal because of nonuniform distribution of tempera
ture in the cavity. These forces can then cause a homogeneous mixing 
of the material as the weld process takes place. It was shown that the 
material is transferred in a direction opposite to the beam travel to a 
distance of from 5 to 8 millimeters. The main transfer of the liquid 
metal into the solidification zone apparently takes place along the 
side walls of the cavity. 

When there is relative movement of the workpiece the electron beam 
causes a substantial temperature gradient to develop in the cavity. On 
the front wall of the cavity which is subject to the action of the elec
tron beam, the temperature on the surface layer may reach the boiling 
point; but on the rear wall of the cavity it is close to the freezing 
point. It is argued that the cause of metal transfer must be sought in 
the disturbance of the thermodynamic equilibrium caused by an apparent 
asymmetrical heat source in the cavity. The surface tension of a liquid 
depends on the temperature; the higher the temperature of the liquid, 
the lower the surface tension. Since the temperature in the cavity 
varies there is variation of the surface tension from point to point. 
The postulated temperature gradient causes a thermocapillary tension 
force to develop on the liquid surface. This force causes flow of the 
liquid metal in the direction from places with lower surface tension to 
places with higher surface tension; that is, the liquid metal must move 
in the direction of decreasing temperature. 
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An equation was developed which shows that the thermocapillary ten
sion force component directed along the cavity axis will cause a flow 
of liquid metal from the front of the cavity surface to the rear. It 
is apparent that in real welding processes there are other directions 
of liquid metal flow caused by the action of the forces of gravity, and 
as a result of a nonuniform vertical temperature distribution in the 
cavity which makes the movement of the metal inside the cavity more com
plex. The phenomenon of metal transfer within the cavity is extremely 
complex and it largely depends on the welding process variables, the 
properties of the metals, etc. Therefore, the question of metal trans
fer in electron beam welding requires further study. 

Reaction Force During Welding. Hashimoto and Matsuda conducted 
studies on the penetration mechanism of the weld bead in the electron 
beam welding. The evaporation rate was estimated based on the weight 
difference before and after a weld pass was made on a small specimen. 
They also measured the temperature of the molten weld pool by inserting 
a thermocouple into the molten metal. This temperature and the corre
sponding saturated pressure of the molten metal were substituted into 

19 
Langmuir's equilibrium equation and a value calculated for the evapo
ration rate. Their results showed reasonable agreement of the evapora
tion rate determined by both approaches. 

During their studies the workpiece was mounted on a balance and 
the reaction force was measured during welding. A repulsion force was 
estimated by assuming that the pressure in the hole reaches the satu
rated value corresponding to the liquid surface temperature and acts on 
a small area related to the hole diameter. General agreement was ob
tained between the measured and estimated force values for both steel 
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and aluminum. Therefore, they concluded that the forces measured are 
due mainly from the repulsion force of evaporated metal during welding. 

15 Leskov, Turnov, and Zhivada investigated the special features of 
electron beam welding in the deep and narrow vapor channels in the weld 
pool by making measurements with a piezoelectric sensing element attached 
to the workpiece surface. The basic oscillations in the cavity varied 
from 10 to 4000 Hertz. It was suggested that these oscillations were 
related to the vapor reactions in the bottom of the cavity during weld
ing. Low oscillation amplitudes were obtained for defocused beams and 
high amplitudes for focused beams. 

They believe that the electron beam acts basically on the front wall 
of the channel down its entire length. Intensive vaporization takes 
place at the weld root only. As a jet of vapor moves upward it inter
acts with the molten metal in the pool causing nonuniform upward move
ment of the latter with waves and liquid projections forming on the walls 
of the pool. If a projection forms at the melting front, the interac
tion between the beam and the metal will increase substantially. This 
will cause a local increase in the concentration of beam power at the 
forward wall, the vaporization of a proportion of the metal, formation 
of a stream of vapor and the reaction of its recoil. The stream will 
cause local movement in the rear part of the pool, while the reaction 
will cause the projection to move downwards and along the walls of the 
pool. Possibly instability of penetration is associated with the forma
tion of projections and their movement towards the weld root caused by 
the vapor reaction. The formation of cavities in the weld is associated 
with local disturbances of the pool by the vapor streams. 
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An attempt was made to explain these phenomena in terms of ripple 
of two different types of oscillations. It was argued that the 600 
Hertz frequency was due to the power source voltage frequency. The os
cillations of the molten pool with a frequency of 30 to 75 Hertz seemed 
to correspond to the small surface ripples that are observed on the 
weld bead after welding. The number of ripples is in accordance with 
indicated frequency of oscillations of the lower frequencies. They con
cluded that the dominant effect of the formation of metal vapors in the 
cavity is to develop a vapor reaction along the leading wall at the 
cavity bottom. Further, they believe that the frequency of the top bead 
ripples corresponds to the frequency of metal movement caused by these 
vapor reactions. 

INTERPRETATION OF ELECTRON BEAM WELDING PROCESS 

In conclusion, it has been suggested by many investigators that a 
vapor filled cavity is formed in the path of an electron beam during 
welding. This cavity is filled with molten metal and the molten metal 
oscillates. There is no general agreement on the type of oscillations 
in the cavity. Some investigators propose that the metal oscillates up 
and down. Others propose that there is an alternate filling and empty
ing of the cavity. Still others propose that the metal moves from the 
front of the cavity to the rear portion of the cavity by surface tension 
forces. Host investigators argue that the action is very unpredictable. 
Therefore, the actual mechanism which determines the size and shape of 
the cavity during welding is still unknown. This is because of the 
many difficulties with any technique to observe directly the dynamic be
havior of the metal and the vapor in the cavity during welding. While 
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there have been many attempts to observe the behavior in the cavity 
using both x-ray pinhole camera or a fluoroscopic technique in each 
case the method does not define in detail what is happening at the 
bottom portion of the cavity. Therefore investigators can only make 
general conclusions as to what is happening in the cavity. 

A detailed physical model of the electron beam interaction with 
the material surface is lacking. However, the most reasonable current 
interpretation is that the metal vapor pressure maintains an open cavity 
surrounded by liquid metal which periodically flows into the cavity due 
to the liquid hydrostatic head while the higher surface tension of the 
cooler metal, near the top of the cavity pulls up some of the molten 
metal. It is generally believed that the interaction of these three 
forces allow deep penetration. It has been estimated that in order to 
get any significant cavity penetration, the surface temperature at the 
base of the cavity must be such that the local vapor pressure must be 
greater than the sum of the constriction force due to the surface ten
sion and the force due to the hydrostatic head. 

For a 0.05 inch diameter electron beam cavity in aluminum the re
quired vapor pressure is about 25 Torr which corresponds to a surface 

20 temperature of about 1900°C. During this welding process a highly 
focused electron beam or a beam with nonuniform energy distribution 
could produce a slightly higher metal temperature at the base of the 
cavity. If the cavity dynamics depend on the vapor pressure, then an 
increase in temperature of only a few hundred degrees could produce a 
high local vapor pressure that might also lead to momentarily deeper 
penetration (spiking phenomena). 
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Analytical models of the electron beam weld process allow tempera
tures to be calculated in the vicinity of the weld region. A moving 
line source approximates the welding process as an infinitely small 
energy source generating heat along a line representing the location of 
the electron beam. A moving boundary condition assumes a cylindrical 
hole to be at a fixed temperature, usually, the melting temperature, 
and temperatures are calculated at positions away from the weld. 

Temperatures can be measured in the vicinity of the weld using 
thermocouples. One technique is to place several of them near the weld 
joint and from the response during welding, extrapolate to a value repre
senting the weld center!ine temperature. An alternate method is to ac
tually immerse a TC into the liquid metal surrounding the cavity and ob
tain a temperature response. However, none of the above analytical or 
experimental methods allow accurate calculation of temperatures at the 
surface of the molten metal which would allow one to determine the vapor 
pressure. Therefore, an experimental progam was initiated to determine 
the local molten metal temperature in the weld cavity. While obtaining 
this measurement may be very difficult, it still may be possible to de
tect perturbations in the cavity by measuring the molten pool temperature 
in the top area of the cavity surface. Answers to the following questions 
are of particular importance. 

1. Can the measured temperature distribution in the molten pool 
and cavity during welding be related to the local liquid metal 
vapor pressure? 

2. Do peak cavity temperatures depend on power setting and weld 
speeds? 
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3. Do temperatures measured during welding indicate spiking? 
4. Can cavity temperatures explain observed molten metal oscil

lations? 
5. Will the knowledge obtained from this investigation either 

provide verification of existing analytical models or provide 
valuable guidelines for developing new models? 
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EXPERIMENTAL PROGRAM 

EQUIPMENT 

To obtain an electron beam weld, the electrons must be generated 
and then focused into a concentrated beam by a device referred to as 
the EB gun. The work piece and the EB must be located in a vacuuir en
vironment. Appropriately designed equipment is available from several 
manufacturers. The studies described herein were conducted using a low 
voltage-high current welder shown in Figure 1. The voltage-amperage 
limits were 32 kilovolts and 500 milliamps. The machine also has auto
matic control features. All materials welded were constructed of solid 
plates. Consequently, the weld studies do not represent joining of two 
separate plates. The vacuum pumping system maintained the work chamber 

-5 -6 at a typical nominal working pressure of about 10 to 10 Torr. 
The method for making temperature measurements in the weld cavity 

was to use a small target infrared detector to sense the radiation given 
off by the molten weld pool. In order to obtain essentially local tem
perature measurements the infrared device must sense radiation from a 
small area, 5 mils to 30 mils in diameter. This was achieved with an 
optical fiber probe and a focusing lens, which sensed radiation from 
an area about 20 mils in diameter. The horizontal location on the mate
rial surface plane where the detector was focused could be controlled 

*Manufactured by Sciaky Bros., Inc., Model No. VX. 
*Manufactured by Vanzetti Infrared Computer Systems, Inc., Model 1262. 
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Figure 1. Electron beam welding research facility 
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from outside the electron beam chamber during welding. Because of the 
EB gun geometry as shown in Figure 2, it was not possible to sight the 
detector directly into the weld cavity. To clear the focusing coil the 
viewing angle of the probe relative to the work piece surface had to be 
approximately 45°. 

The radiation transmitted through the lens is focused at the end of 
a fiber optical cable shown in Figure 2. The focal length of this sys
tem was 13 inches. The radiation is then transmitted through the cable 
and through the walls of the electron beam chamber. Outside of the cham
ber the radiation is transmitted through a silicon filter and to a lead 
sulfide detector cell where it is converted into an electrical signal. 
The detector has a radiation wavelength response band of approximately 
1 to 2.5 micrometers. The manufacturer recommends treating instrument 
measurements as monochromatic at an effective wavelength of 1.4 microme
ters. Variation of this effective wavelength with temperature is indi
cated to be negligible. 

The signal from the detector is then amplified and displayed as a 
direct current potential on the electronic digital console. The full 
scale response time is approxmately 50 milliseconds. The D.C. output 
potential was recorded on a strip chart recorder. The radiant tempera
ture or brightness temperature was then determined from the calibration 
curve. If the spectral emittance of the specimen is known, the surface 
temperature can then be calculated. Subsequent to initial tests, adap
tion of this technique on a different welder resulted in cavity tempera-

21 ture measurements during welding. This was done because the sighting 
arrangement on this welder allowed a more direct observation of the cav
ity bottom. 
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Figure 2. Schematic of temperature measuring system. 
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During welding the vapor from the molten pool will deposit on any 
surface in the immediate surrounding. To prevent vapor from deposit
ing on the focusing lens of the measurement probe a mirror was inserted 
in the optical path. The vapor then deposits on the mirror and not on 
the measurement probe lens. Experimental findings revealed that the 
mirror reflectivity changed appreciably during the first 3 - 6 seconds 
from the vapor deposits. After this initial change the vapor continu
ally plates onto the mirror over the duration of the experimental mea
surement but does not change the reflectivity of the mirror appreciably 
for the next 60 - 100 seconds. Therefore, continuous temperature mea
surements can be obtained during welding. 

An additional concern was the fact that radiation could reflect off 
of the target area and reach the probe which would tend to increase the 
measured output above the actual value. To prevent this occurrence, a 
long cylindrical housing was used to incapsulate the optical path to a 
position very near the work piece surface (Figure 3). This allows very 
little reflected radiation to actually make its way to the probe. Sev
eral geometrical configurations were tried experimentally to see whether 
reflected radiation was a serious problem. However, no effect on the 

21 emittance could be detected. Also, Shintaku has estimated that the 
effect of absorption and emission of radiation by the metal vapor in a 
welding cavity was negligible. 

The infrared radiation pyrometer was calibrated with available black-
body cavities. This involved the use of two electrically heated black-
body cavities, one operating up to a temperature of 1000°C and the other 
operating in a temperature range of 1100 to 3000°C. The resulting cali-
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Figure 3. Focused probe optical system inserted into probe 
protective housing. 
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bration curve, shown in Figure 4, was found to deviate from the curve 
supplied by the manufacturer at temperatures above 1000°C. The ac
curacy of the calibration equipment was approximately +1 percent. The 
radiation pyrometer has a temperature resolution of +2 percent. There
fore, the accuracy of the obtained calibration data is considered to 
be approximately +3 percent. 

EXPERIMENTAL PROCEDURE 

The approximate cavity location prior to welding was estimated 
using a metal pointer to simulate the EB as shown in Figure 5. A high, 
intensity light source located outside of the vacuum chamber was posi
tioned at the end of the fiber optic bundle. This light was transmitted 
through the fibers and resulted in a brightly illuminated spot on the 
v.ork piece surface. The spot was positioned to correspond with the tip 
of the pointer by turning the appropriate knobs outside of the chamber 
(Figure 6). The metal pointer was then removed, the IR detector at
tached to the fiber optic cable, and the chamber evacuated. 

During welding the EB gun remains stationary while the metal test 
plate is rotated on an axis underneath resulting in a circular weld 
bead. Temperature measurements were obtained while welding the follow
ing materials: aluminum 1100, aluminum alloy, type 6061, type 5083, 
type 7075, steel alloys, type 20-6-9, type HY-180, stainless steel 304, 
and finally pure tantalum. Each of these four aluminum materials were 
fabricated into 90" pie sections. The sections were then supported 
and positioned to form a complete circular plate. The same weld pa
rameters were used for each complete revolution of the plate. All of 
the other materials were welded separately. These particular alloys 
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Figure 4. Pyrometer blackbody calibration curve. 
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Figure 5. Focused probe optical system and protective housing mounted 
on x-y positionabie support table in welding chamber. 
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Figure 6. X-V position controls and IR detector located on outside 
wall of welding chamber. 
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were chosen because it was thought that the small amount of volatile 
materials present might have some affect on the character of an elec
tron beam welding cavity since the liquid metal vapor pressure is 
strongly dependent on the temperature. 

Welding runs were performed at various weld speeds over the range 
of 10 to 60 inches per minute, and over power setting ranges of 13 to 
20 kV and 100 to 270 milllamps. Temperature profiles perpendicular and 
parallel to the weld were obtained for several of the materials se
lected for welding. Sufficient temperature recordings were obtained 
for one aluminum weld, so that a contour temperature profile of the 
molten pool surrounding the cavity could be constructed. 

Voltage and current parameters selected for many of the test welds 
resulted In a shallow weld cavity. This allowed the probe to be sighted 
on or near the cavity bottom even with a 45° viewing angle. For a typi
cal weld sequence the beam was turned on and the position of the tem
perature measuring spot was manually positioned by controls outside the 
electron beam chamber. To obtain the cavity temperature at the cavity 
bottom, the controls were adjusted to obtain peak output on the strip 
chart recorder. This was assumed to be the cavity temperature at the 
bottom. Once the maximum reading was obtained, the probe was not moved 
for the duration of the weld test. This allows continuous recording 
and observation of the temperature history in the region that represents 
the cavity bottom. Table 1 lists the materials welded and the weld pa
rameters used. 
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Table 1. Materials and weld parameters 

Beam 
Volt 
(lev) 

Beam 
Current 

(ma) 
Focus 

Current 
(amp) 

Weld 
Speed 

(in./min) 
Comments 

1100 Al 15 125 3.4 60 
7/16 in. Plate 15 135 3.24 30 

15 215 3.24 34.3 
15 222 3.24 60 
17 150-270 3.2-3.5 20 
17 145-245 3.4 50 
13 98 3.0 30 
13 100 2.9 10 

Pie Test 15 130 3.4 29 
1100 - 5083 15 140 3.4 30 
6061 - 7075 15 135 3.2 60 
Al 7/16 in. 17 160 3.3 20 
Plate 17 155 3.3 50 

13 no 3.07 40 
13 115 3.04 10 
15 150-180 3. -3.3 20 

HY-180 15 155 3.25 60 
1/4 in. Plate 15 155 3.2 60 

16 150 3.43 60 
18 174 3.66 60 
15 147 3.32 50 

Stainless 15 140 3.3 60 
Steel 304 16 145 3.3 60 
1/4 in. Plate 18 168 3.52 60 

15 140 3.2 50 
Steel 20-6-9 16 152 3.4 31.2 
1/2 in. Plate 16 130 3.4 29.9 

18 175 3.6 28.6 
19 185-220 3.72 27.3 
15 135 3.3 26. 

Tantalum 18 250 3.7 19.5 
1/8 in. Plate 20 245 3.6 18.7 

19 230 3.5 17.8 
16 210 3.1 17 
18 220 3.4 16.1 
17 220 3.5 21.1 
16 200 3.45 20.3 
16.5 230 3.5 19.4 
16.5 230 3.5 18.5 
15 130 3.3 17.6 
15.5 190 3.4 16.7 

Full spiking thru 
plate on 5083, 7075 

Small spiking region 

Full spiking 
Full spiking 
Partial spiking 
Full spiking 

Small spike region 
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LIQUID METAL SPECTRAL EMITTANCE AS A FUNCTION OF PYROMETER TEMPERATURE 

Once the radiant temperature output recorded by the strip chart 
recorder was combined with the calibration data, the surface tempera
ture of the molten metal in the weld cavity can be calculated if the 
apparent spectral emittance of the liquid surface is known. Although 
very little data exists on the spectral emittance of molten metals, some 
data are available for several liquid metals at the standard wavelength 

22 23 24 
of 0.65 micrometers. ' ' However, no data was found in the litera
ture for liquid metals at the effective wavelength of the pyrometer 
equal to 1.4 micrometers. Since the necessary data was lacking, values 
of spectral emissivity were determined experimentally using the pyrome
ter in the welding chamber vacuum environment. The material surface 
was heated at low power to create a pool of liquid metal in the target 
location of the probe. The electron beam power was th&n suddenly shut 
off and the pyrometer output was recorded as the molten pool solidifies. 
This solidification is indicated by the characteristic cooling curve 
pleateau obtained on the strip chart recorder output as shown in Fig
ure 7. This is caused by the latent heat released during solidifica
tion. A knowledge of the melting temperature then allows the emissiv
ity to be determined at this temperature as described in the following. 
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Time (sec) 
Figure 7. Oscillograph record of a typical stainless steel cooling 
experiment. 
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The spectral emission from the liquid metal surface is a function 
of the emission angle, g. The viewing angle of the pyrometer with re
spect to the liquid metal surface varied from normal to 45°. Over this 
range, the directional spectral emissivity, e, 0, for a metal is approxi-

25 
mately a constant. Therefore, an expression for the spectral inten
sity in terms of the spectral emittance can be written as, 

A IT IT 

where e,, e,^ are the hemispherical spectral emissive powers per unit 
area of the radiation emitted from a real surface and a blackbody sur
face, respectfully, at the same temperatures. Substitution of Planck's 
radiation law for e. b yields the following expression for the spectral 
emittance, 

C 2 A T S 

e •• r - 1 

where C~ is the second Planck constant and is equal to 1.4387 microme
ter degree Kelvin. Since I is small compared to the exponential terms 
with typical values for T and T for electron beam welding, Eq. (2) 
reduces to 

e> = e4%r^)J (3) 

The spectral emittance can then be estimated by substituting a known 
melting temperature for T , and the effective wavelength 1.4 microme
ters for A. •-
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EXPERIMENTAL DETERMINATION OF SPECTRAL EMITTANCE VALUES 

The method just described was used for determining a spectral 
emissivity for the steel alloys and tantalum. Unfortunately, the same 
technique could not be used for aluminum because the melting tempera
ture was so low that the output of the pyrometer was not sufficient to 
obtain an accurate measurement. 

Measurements on aluminum were obtained by using a similar but 
shorter focal length infrared radiation pyrometer and a tantalum speci
men holder with a thermocouple attached to determine the spectral emit
tance from melting up to 1600°C. This shorter focal length probe al
lowed emittance values to be determined experimentally over the tempera
ture range of 600 to 1600°C. Values of the spectral emissivity were 
obtained for high purity aluminum and 1100 alloy aluminum. The results 
for these two aluminum samples were nearly identical. 

The above analysis assumes that the reflectivity, p, from the 
mirror used in the experimental apparatus was nearly 100 percent. Some 
materials such as the steel alloys evaporate elements which when plated 
onto the original mirror surface result in a reflectivity value which 
can be substantially less than 100 percent. Therefore, the above must 
be corrected for the reflectivity of the mirror surface. The radiation 
reaching the probe is given by, 

i = P X \ (4) 

To determine the emissivity of molten metal from the above analysis re
flectivity measurements of the mirrors used for taking measurements of 
each specific alloy must be made. Once the reflectivity is known the 
actual spectral emissivity e. can be determined from Eqs. (4) and (1). 
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To determine the surface temperatures from the measured responses 
it is not necessary to actually determine the reflectivity of each 
mirror used during the temperature measurements. Nevertheless, reflec
tivity measurements were made for the mirrors used for each particular 
alloy, so that one could provide other researchers who may need spec
tral emissivity information in the future with representative values 
which are certainly lacking in the literature. Table 2 summarizes the 
emissivity values estimated for the test materials used in this research. 

Table 2. Emissivity values of liquid metals measured at melting tem
perature and at an effective wavelength of 1.4 microns. 

Material Emissivity 

Aluminum 0.20 
304 Stainless Steel 0.36 
20-6-9 Steel 0.42 
HY-180 Steel 0.26 
Tantalum 0.28 

There is theoretical support that the total spectral emissivity 
on pe 07 

increases linearly with temperature. ' ' Observation of experi
mentally observed total spectral emissivity values of metals over ex-24 tended temperature ranges tend to verify the theory. However, the 
pyrometer used to make temperature measurements has an effective wave
length of 1.4 urn over a wavelength response band of approximately 1 
to 2.5 urn. As temperature increases, the spectral emissivity decreases 
for wavelengths below 1 ym and increases for wavelengths above 2 ym. 
For most metals the spectral emissivity dependence on temperature changes 
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27 between 1 and 2 um. The effective wavelength of the pyrometer used 
is in this transition region. Since the temperature dependence of the 
spectral emissivity was unknown over the entire experimentally mea
sured temperature range, a constant value was used. 

CAVITY EFFECT ON TEMPERATURE MEASUREMENTS 

Another problem in measuring temperatures of the molten metal in 
a cavity is that since the cavity is very deep and narrow it has the 
tendency to act like a blackbody source. This is because a significant 
portion of the radiation leaving the cavity is reflected from the cavity 
walls. To assume that all the radiation entering the probe was emitted 
from the target area having the spectral emittance of molten metal, may 
result in an erroneously high calculated surface temperature. Actually 
the probe indicates that magnitude of the radiation coming from the tar
get area in the cavity which includes both emitted and reflected radi
ation. This blackbody effect can be accounted for by using the follow
ing equation, 

~-l 
T s = C7*" eAa + T; (5) 

where E, is the apparent spectral emittance. Equation (5) states that 
all the radiation entering the probe should be treated as though it was 
being emitted from the target area, with the cavity effect being compen
sated for by the apparent spectral emittance. 

A solution for the radiant interchange between the inner surface 
elements of a conical cavity with a uniform surface temperature by Lin 

28 and Sparrow allows an estimate to be made for the cavity effect. The 
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apparent spectral emittance for use in Eq. (5) is approximated to be 
(see Appendix A ) , 

£>a = e X + 0 " E A K EdArAs
 (6) 

where e, is the spectral emittance of the cavity surface and Ej„ . , 

the exchange factor. The increase in e. for temperature -neasurements 
made in shallow cavities can range from 10% at the top to 40% at the 
bottom. Therefore, Eq. (6) and Eq. (5) can be used to account for the 
cavity effect. However, the accuracy of these values are dependent on 
factors which are not precisely known. These include possible partial 
specular diffuse reflection variation in the cavity geometry as a func
tion of time and variation in the surface spectral emittance. 

EXPERIMENTAL MEASUREMENTS 

Electron Beam welding Cavity Peak Temperatures. If the cavity 
pressure is indicative of the peak cavity temperature, thtn a tempera
ture measurement of a pure metal cavity should enable an estimate to be 
made of the local vapor pressure from known vapor pressure data such 

29 as that shown in Figure 8. Qualitatively, if approxima-ely the same 
order of magnitude of vapor pressure is required to maintain an open 
weld cavity during welding, then based on the data shown in Figure 8, 
a peak cavity temperature measurement of tantalum should ndicate a 
higher value than for aluminum. Also, aluminum alloys coitaining a 
highly volatile element such as zinc should result in a cavity tem
perature lower than that of a pure aluminum cavity. 
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Figure 8. Metal vapor pressure curves 
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To demonstrate the effect of volatile elements in an alloy on the 
measured cavity temperature and to provide direct comparison between 
several alloys the following test set-up was devised. Four 90° pie-
shaped flat plate specimens of aluminum alloys 1100, 5083, 6061, and 
7075 were fabricated and assembled to form a circular plate as shown 
in Figure 9. During a test sequence, the machine power setting and eld
ing speed were maintained constant for a weld pass through all four ma
terials. Typical oscillograph records for a specific test weld are 
shown in Figures 10 and 11. Peak temperature measurements, using the 
method previously described, indicate that the cavity temperature is 
highest for the 1100 aluminum and lowest for the 5083 and 7075 alumi
num alloys. The 1100 alloy is 99+% aluminum, while the 7075 alloy con
tains 5.5% zinc and 2.5% magnesium. An additional test weld in 1100 
aluminum was performed with a small 7075 aluminum alloy sample placed 
in the weld path as shown in Figure 12. A substantial decrease in 
temperature level, depicted in Figure 11, occurred when the electron 
beam passed over the 7075 alloy sample. 

The above test sequence illustrates the existence of a relation
ship between the peak cavity temperature and the vapor pressure in the 
welding cavity. As shown in Table 3, the peak temperature for the 
various alloys were 1080°C for the 7075 alloy (5.5% Zn, 2.5% Mg), 
1250°C for the 5083 alloy (5% Mg), 1820°C for the 6061 alloy 0 % Mg), 
and 1900°C for the 1100 alloy (99+% pure Al). In all cases, as the 
alloy content of the highly volatile elements (Zn, Mg) decreased, the 
measured peak temperature increased. Assuming that about the same 
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Figure 9. Melded pie test specimen consisting of 7/16 inch thick plate 
aluminum alloys 1100, 5083, 6061, and 7075. 
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Pie test #9.1 
Beam potential 
Beam current 
Welding speed 

15 kV 
196 ma 
1.27 cm/sec 

Time (sec) 
Figure 11. Oscillograph record of a typical temperature history of an 
aluminum 1100 EB weld cavity base with a 0.070 inch thick aluminum 
7075 sample inserted in weld path on top of aluminum 1100. 
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Figure 12. Weld bead over small test coupon of aluminum alloy 7075 
(0.070 inch thick) placed on alloy 1100. 
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Table 3. Representative peak temperatures. 

Material Temperature Temperature Vari-
(°C) ation (°C) 

1100 Al 1900 +50 
5083 Al 1250 +100 
6061 Al 1820 +70 
7075 Al 1080 ±100 
304 Stainless Steel 2100 ±50 
20-6-9 Steel 1820 +40 
HY-180 Steel 2290 ±60 
Tantalum 4440 +150 

cavity vapor pressure is required to maintain the cavity in each alumi
num alloy during welding indicates that the highly volatile elements 
must provide sufficient vapor pressure at a much lower temperature level. 

Since the thermal conductivity is lower fnr the aluminum alloys 
7075 and 5083 analytical calculations indicate that the weld temperature 
in the joint region is generally higher than for pure aluminum (1100 
alloy). This may be entirely correct as the molten material solidifies 
after the passage of the beam. However, the measured peak cavity tem
peratures are lower for these alloys when compared to pure aluminum. 
This suggests that the liquid surface temperature in the cavity is con
trolled more by the vapor pressure effect than by the thermal conduc
tivity effect. The fact that the alloy peak cavity temperature is lower 
combined with the thermal conductivity effect helps to explain why the 
weld cavity is deeper for a weld in the 6061, 5083, and 7075 alloys 
versus the 1100 alloy. Essentially the amount of energy to melt all 
four is the same. In the case of the alloys the EB energy vaporizes 
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the volatile elements which exhibit significant vapor pressure and the 
vapor recoil force pushes the liquid metal aside to expose more fresh 
base metal at a much lower temperature. The 1100 alloy having practi
cally no volatile elements must be heated to a much higher temperature 
before sufficient vapor pressure is generated to push the molten liquid 
aside to allow deep penetration. Since more energy is required to heat 
the liquid surface of the 1100 alloy to a temperature that provides suf
ficient vapor pressure to maintain the cavity, then less energy is 
available for boring a hole deep into the material. Also, the lower 
thermal conductivity of the alloy compared to 1100 aluminum reduces the 
energy loss to the region surrounding the cavity and thus more energy 
is available for boring deeper into the alloy materials. 

Temperature measurements were obtained for many different machine 
power settings and welding speeds but no observable trend of peak tem
perature was noted for a specific material. The peak temperatures for 
a specific material were relatively insensitive to any change in weld
ing parameters. Vapor pressure is a very sensitive function of tempera
ture. It is still possible that deeper welds in a specific material do 
have slightly higher temperatures. However, the instrument resolution 
was not sufficient to allow an absolutely accurate temperature to be 
determined. Table 3 presents a list of the peak temperatures that are 
representative of the cavity bottom temperature during welding. 

Fusion Zone Weld Sections. Because there were a large number of 
test welds not all were sectioned. Figures 13 through 20 provide a 
portfolio of typical weld sections taken from various test welds. There 
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Figure 13. Weld sections taken from aluminum alloy pie test plate. 
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Figure 14. Aluminum alloy longitudinal weld sections of 7/16 inch 
thick plate. 
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Figure 15. Aluminum alloy longitudinal weld sections of 7/16 inch 
thick plate showing spiking (a) and void (b). 
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Figure 16. Aluminum al loy longitudinal weld sections of 7/16 inch 
thick plate. 
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Figure 17. Aluminum alloy longitudinal weld sections of 7/16 inch 
thick plate showing spiking (a) and voids (b). 
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Figure 18. Steel alloy 20-6-9 transverse weld sections (a) 
and longitudinal weld section (b) of 0.5 inch thick plate. 
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Figure 19. Steel al loy HY-180 transverse weld section of 0.25 inch 
thick plate. 
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Figure 20. Stainless steel 304 transverse weld section (a) and longi
tudinal weld section (b) of 0.25 inch thick plate. 



53 

are samples of weld cross sections as well as sections through the weld 
centerline. Photographic reproduction of weld sections that did not 
reveal what could be seen with the naked eye were purposely omitted. 
Detailed analysis along the centerline weld section of several test 
welds exhibiting spiking did not show any correlation with the measured 
temperature levels corresponding to the regions containing spiking. 

Electron Beam Welding Cavity Temperature Distributions. To ob
tain the temperature distribution in the weld cavity, the measurement 
location was changed during a test weld resulting in a record such as 
is shown in Figure 21. This enables a temperature-position relationship 
to be determined for that particular weld. Combining the above with 
the estimated cavity shape based on a test weld section as shown in 
Figure 22, allows the cavity temperature to be determined as a function 
of position as shown in Figure 23. 

To estimate the bottom cavity temperature for very deep and narrow 
welds, the following approach was used. During the beginning of the 
weld the depth of penetration is minimal. It was observed that the 
peak reading obtained during this initial period was essentially identi
cal to that measured at the bottom of a shallow cavity. Then as the 
weld depth increased further, the measured response remained near this 
peak level for a short time and was followed by a decrease. This de
crease corresponded to the weld bead position at which the detector was 
no longer able to sight on the cavity bottom. Therefore, the maximum 
temperature measured during the initial portion of the weld was se
lected to be the bottom cavity temperature at a later time when the 
cavity was very ;°?p and narrow. 
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Figure 21. Oscillograph record of a typical temperature history of an 
aluminum 6600 EB weld cavity as the pyrometer measurement location 
was varied perpendicular to the weld direction. 
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Figure 22. Measured temperatures across 1100 Ai weld cavity during one 
pass EB weld and approximated cavity shape based on weld section. 
Also shown is the geometrical relationship between the temperature 
probe and the liquid material surface. 
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Figure 23. A typical measured cavity temperature distribution for 
1100 aluminum. 
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Representative cavity temperature distributions of the materials 
welded and the corresponding weld cavity shape are shown in the follow
ing figures. The temperature distribution in an aluminum alloy 7075 
weld cavity (7 mm penetration depth) is shown in Figure 24. At the 
cavity bottom, the temperature remains at a level close to the peak 
temperature. This same characteristic can be observed in Figure 25 for 
a deeper weld cavity (11 mm) in 20-6-9 steel. Note the rapid decrease 
in temperature for a shallow weld (3.5 mm) in 304 stainless steel, 
Figure 26. In contrast to the above temperature distributions, the 
temperature profile shown in Figure 27 for a tantalum weld (2 mm pene
tration depth) displayed a nearly linear dependence on cavity location. 

Material Composition Change of Alloy in Held Region. A weld test 
series on the aluminum alloys 1100, 5083, 6061, and 7075, in which re
petitive weld passes were made over the same weld bead region produced 
the results shown in Figure 28. The increase in measured peak tempera
ture with an increase in number of weld passes is directly related to 
the refining of the highly volatile elements. Due to rapid evaporation 
of the volatile elements, its concentration in the weld bead region is 
reduced with each weld pass. This reduced concentration requires that 
the liquid surface be heated to a slightly higher temperature to pro
vide sufficient vapor pressure to maintain a weld cavity. A micro
analysis of each weld section after 6 weld passes did indicate a de
crease in the amount of the most volatile element as shown in Table 4. 
A chemical composition analysis of a deep penetration weld (115 mm) in 

30 a steel alloy produced similar results. Table 5 shows that only the 
concentration of the most volatile element, manganese, was reduced for 
a single pass EB weld. This test series on the aluminum alloys suggests 
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Figure 24. Approximated cavity shape during welding and typical 
measured cavity temperature profile for 7075 aluminum. 
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Figure 25. Approximated cavity shape during welding and typical 
measured cavity profile for 20-6-9 steel alloy. 
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Figure 26. Approximated cavity shape during welding and typical 
measured cavity temperature profile for stainless steel 304. 
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Figure 27. Approximated cavity shape during welding and typical 
measured cavity temperature profile for tantalum. 
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that a very small reduction in concentration of the volatile elements 
result in a significant and easily detectable change in the peak cav
ity temperature. 

Table 4. Microanalysis of aluminum alloys by wt% after six weld passes. 
Alloy and Location Zn Mn Mg Cu 

5083 Parent Metal -. 0.83 3.74 --
Weld Region — 0.63 3.47 — 

6061 Parent Metal 0.12 — 0.78 — 
Weld Region 0.02 — 0.65 — 

7075 Parent Metal 6.1 -- 2.1 1.3 
Weld Region 4.9 2.0 1.3 

* 
2 to 4% relat ive error. 

4.9 2.0 

Table 5. Chemical composition by wt% of a steel alloy for a single pass 
EB weld. 3 0 

C S P Si MN Cr Ni Mo 

Parent Metal 

Weld Root 

0.16 

0.16 

0.014 

0.014 

0.010 

0.008 

0.29 

0.31 

0.87 

0.17 

0.19 

0.16 

1.13 

1.13 

0.41 

0.41 
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ANALYSIS AND INTERPRETATION OF WELDING PROCESS 

INTRODUCTION 

As anticipated at the outset of this investigation the cavity 
temperature measurements and post weld chemical and physical study re
sults presented in the previous section did yield important new infor
mation about Electron Beam welding. In this section attention is now 
directed toward using this knowledge for developing an improved in
terpretation of how the various factors — in particular vapor pressure 
and surface tension — interact. 

CAVITY FORCE BALANCES 

It is generally agreed that vapor pressure plays a very important 
role in maintaining a cavity during Electron Beam welding. When vapor 
pressure is mentioned it is usually used in a context that suggests its 
value need only be large enough to overcome the effects of the hydro
static head. However, a very important additional force trying to 
close the cavity is due to the surface tension. During welding the 
cavity is assumed to resemble a deep and narrow depression with liquid 
walls. The surface tension action of the liquid walls tends to con
strict the radial size and depth of the cavity. Therefore the magni
tude of the metal vapor pressure in the cavity must be sufficient to 
overcome both the constricting force due to surface tension and the fill
ing force due to the hydrostatic head. The surface temperature of the 
liquid metal in the EB welding cavity will determine the magnitude of 
the metal vapor pressure. 
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Investigations of the cavity shape during welding suggest that 
7 9 11 the shape of the cavity oscillates with time. ' ' It is thought that 

these oscillations are related to the forces acting in the cavity. Ap
propriate estimates can be made for the magnitudes for the various 
forces in the cavity during the EB welding process if a quasi-steady-
state condition is assumed. This assumption is valid if time averaged 
values are assumed for surface temperatures in the welding cavity and 
consequently the vapor pressure. 

Before making a force balance in the weld cavity, some assumptions 
must be made as to what the cavity shape might bt during welding. It is 
reasonable to assume that the cavity shape during welding will look very 
similar to that defined by the fusion line observed in a weld cross-
section. For very deep welds the shape is similar to that of a triangle 
with a circular radius at the bottom of the cavity. Rotating this shape 
about the vertical axis results in a cone with a spherical radius at the 
apex. With this assumed shape an appropriate force balance can be made 
in the welding cavity. 

Figure 29 illustrates the proposed cavity shape and pictorially 
demonstrates the various forces acting. A force balance at the cavity 
bottom involving the surface tension, vapor pressure, and liquid hydro
static head on a very thin liquid surface layer can be arrived at by 
considering the geometry and the forces in Figure 30. The magnitude of 
each of these three forces during welding can be estimated from the fol
lowing relationships. Assuming the base to be at a uniform temperature, 
and thus having a uniform vapor pressure, the resulting vapor pressure 
force in the vertical direction can be defined as, 
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Figure 29. Representative cavity cross-section paral lel to weld showing 
forces acting during welding. 
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Figure 30. Forces acting on the l iqu id surface at the spherical 
cavity bottom. 



68 

(RB c o s 8 ) 2 p v ( 7 ) 

where R„ is the base radius which is assumed to be spherical, and P 
is the vapor pressure. Here, 6 is the angle between vertical and the 
side of the cavity at the plane of the vertical force balance. 

The vertical force due to the hydrostatic head, F„, acting on a 
circular area, where p is the liquid density, g is the gravitation con
stant and x is the liquid depth is, 

F H = 2irfRB cos 9j2pgx (8) 

To obtain the vertical component due to surface tension, the force 
acting on the circular line length at the force balance plane must be 
multiplied by cos 9. This results in the vertical component due to sur
face tension as, 

Fs = 2 7 r( RB c o s 6 ) Y ( C ° S e' ( 9) 
The above three forces define the vertical force balance to be, 

F v - F H - 2F s = 0 (10) 

Substituting expressions for the three forces from Eqs. (7-9) into 
Eq. (10) results in, 

2TT(R B cos 6 ) 2 ( P V - pgxj - 4-ITRB cos 2 9y = 0 (11) 

At the bottom of the cavity, the depth of the liquid, x, is usually 
very close to being equal to the depth of penetration, h. For this 
situation, the above expression for the force balance at the bottom of 
the cavity can be solved for the vapor pressure in terms of the other 
variables yielding 

P = | X + p g h (12) 
v K B 
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Along the sides of the conical cavity the following expression 
defines the forces. Considering a short vertical segment of the sur
face as shown in Figure 31, a horizontal force balance will produce 
the following expressions. The vapor pressure force acting on a small 
ring of height dx is defined by, 

F v = 2R X dx P v cos 8 (13) 

where cos 6 is the cone angle. The force due to the hydrostatic head 
of liquid is given by, 

F H = 2R dx pgx cos 6 (14) 

The constricting force from the surface tension is 
F s = Y dx (15) 

The following force balance then relates the three forces at the side 
wall of a conical cavity, 

F y - F H - 2F S = 0 (16) 

Substituting the expression for the three forces defined by Eqs. (13-15) 

Eq. (16) results in 

2RX dx cos efp y - pgx J - Zy dx = 0 (17) 

This reduces to the following relat ion for the vapor pressure in terms 

of the hydrostatic head and the surface tension as shown by 

p v " W* + R^&Te < 1 8 > . 

For very deep and narrow welds, cos e is nearly unity so that Eq. (18) 
reduces to the following, 

P v = pgx + jl (19) 



70 

Figure 31. Forces acting on the liquid surface at the 
sides of the conical cavity. 
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Comparing Eqs. (12) and (19) shows that the force component due to 
surface tension at the cavity bottom is twice that at the cavity side 
walls. Therefore, a greater vapor pressure at the cavity bottom is 
required to maintain equilibrium. 

CALCULATIONS OF FORCES IN CAVITIES 

The experimental measurements indicated that a temperature vari
ation exists in the cavity. Because of this variation, it can be ex
pected that the vapor pressure of the liquid will also vary along the 
cavity wall. At the cavity base the vapor pressure should be in equi
librium with the liquid at its maximum temperature. If the pressure 
was less than the corresponding liquid partial pressure the depth of 
penetration would decrease since not as much liquid could be pushed 
aside to expose fresh base metal. The vapor pressure from near the 
cavity base to the top opening may not be exactly in equilibrium with 
the liquid surface because of mass flow out of the cavity. Mass addi
tion from vaporization along the cavity walls supports the concept of 
subsonic flow in an increasing channel with a negative pressure gradi
ent. It is reasonable to assume that the liquid surface conditions are 
close to equilibrium at any location in the cavity. Therefore, the tem
perature distribution in the cavity is indicitive of the local pressure. 

From the peak temperatures measured at the cavity base during weld
ing one can determine the corresponding vapor pressure from available 

29 data such as that shown in Figure 8. For 1100 aluminum, the maximum 
temperature measured at the cavity base was about 1900°C. From Figure 8 
the corresponding vapor pressure is 11 Torr. For a shallow aluminum weld 
with a depth of penetration equal to 0.2 cm, a cavity base radius of 
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0.05 cm, the measured cavity temperature distribution was plotted in 
Figure 23. Substituting values into Eq. (16) and using an appropriate 
value for liquid surface tension it can be determined that at the base 
of the cavity the vapor pressure is slightly larger than the pressures 
due to the surface tension constriction and the liquid hydrostatic head 
tending to fill the cav' y. Along the cavity walls Eq. (19) must be 
used. 

Assuming the cavity shape during welding to be similar to that de
fined hv the fusion line in a transverse weld section taken after weld
ing, allows the temperature measurements to be related to locations in 
the cavity. Then values were calculated for the surface tension and 
the local metal vapor pressure in the cavity as a function of tempera
ture and thus position. These values are only approximate, since the 
actual cavity dimensions during welding are not known. This implies 
that there is some uncertainty associated with the exact location in 
the cavity to which the measured temperature is assigned. Finally, the 
term associated with the liquid hydrostatic head which is a function of 
the depth of position in the cavity can be calculated. It is immedi
ately recognized that the magnitude of liquid hydrostatic head force is 
small when compared to the magnitudes of the surface tension or the 
vapor pressure forces. 

The magnitude of the force due to the liquid hydrostatic head is 
sufficiently small such that it can be neglected. Then Eq. (19) re
duces to a comparison between the vapor pressure and the surface tension 
pressure, defined as y/R. 
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Using the temperatures measured in the cavity as a function of 
position, values can be estimated for the vapor pressure and the sur
face tension pressure as a function of cavity depth. This was done for 
the shallow aluminum weld and the results are presented in Figure 32. 

A deeper penetration weld, also in 1100 aluminum was obtained by 
21 * 

Shintaku, who also measured the cavity temperature during welding. 
The cavity shape and the temperature variation in the cavity, Figure 33, 
were used to determine values for the vapor pressure and surface ten
sion force, y/R> as a function of cavity depth. The results for this 
deeper aluminum weld are presented in Figure 34. 

Comparing the results for the shallow weld against those from the 
deeper weld indicate the following. The temperature, and consequently 
the vapor pressure at the cavity bottom for these aluminum welds are 
the same. However, the surface tension pressure at the bottom is 
greater for the deeper weld. There is a cross-over point between the 
two pressure distributions, and it occurs near the bottom of the shallow 
weld. 
CAVITY DYNAMICS 

For the cavity forces calculated for the previous welds, a posi
tion exists in the cavity at which the vapor pressure is greater than 

The measurements presented in Ref. 21 were undertaken subsequent to 
the initiation of this study and were made with sensing equipment simi
lar to that used herein. Data were obtained with a different EB welder 
which permitted more direct observation of the weld cavity and deeper 
welds. 
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Figure 32. Calculated values of surface tension pressure and vapor 
pressure in an 1100 aluminum EB welding cavity as a function of 
cavity depth. 
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Figure 33. Approximated cavity shape during welding and typical 
measured cavity temperature prof i le21 for 1100 aluminum. 
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the surface tension pressure (Figures 32 and 34). This is certainly 
the case from the cavity bottom up to the cross-over point or force 
imbalance location. Above, the forces are comparable but the surface 
tension pressure is sufficiently greater than the vapor pressure to 
cause liquid metal to move inwards slightly. As a result, the liquid 
tends to flow downwards until it reaches the region of the force im
balance. Since the vapor pressure force is overpowering below this 
location, the liquid is forced to move towards the cavity center thus 
forming a liquid projection as demonstrated in Figure 35(a). 

15 This concept is not entirely new. Leskov, et al. suggests that 
the action of the beam along the leading edge of the liquid wall 
could cause small liquid projections to move into the EB path. Once 
the projection is in the path of the EB the upper liquid surface will 
be heated to a very high temperature and the recoil from the vapor gen
erated associated with this high temperature will drive the projecting 
liquid towards the bottom of the cavity as shown in Figure 35(b). 
This action will partially fill the cavity, Figure 35(c). The EB then 
acts on a thicker molten pool and bores a hole through the liquid metal 
(Figure 35(d)) to reestablish the force imbalance which caused the ma
terial to enter the path of the EB. Filling the bottom of the hole will 
then occur again as this action repeats periodically. 

When the cavity bottom is partially filled, 'J. <5 liquid metal has 
already been heated to a high temperature. The EB should be able to 
bore througn this "super-heated" liquid very easily and encounter un-
melted base metal that has been heated by conduction from the pool of 
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hot molten liquid. When the EB impinges upon this base metal, it is 
possible that the beam could bore to a slightly greater depth than nor
mal, because the metal has been preheated, more than usual, and thus 
cause a spike. Instability of penetration or the spiking phenomena 
could be-associated with the formation of these liquid projections, 
their movement toward the weld root by the vapor reaction, and the con
sequent reopening of the cavity bottom. 

SIZE ESTIMATION OF LIQUID PROJECTION 

An estimate of the size of the liquid projection in the region of 
the force imbalance can be obtained by considering the geometry and 
forces at the point of the imbalance. Before any movement can occur 
the constricting force due to the surface tension combined with the hy
drostatic head must be substantially greater than the local vapor pres
sure force, as indicated in Figure 36. The net inward force is de
scribed by 

2Y dx + 2RZ dxfpgx - P yj = P i n 2R 2 dx 

R * + pgx - P v = P i n > 0 (20) r\p v in 

where P. is the equivalent inward pressure. Next it is assumed that 
some equilibrium shape exists as defined by 

y(- R 7 + B i - ) + P i „ = 0 (2D {*7 + 4H 
where R, and R' are the two radii of curvature of the liquid surface 
under the action of surface tension forces. Next substitute the expres
sion for the net inward pressure, from Eq. (20) into Eq. (21) and 
solve for the radius of curvature R} in terms of the other variables. 
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* R1 ^ 2 / 1 n R2 
# + D9X - P. V 
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R« = Rp 

R7 " | " Pv + P9 X 

Rl = 2 Y + A>gx - PV-)R2
 ( 2 2 ) 

When the vapor pressure is about equal to pgx, the radius of curvature 
of the material projection is approximately equal to half the cavity 
radius at the vertical position. It is then hypothesized that the 
thickness of the liquid projection should be on the order of the ra
dius R-i as shown in Figure 36(b). 

ESTIMATE OF TIME TO FILL CAVITY BOTTOM 

At the point of the force imbalance as shown in Figure 37, the 
liquid will move into the path of the EB. This will cause a local in
crease in the concentration of beam power on the projecting liquid 
surface causing evaporation of some of the metal and creating a force 
that will tend to drive the liquid metal to the bottom of the cavity. 
This force is directly related to the evaporation rate of the liquid 

19 metal. Langmuir related the rate of evaporation of an element or 
pure substance into a vacuum to the temperature of the condensed phase. 
This relationship based on kinetic theory and the concept of dynamic 
equilibrium has been proven accurate by countless investigators for 
many simple evaporating species including elemental liquid and solid 
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imbalance location. 
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metals. Recently, the equation has been shown to applay to alloy evap-
31 32 33 

oration. ' ' Here the assumption is that each species in the solu
tion will evaporate at a rate consistent with its partial pressure 
over the solution. Applied in this manner, the Langmuir equation written 
for a single component is as follows, 

J = 0.0583 ayNP 0 (j) (23) 

Here, a is the evaporation coefficient, unitless, y is the activity co
efficient of species in alloy, unitless, N is the atomic fraction of 
species in alloy, um'tless, P is the vapor pressure of pure species, 
Torr, M is the atomic weight, gm, T is the absolute temperature, °K and 
J is the evaporative flux per unit area, g/cnr-sec. 

The liquid metal projection at the point of the force imbalance 
will be accelerated towards the bottom of the cavity according to 
Newton's second law where the force is that due to the surface evapora
tion on the liquid projection as shown in Figure 37. 

As the liquid projection forms and is pushed towards the cavity 
bottom, surface tension forces continually act on this distorted sur
face. The actual liquid surface contour during this reaction would 
be extremely difficult to define. Because of the complexity, the sur
face tension was not treated in the present analysis. 

The evaporation force is defined using the evaporation rate from 
the Langmuir equation, the area of the projection, and the time of 
evaporation T, which is also the time required to push the liquid pro
jection to the cavity bottom. 

F v = JA T ] (24) 
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The mass of the liquid projection is estimated to be equal to the pro
duct of the liquid density, p, the projected area, A, and the thickness 
of the projection, S or pAS. Substituting into Newton's law, F = ma, 
results in 

0 A T = fiM dfx ( 2 5 ) 

9 dr 

4=^=6 (26) 
dt Z p S 

The solution to this equation is well known, and is, 

x(t) = B ^ + Ct + D (27) 

Two boundary conditions are needed to evaluate the constants C and D. 
The first B. C. is defined by zero velocity at time zero. This re
quires that C be zero. The second B. C. states that at time T, the 
liquid projection has moved a distance H, representing the cavity bottom. 
This defines the constant D as, 

Bx 2 

D = H - -f- (28) 

The solution is therefore given by substituting Eq. (28) into Eq. (27), 

x(t) = f (tZ - -rf) + H (29) 

Then at time zero, x is zero, and one can solve Eq. (29) for T., the 
time required to push the liquid projection to the bottom of the cavity. 
The result is 

11/3 (30) 
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ESTIMATE OF TIME REQUIRED TO REOPEN CAVITY 

After the liquid projection has been driven to the bottom of the 
cavity it is assumed that the bottom is filled with liquid metal. Now 
the EB must bore through the molten metal to reopen the cavity to ap
proximately the same depth as at the time of the force imbalance. 

7 8 
Tong and Giedt ' presented an analytical model for the penetra

tion time of the cavity as a function of the vapor pressure, surface 
tension, and the hydrostatic head. Their analysis allows the time it 
takes the EB to penetrate into a cavity that has been completely filled 
with molten metal to be calculated. In the present situation, it Is 
argued that the cavity is only partially filled. However, the dynamics 
of boring a hole in a partially or completely filled cavity will remain 
the same. Therefore, their analytical expression was used to determine 
the time it takes the EB to bore a hole through the liquid of a parti
ally filled cavity. Their analysis assumed that the cavity could be 
represented as solid body of zero mass forced to move through the 
liquid metal by the net force due to vapor pressure, surface tension, 
and the hydrostatic head. The following expression 

\ l /2 / „ -si/2" M1 j^.r 
l \pgh/ Vpqh 7 -

2 
' " (31) 

ffl 
defines To, the time required for the massless solid body to penetrate 
a distance equal to the depth of penetration observed from weld sec
tions. Equation (31) shows the relationship between the external pres
sure, P_v, the fluid density, p, and the penetration depth, h. 
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The external pressure, which is forcing the mass!ess body to the 
bottom of the cavity, was suggested to Be the difference between the 
local surface vapor pressure and the surface tension constriction 
force from a spherical depression in the liquid surface as shown by, 

P = p - h. (32} 

where P y is the local surface pressure, y the surface tension, and R 
the radius of the spherical depression. It is further noted that the 
external pressure must be greater than the hydrostatic head in order to 
achieve any penetration at all, 

P e x > P9x (33) 

CAVITY OSCILLATION FREQUENCY 

It is now argued that this oscillatory behavior of filling the 
cavity bottom followed by a displacement of the liquid metal from the 
cavity is reflected by the wavy patterns observed from weld sections at 
the weld root and sometimes referred to as spiking. The total time for 
one complete cycle is the sum of the time to push the metal projection 
to the cavity bottom and the time required to bore a hole in the par
tially filled cavity to achieve maximum penetration. This can be repre
sented by, 

T = Tj + Tg (34) 

where Tj is defined by Eq. (30), and T 2 is defined by Eq. (31). The 
frequency can be defined by the reciprocal of the cycle time, 

f = 1 (35) 

If this description of the cavity dynamics during welding is valid a 
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correlation should exist between a frequency calculated by the above 
method and the actual oscillation frequency measured from a weld sec
tion after the weld has been completed. 

CAVITY OSCILLATION FREQUENCY CALCULATION FOR WELD IN PURE ALUMINUM 

The methods outlined above were used to calculate a cavity oscil
lation frequency for a material whose temperature was measured during 

21 
welding. This material was aluminum alloy 1100. The welding condi
tions for this particular weld were 31 Kv, 140 Ma with a welding speed 
of 0.8 cenitmeters per second. The wtld depth varied from 6 to 9 milli
meters. 

The assumed cavity shape during welding based on the cavity shape 
for a weld section along with the measured temperature distribution are 
reproduced and shown in Figure 33. Using the assumed cavity shape and 
the measured temperature distribution as a function of depth from Fig
ure 33 the surface tension constriction pressure can be calculated from 
Eq. (19) for the cavity wall and Eq. (12) for the cavity bottom. Sur-

34 
face tension data for aluminum by Wilson was used to determine the sur
face tension temperature dependence. The temperature vapor prpssure 
data of Figure 4 for pure aluminum and the temperature distribution as 
a function of depth allowed the vapor pressure to be calculated as a 
function of depth. 

In Figure 34, the vapor pressure and the surface tension pressure 
as a function of cavity depth are plotted. The force imbalance loca
tion occurs approximately 4 mm from the top of the cavity, where the 
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cavity radius is about 0.09 em. The value used for the thickness of 
the liquid projection was equal to 1/2 of the cavity radius at the im
balance location according to Eq. (22), or 0.045 cm. Since the total 
cavity depth is 9 mm the distance that the liquid projection must move 
to reach the bottom of the cavity, H, is 5 mm. 

When the liquid projection moves into the path of the electron 
beam it is assumed that the maximum temperature attained on its upper 
surface is the same as the maximum temperature measured at the cavity 
bottom. From Figure 33, the temperature at the bottom of the cavity 
was 2173°K. The corresponding vapor pressure for pure aluminum from 
Figure 8 is 27 Torr. For pure aluminum, the value of the constants in 
Eq. (23) a, y, and N are all equal to 1 since this is a pure species. 
When the above values are substituted into :.q. (23), the evaporation 

2 
rate is 0.176 gm/cm -sec. The time required to push the liquid pro
jection to the cavity bottom is computed to be equal to 0.089 second 
using Eq. (30). 

The momentary greater value of the vapor pressure compared to the 
surface tension force, P (as defined by Eq. (32)) can be determined 
by using the vapor pressure corresponding to the temperature at the 
bottom of the cavity, 2173°K, the corresponding surface tension, 747 
dynes/cm, and a radius equal to 0.05 centimeter. Since the electron 
beam is trying to push it's way LO the bottom of the cavity through 
this volume of liquid, a radius was chosen that is typical of the ra
dius of the electron beam. Evaluation of Eq. (32) results in approxi
mately 6000 dynss/cm for P . 

In Eq. (31), the value used for H which is to represent the thick
ness of molten metal which the electron beam must bore through was set 
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equal to the magnitude of the distance between the point of the force 
imbalance and the bottom of the cavity. Since it is assumed that the 
cavity will only be partially filled when the liquid projection is 
driven to the bottom of the cavity, the actual depth of liquid in the 
cpvity will be assumed to be equal to 3 mm. This is a value that is 
somewhat less than the distance from the point of the force imbalance 
to the cavity bottom which is 5 mm. Estimating the time to bore a hole 
in this thickness of material from Eq. (31) yields 0.006 second. The 
oscillation frequency can then be calculated by taking the reciprocal 
of the sum of these two times which leads to a value of 10.5 cycles 
per second. 

Most satisfactory EB welds when sectioned along the weld bead cen-
terline Will exhibit a wavy pattern at the weld root. The periodic oc
currence of these waves are argued to be related to the cavity oscilla
tion frequency. As the EB bores deeper during one portion of a cavity 
oscillation cycle, its penetration is reflected by a depression in the 
weld root fusion line. However, for a shallow weld the waves caused 
by the cavity oscillation are sometimes not evident. This could be 
due to a very small amplitude of oscillation. 

For the above weld the number of waves per unit length were de
termined from a weld section. Then multiplying this number by the 
welding speed yielded an experimental oscillation frequency of 10 cycles 
per second. This compares very favorably with the calculated oscilla
tion frequency of 10.5 cycles per second. 
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VAPOR PRESSURE-TEMPERATURE RELATIONSHIP FOR ALLOY CAVITY 

For alloys a slightly different approach is required to deter
mine the vapor pressure-temperature relationship. A theoretical de
termination of the vapor pressure is not possible because of the com
plexity of the phenomena involved. The activity coefficient and the 
evaporation coefficient for each species, and the effect of the ele
ments having greatly differing vapor pressures as a function of tem
perature are generally unknown. Also, the interaction of several ele
ments in the welding cavity during welding is generally unknown. 

The kinetics of evaporation utilizing the Langmuir equations have 
shown that evaporation rates can be calculated during electron beam 

31 32 33 evaporation for selected steel alloys and certain binary alloys. ' ' 
Experimental results indicate that these methods can be used when the 
alloy components have vapor pressure differences of a factor 5000 or 

35 less. Generally, prediction of evaporation rates, which are directly 
dependent on the vapor pressure, has been considered impractical when 
constitutents of the alloy to be evaporated have more than a factor of 

3 3fi 

10 difference in vapor pressure. This is due to the evaporation rate 
being dependent on the transport processes in either or both the liquid 
or the vapor phase. 

To obtain an estimate pf the vapor pressure in an alloy cavity the 
following approach was used. During welding, a glass slide was inserted 
into the electron beam chancer and positioned such that the vapor jet
ting out of the cavity would plate onto this slide. After welding, the 
glass slides were removed and the composition of the deposited layers 
determined using fluoroscopic and chemical analyses methods. Assuming 
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that the percentage of each element on the glass slide would be equal 
to the percentage of that particular element in the vapor phase in the 
cavity during we'icn'ng, Daltcn's law can then be used to estimate the 
total cavity vapor pressure of the alloy as a function of temperature 
based on the sum of partial pressures of each element at a particular 
temperature. Table 6 lists ali of the alloys welded with the percent
age of each element in the unwelded material and the percentage mea
sured in the vapor phase during welding. 

An examination of the vapor pressure-temperature data for the 
steel alloy constituents show the maximum difference in vapor pressure 
to be less than 1000. The aluminum alloys reveal very large vapor 
pressure differences in excess of 15,000 - 50,000 for the alloy constit-
uents. Based on the results of many other investigators ' this sug
gests that the vapor pressure dependence on temperature cannot be re
liably determined for any of the aluminum alloys. However, it is possi
ble that the vapor pressure of the steel alloys can be determined ex
perimentally. 

The above approach is still an approximation since it assumed that 
the vapor composition renins constant for any temperature. The compo
sition of the deposited elements represents material evaporated not on.ly 
from the cavity bottom, but also from the cavity side walls and the 
molten pool at the material surface. However, the compositional data 
show that the volatile elements must evaporate at rates substantially 
greater than those of the base metal for the alloys investigated. This 
suggests that nearly all of the temperature dependence of the alloy pres
sure will be directly related to the particular volatile element. There
fore, the constant composition assumption as a function of temperature 
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Table 6. Alloys welded comparing specified wt% alloying elements with 
v»t% alloying element vapor plated onto glass slide during a 
test weld. 

Alloy Element <nt% Speci
fication 

wt% Vapor Plate 
Analysis 

Fe 68.5 61. 
304 Stainless Cr 18 - 20 31. 

Steel Ni 8 - 1 2 2.3 
Mn 2 max 6.3 

Fe 63.3 30.2 
20-6-9 Mn 20. 39. 

Steel Cr 9. 29.6 
Ni 7. 1.2 

Fe 78.5 87.8 
HY-180 Ni 10. 4.4 

Steel Co 8. — 
Cr 2. 5.3 
Mn 0.15 2.6 

Al 94. 4.5 
5083 Mg 

Mn 
4 - 5 

0.3 - 1 
92. 

Aluminum Cr 0.05 - 0.25 — 
Zn — 2.7 

Al 98. 4.5 
6061 

Aluminum 
Mg 0.8 - 1.2 83.5 6061 

Aluminum Cr 
Cu 

0.15 - 0.35 
0.15 - 0.4 

— 
Zn — 12. 

Al 90. 
7075 

Aluminum 
Zn 
Mg 
Cu 

5.1 - 6.1 
2.1 - 2.9 
1.2 - 2. 

90. 
10. 

Cr 0.18 - 0.4 ... 
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should allow a reasonable estimate to be made for the alloy vapor pres
sure over a limited temperature range for those alloys composed of ele
ments having similar vapor pressures. Figure 38 displays vapor pres
sure versus temperature calculated by the above approach for each of 
the steel alloys welded during this investigation. 

Because of the large vapor pressure differences between the con
stituents of the aluminum alloys no similar attempt was made to deter
mine the aluminum alloy vapor pressure based on the analysis of the 
evaporated material. A calculation for comparative purposes only was 
made for these alloys based on the specifications of each alloy and 
plotted in Figure 38. These are to be used only as a means of showing 
that the alloys with larger wt% of the highly volatile elements such as 
zinc and magnesium can have substantially greater vapor pressure. 

Similar calculations were done for other test welds in pure alumi
num and pure tantalum. Table 7 summarizes the comparison between the 
experimental oscillation frequency determined from weld sections and 
the calculated oscillation frequency using the analytical procedure de
scribed above. Figure 39 shows a representative plot of the two major 
cavity forces as a function of depth for a test weld in tantalum. 
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Figure 38. Vapor pressure dependence on temperature for several alloys. 
Solid lines are based on specified elemental wt% in alloy material. 
Dashed lines are based on element wt% as determined by analysis of 
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Figure 39. Calculated values of surface tension pressure and vapor 
pressure in a tantalum EB welding cavity as a function of cavity 
depth. 
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Table 7. Cavity oscillation frequencies for pure metals. 

Beam Beam Weld Weld Oscillation Frequencies 
Material Voltage Current Speed Depth (cycles/sec) 

(kv) (ma) (in./min) (mm) Experimental Calculated 

1100 Al 17. 165 20 5.5 13. 10.6 
1100 Al 12.9 152 10.5 2 20 - 40 24 
1100 A l 2 1 31 140 19 6-9 10 10.5 
Tantalum 17 240 21.1 1.9 20 14 

SURFACE TENSION OF LIQUID IN ALLOY CAVITY 

The other unknown factor for alloys is the actual value of the sur
face tension. Surface tension values of alloys are generally not avail
able. No data was found for the materials investigated in this study. 
Therefore, it was assumed that the temperature dependence was that of 
the major element. Also, it was assumed that the actual value of sur
face tension was that of the major element although it is recognized 
that the value could be much lower for particular alloys. 

The uncertainty of the surface tension value will not be so great 
for those elements which contain elements whose surface tension values 
are similar, however; some uncertainties still exist for alloys having 
elements with greatly different surface tension values. For these par
ticular alloys it is not possible to predict accurately the location of 
the force imbalance in the welding cavity. 

ALLOY EFFECTS ON CAVITY OSCILLATION FREQUENCY 

The presence of a highly volatile element in an alloy can influence 
cavity oscillation. This highly volatile element may evaporate from the 
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surface at a rate that is greater than the rate at which it can diffuse 
32 to the surface. This is referred to as a diffusion limited process. 

For an alloy that is diffusion limited, as the highly volatile element 
is completely vaporized from the surface the vapor pressure will experi
ence a decrease. This will cause the force imbalance location in the 
cavity to move rapidly towards the cavity bottom. Consequently, the 
liquid on the walls of the cavity will flow towards the cavity bottom 
and mix to some degree. When the liquid has mixed it is very likely that 
the element that is highly volatile will now be present in the liquid 
surface region. The electron beam will then evaporate this highly vola
tile element creating a very high vapor pressure which will quickly 
force the liquid from the cavity resulting in a cavity of maximum pene
tration. This process could repeat itself and might even exhibit some 
periodicity. It is not clear at the present time what the physiral re
lationship might be. 

An additional mechanism which may influence the cavity oscillation 
frequency is due to the fluctuation of the liquid surface tension value. 
For an alloy that contains elements with greatly differing surface ten
sion values, as the composition of the surface changes due to unequal 
elemental evaporation rates, the surface tension could vary. Fcr an 
alloy that contains a highly volatile element whose concentration sub
stantially decreases as a function of time, the surface tension value 
may change considerably. 
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CAVITY OSCILLATION FREQUENCY CALCULATION FOR ALLOY 

The same methods used for calculating a cavity oscillation fre
quency for a pure material will now be used for an alloy. The material 
was stainless steel type 304. For the particular test weld chosen, the 
welding conditions were 15 Kv, 140 ma with a welding speed of 50 in./min. 
The weld depth averaged about 3.5 mm. 

The measured temperature distribution in this cavity during weld
ing was presented in the Experimental Program Section, Figure 26. This 
allows the surface tension pressure that is constricting the cavity to 
be calculated using Eqs. (12) and (19). Surface tension data for iron 
was used to determine the surface tension temperature dependence for all 
the steel alloys. The vapor pressure data for stainless steel 304 pre
sented in Figure 38 combined with the cavity temperature distribution 
allowed the vapor pressure to be estimated as a function of depth. 

The vapor pressure and the surface tension pressure as a function 
of cavity depth are plotted in Figure 40. The force imbalance occurs 
0.095 cm from the cavity bottom where the cavity radius is about 0.051 
cm. The thickness of the liquid projection according to Eq. (22) is 
0.0255 cm. When the liquid projection moves into the path of the elec
tron beam it is assumed that the maximum temperature attained on its. 
upper surface is identical to the maximum temperature measured at the 
cavity bottom. From Figure 26, the cavity bottom temperature was 
2448°K. The estimated vapor pressure (Figure 38) at that temperature 
is 110 Torr. To determine the evaporation rate for an alloy using 
Eq. (23), it is estimated that the product of the constants is equal to 
unity. Then using an average molecular weight of stainless steel for 
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Figure 40. Calculated values of surface tension pressure and vapor 
pressure in a stainless steel 304 EB welding cavity as a function 
of cavity depth. 
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this alloy the evaporation rate is calculated to be 0.965 g/cm -sec. 
The time required to push the liquid projection to the cavity bottom 
is determined to be 0.0345 sec using Eq. (30). 

The momentary greater value of the vapor pressure compared to the 
surface tension force, P , defined by Eq. (32) can be computed by using 
the vapor pressure corresponding to the temperature at the bottom of 
the cavity, 2448°K, the corresponding surface tension, 1538 dynes/cm, 
and a radius equal to 0.027 cm. This radius is typical of the elec
tron beam radius as the beam pushes it's way toward the cavity bottom 
through the superheated molten liquid. Evaporation of Eq. (32) re
sults in P = 3300 dynes/cm. 

The thickness of the molten metal through which the EB must bore 
was set equal to 0.09 cm, just slightly less than the value of H 
(0.095 cm). Equation (31) allows the time to be estimated to bore a 
hole in this thickness of liquid metal. This time, 0.0014 sec combined 
with the time to push the liquid material projection to the cavity bot
tom yields a cycle time of 0.0359 sec. By taking the reciprocal the 
oscillation frequency is determined to be 28 cycles/sec. This compares 
very favorably with the experimentally determined value of 32 cycles/sec. 

Calculations done for other alloy test welds are summarized in 
Table 8. Comparison of the experimental and calculated oscillation 
frequencies show good agreement. The oscillation analysis presented 

18 
by Tong and Giedt also allows the oscillation frequency to be calcu
lated. The frequencies determined for 1100 aluminum and type 304 
stainless steel with penetration depths of 10 to 20 mm ranged between 
9 and 13 cps for weld conditions similar to some of those listed in 
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Tables 7 and 8. The frequencies calculated by the present analysis 
agree favorably with those of Tong and Giedt for welds having compa
rable weld depths. 

Table 8. Cavity oscillation frequencies for alloy materials. 
Beam 

Material Voltage 
(kv) 

Beam 
Current 

(ma) 

Weld 
Speed 

(in./min) 

Weld 
Depth 
(mm) 

Oscillation Frequencies 
(cycles/sec) 

Experimental Calculated 

6061 Ai 15 130 29 4.4 16 — 
7075 Al 13 120 10 7.2 4 - 5 
5083 Al 15 135 60 6.7 30 - 40 ... 
HY-180 
Steel 

18 174 60 5.5 23 - 30 18 

20-6-9 
Steel 

15 135 26 7. 11 - 17 11.2 

20-6-9 
Steel 

18 175 28.6 10.8 10 10.5 

Stainless 
Steel 304 

18 154 60 5.4 42 - 40 42 

Stainless 
Steel 304 

15 140 50 3.5 32 28 

21 
Stainless 

Steel 304 
32 155 12 20 6-9 6 

No calculations were attempted for the aluminum alloys since it 
was not possible to make a reasonable estimate for the temperature-
vapor pressure relationship. Figures 41 and 42 show typical calcu
lated vapor and surface tension pressures in the weld cavities for 
HY-180 and 20-6-9 steel alloys. 
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Figure 41. Calculated values of surface tension pressure and vapor 
pressure in a HY-180 steel alloy EB welding cavity as a function 
of cavity depth. 
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Figure 42. Calculated values of surface tension pressure and vapor 
pressure in a 20-6-9 steel alloy EB welding cavity as a function 
of cavity depth. 
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FORMATION OF FREEZE RING PATTERN ON WELD BEAD SURFACE 

Examination of the weld bead after completing a satisfactory weld 
reveals many small ripples on the weld surface. The frequency of these 
ripple.:, can be determined by multiplying the number of ripples in 1 cm 
of weld length by the welding speed in cm/sec. The cavity oscillation 
frequency obtained from a calculation based on the dynamics at the cav
ity bottom, or from an examination of a center weld section along the 
length of the weld quite often does not agree with the ripple frequency. 
This suggests that the formation of the bead pattern is caused by an 
oscillation of the molten metal at the cavity top and is not necessar
ily identical to the root pattern. 

The cause of the freeze ring patterns in the weld bead may be the 
result of an imbalance between the surface tension force acting at the 
cavity top and the vapor pressure. As the opening increases in di
ameter, the surface tension dominates and causes the hole size to de
crease. Then the pressure buildup of the metal vapor in the cavity 
pushes the liquid back and causes a liquid wave to travel away from the 
cavity. This wave washes onto solidified metal, but as it travels out
ward over the solid area the surface tension acts to decelerate the 
liquid. As it is decelerated, it solidifies onto the solid material 
forming an overlapping bead pattern. These patterns are sometimes 
called freeze rings, ridges, or ripples. 

The interaction between the surface tension and the vapor pressure 
at the cavity top was analyzed (see Appendix B). For a particular alumi
num 1100 weld, if the cavity top opening is reduced from a diameter of 
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0.07 cm to 0.03 cm for 10 microseconds, the pressure buildup is twice 
as great as the existing cavity pressure. This is certainly great 
enough to quickly enlarge the opening. Since this pressure buildup 
will be rapid, it will probably act like an impulse on the liquid at the 
top of the cavity and drive it back towards the solidified weld bead 
region. As this happens, the mate15al •• ill wash onto the already solidi
fied metal and a portion will freeze as the surface tension force acts 
to reverse it's flow direction. This repetative action could explaii 
the freeze ring patterns. Approximating the cycle time to be twice the 
estimated time to close the cavity, or about 0.072 sec, the frequency 
is about 68 cycles per second compared to the experimentally determined 
frequency value of 71. Calculated values of the frequency at the weld 
bead surface for several weld conditions are listed in Table 9 and show 
favorable agreement with the experimental values. Therefore, the freeze 

Table 9. Comparison of estimated top weld bead frequency with experi
mental value for several specified test welds. 

Beam Beam Weld 
Material Voltage Current Speed Top Weld Bead Frequency 

(kv) (ma) (cm/sec) Experimental Estimated 

1100 Al 15 140 2.54 71 68 
1100 Al 17 210 0.61 21 14 
Tantalum 17 240 0.89 45 - 62 48 
304 Stain! 

Steel 
ess 18 154 2.54 127 - 178 142 
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ring pattern could be associated with the cavity dynamics at the cavity 
top. It is also possible that natural wave motion is responsible for 
the freeze ring patterns. But it is not clear at this time what the 
actual mechanism might be. 
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DISCUSSION 

INTERPRETATION OF THE ELECTRON BEAM WELDING PROCESS 

The temperature measurements and the analysis presented support 
the general concept of vapor pressure and surface tension interaction 
in the cavity for both pure metals and alloys. Now that the tempera
ture has been measured, postulations as to what might be happening in 
the cavity can be better determined. Vapor pressure values can ac
tually be estimated in the cavity as well as the magnitude of the sur
face tension constricting force based on the temperature measurements. 
For the first time a reasonably accurate assessment can be made of the 
forces acting on the cavity as a function of depth. 

This work focused primarily on combining observations with physi
cal descriptions to further the understanding of the process. Tempera
tures measured in the cavity and on the surrounding molten pool support 
the concept that the metal vapor pressure maintains an open cavity. 
The temperature on the molten pool surface at the top of the cavity is 
much lower than at the cavity bottom. The vapor pressure corresponding 
to the temperature at the top is very small and would result in no sub
stantial metal movement caused by the vapor recoil force. However, at 
the cavity bottom, the corresponding vapor pressure at the liquid sur
face is quite sufficient to result in a significant vapor recoil force. 
The existence of this force has been verified experimentally. The 
action of this force can explain how the liquid gets pushed aside to 
expose fresh base metal and thus enable deep penetration. 



108 

The measured temperature distributions in the cavity did not in
dicate the existence of a substantial temperature gradient from the 
front region to the rear. This tends to discount the importance of 
metal movement from the front to the rear of the cavity as a result 

14 of thermocapi11ary forces. Homogeneous mixing of the material can 
still be caused by material transfer from the cavity bottom to the top 
caused by the temperature gradient induced thermocapi11ary force. 

Based on oscillations detected in the cavity with a piezoelectric 
sensing element it is believed that intensive vaporization takes place 

15 only at the weld root. The peak temperature measured at the cavity 
bottom of a pure aluminum weld and the corresponding high vapor pres-

15 sure support this concept. Leskov et al. argued qualitatively that 
as the vapor jet moves upward it could interact with the molten metal 
in the pool to cause surface waves. The tops of the waves could be 
projected into the path of the beam, be intensely evaporated, and the 
resulting vapor recoil force could push the liquid towards the cavity 
bottom. Examination of x-ray photography revealed the EB electrons col-

9 10 11 12 lide with the material in regions along the cavity wall. ' ' * The 
beam is observed to strike material at various locations suggesting that 
some liquid material has been forced into the EB path. The above argu
ments are very similar to the oscillation analysis presented in this 
research. 

Arata et al. observed that spiking could be suppressed by in
serting an alloy foil containing a highly volatile element into the up
per portions of the weld joint. Placing the foil at the bottom of the 
joint had no effect on the spiking. The analysis presented herein can 
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•explain the above results. Locating the volatile element in the upper 
cavity portion maintains a very high vapor pressure in the region where 
normally a cavity force imbalance would develop. The excessive vapor 
pressure released upon welding maintains an excess over the surface ten
sion constriction force and prevents the formation of a periodic cavity 
oscillation since there is no tendency for material to be inserted into 
the path of the beam. However, placing the foil near the cavity bottom 
does not prevent the force imbalance from forming in the upper cavity 
region. The surface tension pressure excess over the local vapor pres
sure causes liquid metal to be projected into the beam, its surface to 
be intensely evaporated, and then be driven towards the bottom. This 
action results in development of a periodic oscillation and does nothing 
to suppress spiking. 

The cavity force imbalance presented and the subsequent proposed 
metal movement in the cavity also provide an explanation for the-de
velopment of weld defects such as voids, porosity or cold shuts. As the 
liquid metal projection at the force imbalance location is driven to
wards the cavity bottom, it is possible that molten metal on the under
side of the projection may solidify before partially filling the bottom 
resulting in a void. It is also possible that a larger chunk of solidi
fied metal does not fuse to the sides of the hole and causes a cold shut. 

The magnitude of the hydrostatic head force when compared to 
either the force due to vapor pressure or surface tension has little 

37 
influence as far as closure of the cavity is concerned. Paton demon
strated this by performing welds in which the gravitational force acted 
in a direction perpendicular, parallel, and opposite the penetration 
direction. Very little difference was observed between the resulting 



no 

Welds except when the penetration depth was very large. For this situ
ation, there was a tendency for some of the liquid to flow out of the 
cavity when performing a deep penetration upside down weld. 

PROPOSED DYNAMIC EB WELDING MODEL 

On the be.sis of the foregoing discussion, the following model has 
been developed to describe the electron beam weld process. The tempera
ture measurements support the concept that at the bottom of the cavity 
the temperature is higher than at the top. The resulting high tempera
tures at the cavity bottom allow sufficient vapor pressure to develop 
such that the cavity cannot completely collapse. Proceeding up the 
cavity wall the temperature decrease causes a pressure drop and a de
crease in the surface tension force. However, the decrease of the vapor 
pressure is much more rapid because of its strong dependence on tempera
ture. At a position located on the cavity wall somewhere between the 
top and bottom of the cavity, the surface tension constricting force be
comes larger than the force due to the local vapor pressure from the 
evaporation of liquid metal. Above this position, the surface tension 
force is greater than the vapor pressure force and causes some molten 
liquid to move inwards slightly. Because of the lower vapor pressure 
force, this liquid tends to flow downwards along the cavity wall until 
it reaches the region of the force imbalance. At this location the vapor 
pressure force is overpowering and the liquid is forced to move toward 
the cavity center resulting in the formation of a liquid projection. 
This liquid projection moves directly into the path of the EB. The EB 
then heats the surface of the liquid projection to a very high tempera-
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ture. This results in intense evaporation of the surface and causes 
the liquid projection to be pushed towards the cavity bottom by the 
vapor recoil force. Also, the projection will fall since the surface 
tension will be reduced on the upper surface of the projection due to 
the higher temperature compared to the underside. This action par
tially fills the cavity bottom with liquid metal. Next the EB pene
trates through this layer of very hot liquid metal to achieve maximum 
penetration. It has been proposed that this repetitive behavior is 
related to the oscillation frequency observed in EB weld sections. Os
cillation frequencies calculated based on a model of the above behavior 
agree well with measured values. 

Additional analyses based on the observation of photographic 
movies of the EB weld process and dynamic considerations from the 
force imbalance at the cavity top, suggest that the freezing rings 
associated with the EB welding are a result of a periodic semiclosing 
of the cavity at the upper portion of the cavity. This periodic be
havior at the top of the cavity is one in which the surface tension im
balance force tries to close the cavity. This pulls metal in the upper 
regions of the cavity towards the cavity center and decreases the size 
of the opening through which both the EB enters and the evaporated metal 
vapors escape. If the top diameter gets reduced to a value approxi
mately one-half of that which is associated with intense evaporation at 
the cavity bottom, then there is an almost instantaneous pressure build
up which forces the liquid at the cavity top to move away from the cen
ter towards the solidified weld bead region. This action pushes a 
liquid wave onto the solidified metal behind the cavity. As this mate-
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rial- is moving away from the cavity, a deceleration force due to sur
face tension tends to decrease the liquid velocity. As the liquid is 
slowed down and then accelerated towards the cavity again, some of the 
metal solidifies on the weld bead. This action forms a weld bead that 
has a series of ridges referred to as weld rings. It has been shown 
that from the dynamics of this type of behavior one can calculate a 
frequency that agrees with the actual measured freeze ring frequency. 

PREDICTION OF SPIKING TENDENCY 

One of the major problems associated with EB welding is the tend
ency for spiking to occur. A correct model should be capabile of indi
cating whether this will happen. In this section, the application of 
the information obtained in this study for the development of a proce
dure for predicting spiking tendency will be presented. A stability 
parameter is defined that provides a means of evaluating whether a 
specified set of weld parameters will produce spiking and provides a 
qualitative measure of the spiking magnitude. This is based on an im
portant characteristic of the measured temperature distribution, which 
will be described first. 

Dimensionless Temperature Profile. Many cavity temperature measure
ments were obtained during the course of this investigation. After pre
paring plots of these temperatures versus cavity position, the follow
ing observation was noted. The temperatures at the bottom of a 
shallow cavity decreased more rapidly than those at the bottom of a 
deep cavity. In other words, the temperature along the walls of a deep 
cavity remained at a level closer to the peak temperature than those in 
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a shallow cavity of the same material. An attempt was made to general
ize this information in the form of dimensionless temperature and 
cavity location. The following two relations were defined to repre
sent these dimensionless values. The dimensionless cavity location 
parameter is 

a - (l - ft) (36) 
where x is measured from the cavity top towards thtf bottom, and h is the 
penetration depth. The dimensionless cavity temperature variable is, 

T„ - T(x) 
6 - -l—Y- (37) 

'B 'T 
where T T and T R are the temperatures at the cavity top and bottom re
spectively, and T(x) is the temperature at location x. Some repre
sentative temperature profiles are shown in Figure 43 in terms of 
these parameters. 

Observation of the dimensionless data suggest that, as the pene
tration depth increases, there is a definite change in the shape of the 
temperature profile. Looking at the profiles for the steels in partic
ular, the shape changes from concave upwards to concave downwards with 
increasing weld penetration. Although not as dramatic, the aluminum 
group displays the same behavior as penetration depth increases. Be
cause of the consistency of this observed trend, an attempt was made to 
fit a simple functional form to the data. This would allow temperature 
profiles to be estimated for any test material. The following points 
were considered during the development of this function: 
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Material h, cm 

O TA 0.19 
Q 20-6-9 Steel 1.08 
V HY-180 Steel 0.55 
• 304 SS 0.52 
• 304 SS 0.35 
• 5083 Al 0.74 
O6061 Al 0.44 
• 1100 Al 0.20 

Figure 43. Experimental dimensionless temperature profiles 
and proposed dimensionless temperature function. 
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1. The function should be dependent on penetration depth. 
2. The function may be material dependent. 
3. The function may be dependent on the particular EB welder 

used. 
Of the many functions that could be selected to represent the 

experimental data, the following expression was chosen: 

e = i - $ (38) 
where P is the power to which the dimensionless cavity location, x/h, 
is raised. In the process of determining which value of the exponent, 
P, best represented the experimental data, it was discovered that P 
could be represented as the following ratio: 

P = | (39) 
In this simple form, c represents the penetration depth at which the 
weld root area starts to change from a relatively smooth line to a more 
wavy line. This interpretation has physical significance and allows the 
function, Eq. (38), to be both material and machine dependent, as well 
as dependent on penetration depth. The final form that was used to rep
resent the experimental dimensionless temperature profiles was there
fore 

e = i - ( g [ c / h ] (40) 
Table 10 lists recommended values to use for the materials considered 
in this study. Using Eq. (40), it is possible to generate representa
tive temperature profiles in aluminum, steel, or tantalum weld cavities 
for a variety of weld penetration depths. 
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Table 10. Value of c to use in Eq. (40) 
for nuterials investigated. 

Material c, cm 

Aluminum 0.35 
Steels 0.50 
Tantal' ' 0.15 

The two dominating forces in the weld cavity result from the 
local liquid metal vapor pressure and the surface tension pressure. 
For all of the materials investigated (except the aluminum alloys) it 
was possible to calculate representative values for these pressures 
at the cavity bottom using the approach presented in the Analysis Sec
tion. A comparison between the two pressures over an extensive range 
of weld parameters indicated that the vapor pressure is slightly in 
excess of the surface tension pressure (Appendix C). This observa
tion allows a procedure whereby the vapor pressure-temperature rela
tionship can be approximated for an alloy containing a highly vola
tile element. Appendix C demonstrates the procedure for 7075 alumi
num which contains the volatile element zinc. The definition of the 
alloy vapor pressure-temperature data allows the vapor pressure de
pendence to be estimated in the cavity. 

9 10 Stability Parameter. Some investigators ' have suggested that 
spiking is associated with the near closure (at the cavity top) of a 
stable cavity. The spike occurs when the cavity remains in a stable 
configuration for an extended period such that the beam continues to 
penetrate deeper with no interruptions. Normally, the beam is thought 
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to be interrupted at regular intervals by the liquid material in the 
cavity region. It is logical to assume that these interruptions may 
occur at the location of the force imbalance between the vapor pres
sure and surface tension (Analysis Section). If this happens, it 
could be argued that when the imbalance location is near the cavity 
bottom, the magnitude of a potential spike is very small since the 
cavity shape with the projected liquid is essentially identical to the 
"stable" cavity shape. In other words, the imbalance height is small 
relative to the depth of penetration, h. However, if the imbalance is 
located near the top of the cavity, the shape of the cavity containing 
the liquid material projection will be greatly different than the stable 
cavity shape (i.e., the projection will fill more of the cavity cross-
section). It is possible that a spike of large magnitude could develop 
under these conditions. 

The above reasoning suggests that the ratio of the imbalance loca
tion height to the penetration depth may be an important parameter. 
When this ratio is small, the magnitude of spiking is also small and a 
stable weld should result. However, when the ratio is extremely large, 
say near 1.0, then large spikes or an unstable weld may be the result. 
Hence it is proposed to call this ratio, S, the stability parameter. 

S = £ (41) 

The experimental data shown in Table 11 covers a large range of weld 
conditions. The procedure indicated in the Analysis Section was used 
to determine the value of H, the force imbalance location, for at least 
one weld condition for each material welded except for the aluminum 
alloys. Concentrating only on the last two columns, when S is 0.3 or 
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Table 11. Experimentally determined stability parameter, S. 

S = ^ b h 
Comments 

Material E, kv I, ma U, cm/sec H, cm h, cm S = ^ b h on weld S = ^ b h root area 

1100 Al 12.9 152 0.44 0.05 0.20 0.25 Smooth-no 
spiking 

1100 Al 2 1 31 140 0.80 0.50 2.00 0.25 No spiking 

Tantalum 17 240 0.89 0.08 0.19 0.27 No spiking 

SS 304 15 140 2.11 0.095 0.35 0.27 No spiking 

SS 304 18 168 2.54 0.16 0.52 0.31 No spiking 
?1 SS 304*' 32 155 0.5 1.2 2. 0.60 Some spik

ing 
20-6-9 
Steel 18 175 1.21 0.87 1.076 0.81 Spiking-

large 

20-6-9 
Steel 15 135 1.1 0.6 0.7 0.86 Spiking-

large 

HY-180 
Steel 18 174 2.54 0.28 0.55 0.51 Some spik

ing 

less note that no spiking results. When S is in the vicinity of 0.5, 
some spiking is evident. However, when S is 0.8, spiking is very se
vere and results in an unacceptable weld. It is, therefore, proposed 
that spiking will not be a problem for welds having a value of S less 
than 0.5; and, consequently, when S is greater than 0.5 the weld may be 
expected to exhibit unacceptable spiking. 

The observed difference in the temperature distribution as a func
tion of weld depth combined with experimental correlation of detrimental 
spiking with a large value of S led to the possibility of predicting 
when spiking may be unacceptable. Estimating a weld depth using the 
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procedure indicated by Tong and Geidt for a given set of weld parame
ters allows the cavity temperature distribution to be determined. Once 
the temperature is known, the cavity forces can be calculated and the 
location of the force imbalance in the cavity can be obtained. Finally, 
the stability parameter can then be estimated for this particular weld 
condition. Briefly, the procedure consists of the following steps. 

1. Determine the penetration depth (Appendix D, Figure D-2). 
2. Determine the cavity temperature from the dimensionless cavity 

temperature expression (Eq. 40). 

3. Approximate the cavity shape to that of a cone with a spheri
cal bottom. 

4. Determine the surface tension pressure variation in the cavity 
as indicated in the Analysis Section. 

5. Determine the vapor pressure variation in the cavity as indi
cated in the Analysis Section. If necessary, estimate the 
vapor pressure-temperature relationship as indicated in Appen
dix C. 

6. Determine the imbalance location, H, as indicated in the 
Analysis Section. 

7. Calculate the stability parameter, S. 
This general method was used to calculate the stability parameter for a 
variety of weld parameters for several of the materials used in this 
study and one material, uranium, from the literature. The results of 
these calculations are to be found in Appendix D, the stability parame
ter is shown in Figure 44. The stability parameter was calculated for 
the welds in this study for which the weld root region could be observed 
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_ l 1 _ 1 _ L 

El/Ua, kJ/cnf 

Figure 44. Stability parameter. 
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from a post-weld macrosection. In all cases, the stability parameter, 
as determined using the above described general method, was greater 
than 0.5 for welds exhibiting unacceptable spiking and less than 0.5 
for those welds with little or no spiking. 

It is possible to determine whether a selected set of weld parame
ters may result in a weld with excessive spiking. First, the pene
tration depth and beam power are specified, then the product Ua can be 
determined. Next, the ratio El/Ua is computed and the corresponding 
value for the stability parameter is determined from Figure 44. If S 
is greater than 0.5 spiking becomes more of a problem that if it is less 
than 0.5. After a few simple iterations, a set of weld parameters can 
be chosen that will result in a weld with a low probability of severe 
spiking. All of this can be done without performing a single test weld. 
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CONCLUSIONS 

1. For a specific material the peak cavity temperature is not de
pendent on weld penetration. This means that for various electron beam 
power settings or welding speed there is no measurable change in the 
peak cavity temperature for a specific material. 

2. Comparison of temperature recordings with weld root sections 
indicated no correlation between spiking conditions and measured tem
perature level. 

3. The strong variation of temperature from cavity top to bottom 
suggests that the vapor pressure will be greatest at the cavity bottom, 
and negligible near or at the cavity cop. 

4. Temperature measurements or the cavity after repeated weld 
passes indicate that when very small amounts of highly volatile ele
ments are evaporated there is a substantial increase in temperature. 
This explains why the amount of volatile elements in an alloy can have 
a dramatic effect on tne behavior of the cavity during welding. 

5. Utilizing the cavity temperature measurements in the analysis 
of the forces acting in the cavity indicated that a force imbalance oc
curs between the vapor pressure and surface energy forces along the 
cavity wall. It was postulated that at the imbalance location a liquid 
material projection is driven towards the cavity bottom. This action 
partially fills the cavity and is followed by the beam boring a hole in 
this molten liquid. These oscillations provide an explanation for the 
alternate partial filling and reforming of the cavity. Calculated os
cillation frequencies agree favorably with experimentally determined 
frequencies. 
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6. Cavity oscillations also appear at the cavity top but are not 
necessarily related to the oscillations at the cavity bottom. The os
cillations at the top result in the freezing patterns on the weld bead 
surface. Calculated top oscillation frequencies agree well with those 
determined experimentally. 

7. The measured temperature distributions were observed to ex
hibit a characteristic behavior as a function of weld depth. An ex
pression is proposed for representing the temperature in the cavity as 
a function of the weld penetration depth. This dimensionless expres
sion is also material dependent. 

8. The cavity location at which the force imbalance occurred was 
shown to be related to the spiking tendency. A general method was 
presented that enables the stability parameter to be calculated for nu
merous choices of weld parameters. This allows a determination to be 
made as to whether a set of weld parameters may lead to a condition ex
hibiting severe spiking. 

RECOMMENDATIONS 

1. Further investigation is required on the effect of volatile 
elements in alloys. 

2. Temperature measurements should be obtained on these same ma
terials on a higher voltage welder. It is possible that the maximum 
temperature level as well as the temperature distributions may also be 
machine dependent. 

3. Emissivity measurements of liquid metals at temperatures well 
above melt are needed to increase the accuracy of the temperature mea
surements. 
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4. The concept of the stability parameter should be pursued for 
a'dditional materials.- Also, welds performed on other welders should 
be analyzed to determine if machine differences are significant. 
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APPENDIX A 

Reflected Radiation Entering Probe from Other Cavity Surface Elements 

The pyrometer used measures all of the radiation leaving the tar
get area. This is the sum of the emitted and reflected radiation. 
For radiation measurements in a conical cavity the magnitude of the re
flected radiation must be determined, and if significant, the appro
priate correction to the measured reading must be made. 

The radiation, q R, leaving an arbitrary location, dA., on the 
cavity wall can be represented as the sum of the emitted and reflected 
radiation. Referring to Figure A-l, radiation coming into surface 
dAj by reflection from surface A s, is equal to q,., s multiplied by 
the surface reflectivity, p. Equation (A-l)defines the local heat 
flux leaving dA. per unit time and per unit of dA. as 

q R = EOT 4 + p q I N j S 

(A-l) 
q R = eaT 4 + (1 - e ) q I N > s 

The fraction of the emitted radiation from dA. that reaches dA^ 
both directly and by specular interreflection defines the exchange 

28 factor, d E d A , A , as 

1 J 7=1 
where f n is the diffuse angle factor. The radiation arriving at dA.. 
by reflection from all elements dA^ is, 
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Figure A-1. Area def ini t ions in concial cavity. 
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4 d A i 

Usinc reciprocity, dA- dE^A.-dA- = d A i d EdA--dA ' t h e i n c o n v i r i 9 energy 
to dA. by reflection and direct radiation from other elements on the cone 

28 surface is, 

llN.S = / E o T 4 d EdA,-dA. 

or 

"iN.S = e o T 4 E d A r A s (A-4) 

where EJ„ , is the fraction of energy emitted from dA. per unit of dA. 
that reaches the cone surface area, A $. Substituting Eq. (A-4) into 
Eq. (A-1) gives the local heat flux leaving dA^ (per unit of dAj) by emis
sion and reflection as, 

q R = E a T 4 + (1 - e)eaT 4 E ^ ^ (A-5) 

In terms of the local heat flux, q R, the intensity of radiation leaving 
dA. in the direction of the probe is, 

i = -^U\ sin gj du (A-6) 
where du is the solid angle subtended by the probe. 
Equ ting the above radiation intensity leaving dA* to that entering the 
proe area, dA , by emission at the cavity temperature with an apparent 

emissivity, e . gives a 

'• /sin BdA, du = — dA, sin 6 doj (A-7) 
ir / l IT i 
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The cavity geometry is defined in Figure A-2. Substituting Eq. (A-5) 
for q R into the above expression, and solving for e , results in, 

ca - s • (1 - e)e E ^ . ^ (A-8) 

To estimate e , a value must be determined for E. f l . for typical 
measurement geometries. A value for E^ « could be calculated using 

opl S 

the equation given by Lin and Sparrow, but the evaluation is very un
wieldy. It is easier to use the appropriate figures presented in the 
reference and the following relationship to solve for E.. _A 

^ T = e " £ E d A r A s (A-9) 

For a specific cone angle, 9, axial location, z, and surface emis-
sivity, the reference figures give a value for the left-most term in 
Eq. (A-9). This allows solution for E., _A by use of Eq. (A-9). The 
above calculation sequence was performed for representative test con
figurations to arrive at the data compiled in Table A-1 for specular 
or diffuse radiation. 

The target spot is approximately 0.020 inch in diameter and the 
cavity sizes for a conical cavity "aried as shown in Table A-2. A 
shallow cavity typically had a cone angle of 45°, while a deep cavity 
had a cone angle of 10° of less. Values for E.« « from Table A-1 

i" s 
were substituted into Eq. (A-8) and values of e a were calculated and 
tabulated in Table A-3. 

The increase in emissivity due to the interreflections from a 
deep cavity surface with e = 0.5 is 35 to 80%. Because of the 45° 
viewing angle of the probe relative to the work piece surface, it 
was not possible to view the cavity bottom of a deep weld. For a 
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IR probe line of sights 

Figure A-2. Cavity representation showing relation between IR 
probe line of signt anr1 cavity geometry. 
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Table A-l. Values of E d« _̂  for various typical measurement parame
ters. 1 s 

e e z/L E-Specular E-Diffuse 

0.1 10° 0.1 4.2 8.5 
0.1 10° 0.5 3.2 5.7 
0.1 10° 1.0 1.5 1.5 

0.5 10° 0.1 1.8 2.0 
0.5 10° 0.5 1.6 1.8 
0.5 10° 1.0 0.7 0.7 

0.1 20° 0.1 2.2 5.0 
0.1 i 0.5 1.5 2.5 
0.1 1.0 0.8 0.8 

0.5 0.1 1.4 1.8 
0.5 , ' 0.5 1.1 1.3 
0.5 2 0° 1.0 0.5 0.5 

0.1 4 5° 0.1 0.8 1.1 
0.1 0.5 0.5 0.5 
0.1 1.0 0.2 0.2 

0.5 0.1 0.66 0.8 
0.5 , 

• 
0.5 0.4 0.44 

0.5 4 5° 1.0 0.16 0.16 
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Table A-2. Concial cavity values for a typical 
shallow or deep cavity. 

Shallow Cavity Deep Cavity 

Depth, cm 0.2 0.7 
Diameter, cm 0.254 0.2 
Area, cm 2 0.0945 0.222 
dA./As 0.021 0.0088 

Table A-3. Apparent Emissivity for shallow ^nd deep cavities. 

Shallow (6=45°) Deep 1 [9=10°) 
Cavity Measure

ment Location 
e=0.1 e=0.5 e=0.1 e=0.5 

Top 0.118 0.54 0.235 0.675 
Middle 0.145 0.60 0.388 0.9 
Bottom 0.172 0.665 0.478 0.95 

shallow weld with a surface e = 0:5 the emissivity increase is 8 to 
33%. In either case, the amount of radiation entering the probe via 
reflection from other cavity surface elements can not be neglected. 
It is recommended that Eq. (A-8) be used to estimate the apparent 
emissivity. The majority of the temperature measurements in this study 
were obtained from shallow weld cavities with a range of surface emis
sivity of about 0.3 to 0.4. Therefore, the emissivity increase over 
these surface values will vary between 10% near the top and 40% near 
the bottom. 
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APPENDIX B 

Frequency of Weld Bead Ripples 

To determine the pressure buildup in the cavity the vapor mass must 
be known. The mass in the cavity at any time, t, is equal to some time 
averaged value at tj plus a transient amount due to time flucturations, 

m{t) - m O ^ ) + / $ d t (B-l) 

where dm/dt represents the net amount of mass change per unit time. As
suming an average constant value for dm/dt and approximating the time in
crement AT as t - t.j allows the above expression to be written as, 

dm (B-2> 
m(t) = m^) + § A T 

If more mass is condensing on the cavity walls than is being evaporated 
in a small area, it is possible that dm/dt could even be negative. How
ever, that would not produce a pressure buildup. A pressure buildup 
can only arise when less mass is leaving than is being evaporated. Fig
ure B-l shows a cavity representation at some time. The electron beam 
is intensely evaporating the metal at rate m on area A and the vapors 
leaving the cavity at rate m through area A^. The following expression 
described the rate of change of mass as, 

dT-^vV^E (B-3) 
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v i 

-Liquid 

Figure B-1. Representation of cavity showing mass evaporating at 
cavity bottom and exiting through cavity top. 
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An expression for the pressure buildup over some time averaged 

cavity pressure can be derived from the perfect gas law, 

mRT 
P = - f l j r (B-4) 

where M is the molecular weight, V is the cavity volume, T is the aver
age cavity temperature, m is the vapor mass in the cavity, R is the 
universal gas constant, and p represents the average cavity vapor pres
sure. Assuming the cavity temperature and volume to remain relatively 
constant over a small time increment, AT, allows a differential pressure 
change, dp to be determined for a constant rate of mass change dm/dt as, 

Estimating a value of dm/dt from Eq. (B-3), the pressure buildup over 
some time averaged cavity pressure could be determined from Eq. (B-5). 
To determine how large this value actually is, it should be compared to 
the time averaged cavity pressure based on a time averaged cavity sur
face temperature. A value for the term m in Eq. (B-3) can be estimated 
by using the Langmuir relationship, Eq. (23). For m one could take as 

•50 a maximum flow rate that defined by choked flow which has the form 

m p = 0.0011 - J y - P (B-6) 
e V u cr/sec 

2 where P is the average cavity pressure, dynes/cm , and T is the cavity 
temperature, °K. The magnitude of the pressure buildup defined by Eq, 
(B-5) can then be calculated by assuming a cavity volume, V, and time 
increment, AT. 

The liquid metal at the cavity top wants to flow back into the 
cavity with the help of the surface tension imbalance force as depicted 
in Figure 32. During welding the liquid is almost entirely behind the 
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electron beam cavity as shown in Figure B-2. As the surface tension 
force tries to constrict the cavity into a smaller shape, the liquid 
metal will move into the cavity region. It is assumed that the magni
tude of the liquid mass is approximately equal to the cavity volume 
multiplied by the liquid density, 

m = PTrR2h (B-7) 
Then, under the influence of the surface tension force, the liquid will 
be accelerated in a direction opposite to the weld direction according 
to Newton's second law. Further, if it is assumed that the force is act
ing uniformly over a cavity surface area projected onto a vertical plane, 
(h - H)2R, from the imbalance location to the cavity top, one can write 
an expression for the surface tension force using Newton's second law. 

d 2x Surface tension force = mas — B -
dt 

For a surface tension pressure, P<. T , the above is, 
Pc T (h - H)2R = PT7R2h ^ 4 (B-8) 
a. i. dtc 

The solution to Eq. (B-8) is 

(B-9) x( t ) . P S . T > " 
p7rRh 

H)2 t 2 

i j - + Bt + C 

where boundary conditions 

0) x = 0 

t = 0 
gives C = 0 

and 

(2) 4* = n dt u 

gives B = 0 
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Liquid • Cavity 

(a) (b) 

Figure B-2. Simulation of cavity before and after l i qu id metal flow 
result ing from the constr ict ing effect of the surface tension. 
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or 
K , (h - H)t2 

* ( t> " ̂ " R h <B-10> 
This solution will only apply as long as the pressure buildup is small 
and the surface tension pressure is uniform. Since the surface tension 
pressure actually increases as the hole diameter decreases, the above 
expression can only be used to estimate the time it will take to nearly 
close the cavity. 

Now the necessary relations have been presented and a general esti
mate can be made for the dynamics at the cavity top. The time required 
to close up the top opening can be determined from Eq. (B-10). For a 
typical weld in aluminum 1100 alloy 

R = 0.12 cm, h = 0.2 cm, H = 0.05 cm 
and 

3 p = 2.7 gm/cm, 
the surface tension pressure at the cavity top will be about 6000 dynes/ 

p cm . Therefore, the time required for the liquid to move a distance equal 
to the hole diameter, 2R, or 0.24 cm is from Eq. (B-10). 

t _ XpirRh 

- /(.24U2.7M.12H.2)' . n n n 7 1 ... , R i n 

' J (6000)(.2 - .05) °- 0 0 7 3 s e c ( B - 1 1 ) 

Now, an estimate of the pressure buildup must be made. For the above 
weld, the cavity dimensions are h = 0.2 cm, R = 0.12 cm, and the volume 
2 3 

itR h, is the approximately 0.00905 cm . Usi 
and M = 27, and substituting into Eq. (33), 

2 3 
ltR h, is the approximately 0.00905 cm . Using an average for T = 2000°K 
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p _ 8.31 10 7 ergs 2000°K dm . 
" 27 ^ ^ 9 m " m ° l e " ' , K 0-00905 cm 3 d t 

gm-mole 
'B-12) 

dynes 
1_ cm 

AP = 6.8 10 1 1 ^AT I] 
From the Langmuir equation for a single species the evaporation rate is, 

m v = 4.39 ID' 5 P ° ( ? ) 1 / 2 

and for 
M = 27, P° - dynes/cm2 

-4 P° m v = 3.3 10 4 ^ (B-13) 

Comparing this with the maximum flow rate based on sonic flow, the 
evaporation rate is smaller for equal areas. Consequently, there will be 
no pressure buildup until the cavity tries to close. Therefore, as the 
cavity top tries to close, the rate of mass leaving the cavity can be 
approximated as 

^ = 3.3 1 0 " 4 - ^ - T T R 2 - 11 10" 4 -fyg-irR2 (B-14) 

And for a condition when the hole tries to close for a moment, the ra
dius at the top Pw, may become slightly less than the effective evapo
rative radius at the cavity bottom, R . If R = 0.07 cm, R T = 0.03 cm, 
and using average temperature and pressure values (2000°K, 13,300 dynes/ 
cm ) for the maximum flow rate term, and the measured bottom cavity tem
perature and the corresponding local vapor pressure (2273°K, 72,000 

2 dynes/cm ) for 
evaluated as, 

2 dynes/cm ) for the evaporation flow rate term allows Eq. (B-14) to be 
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dm 
dt" 4.39 10" 6 (72,000)( 4 ^ ] ( .07) 2 TT - 11 10" 4 ° 3 > 3 0 ? | 7 ( .03) 2 TT 

K J (2000) l / Z 

dm -3 < B - 1 5 > 

$ £ = 4.37 10 J g/s 

Subst i tut ing th is value in Eq. (B-12) the pressure increment i s 

AP = 6.8 1 0 n ( 4 . 3 7 1 0 " 3 ) A T 

AP = 2.97 10 9 AT dynes/cm2 (B-16) 
If the estimated average cavity pressure is TO Torr (13,300 dynes/cm ) 
and the opening at the cavity top is reduced from a radius of 0.07 cm to 
0.03 cm for 10 usee (a minimum cycle time of 250 usee has been measured 

15 
during welding and associated with cavity oscillation dynamics, there
fore, 10 usee is indeed a very small time increment in comparison), the 
pressure increment established from Eq. (B-16) will be 29,700 dynes/cm . 
This is approximately twice as large as the estimated average cavity 
pressure and is certainly great enough to enlarge the opening very quickly. 
The pressure impulse will force the liquid at the cavity top to move 
towards the solidified weld bead region. As the liquid is being washed 
up onto the already solidified metal, surface tension forces will decel
erate the liquid. Then some of the material may freeze as the surface 
tension force acts to reverse it's flow direction. This repetitive 
action could explain the freeze ring or ripple pattern on the weld bead. 
Approximating the cycle time to be twice the time estimated to nearly 
close the cavity, yields the frequency. The calculated frequency for 
the above is 68 cycles/sec which compares to the measured value of 71 
cycles/sec for this weld. The experimental frequency was determined 
by counting the number of freeze ridges per cm and multiplying by the 
weld speed in cm/sec. Table B-l contains values representative of four 
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different test welds and the resulting estimated top weld bead fre
quencies. 

Table B-1. Weld cavity data for several specific test welds 
and both experimental and calculated top weld bead 
frequencies. 

Material 1100 Al 1100 Al Tantalum S.S. 304 

Beam Voltage, Kv 15 17 17 18 
Beam Current, ma 140 210 240 154 
Weld Speed, cm/s 2.54 0.61 0.89 2.54 
R, cm 0.12 0.25 0.1 0.06 
R c, cm 0.07 0.12 0.05 0.03 
R T, cm 0.03 0.1 0.03 0.02 
X, cm 0.24 0.25 0.2 0.12 
h, cm 0.2 0.55 0.19 0.54 
H, cm 0.05 0.16 0.08 0.03 
P t dyn/cm 6000 2500 16400 15400 
T, °K (ave) 2000 2000 4273 1823 
P, dyn/cm (ave) 13300 13300 7300 3300 
m v > g/S-cm 0.344 0.344 0.481 0.954 
t, sec 0.0073 0.036 0.0105 0.00353 
f, cycles/sec (calc.) 68 14 48 142 
f, experimental 71 21 45 - 62 127 - 178 
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Table B-1. Weld Cavity Data for Several Specific Test Welds and Both 
Experimental and Calculated Top Weld Bead Frequencies. 

Material 1100 Al 1100 Al Tantalum S.S. 304 

Beam Voltage, Kv 15 17 17 18 
Beam Current, ma 140 210 240 154 
Weld Speed, cm/s 2.54 0.61 0.89 2.54 
R, cm 0.12 0.25 0.1 0.06 
R , cm 0.07 0.12 0.05 0.03 
R^, cm 0.03 0.1 0.03 0.02 
X,. cm 0.24 0.25 0.2 0.12 
h, cm 0.2 0.55 0.19 0.54 
H, cm 0.05 0.46 0.08 0.03 
P s t dyn/cm 6000 2500 16400 15400 
T, °K (ave) 2000 2000 4273 1823 
P, dyn/cm2 (, ave) 13300 13300 7300 3300 
m v, g/S-cm2 0.344 0.344 0.481 0.954 
t, sec 0.0073 0.036 0.0105 0.00353 
f, cycles/sec (calc.) 68 14 48 142 
f, experimental 71 21 45 - 62 127 - 178 
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APPENDIX C 

Vapor Pressure -Surface Tension Pressure Relationship at the Cavity 
Bottom 

The cavity temperature distribution and the vapor pressure-tem
perature data must be known before the vapor pressure variation in a 
weld cavity can be determined. This data is available for pure metals, 
but not for alloys. Therefore, the procedure described below was de
veloped for estimating vapor pressure-temperature data for an alloy. 

At the cavity bottom, the liquid surface temperature is at a 
maximum, and hence the vapor pressure is also at a maximum. The force 
balance at the cavity bottom presented in the analysis section resulted 
in, 

P v = ^ + P g h (c-i) 

From the experimental weld sections, an estimate can be made for R R. 
The magnitude of the term 2y/R B can be determined after a value is cal
culated for Y at the measured peak cavity temperature. The equilibrium 
vapor pressure corresponding to the peak cavity temperature can be de
termined from a curve such as given in Figure 8 or Figure 38. At the 
cavity bottom, P determined using the experimental peak cavity tem
perature was always substantially greater than 2Y/RD- The hydrostatic 
head term, pgh, was small in comparison and was therefore neglected in 
the following discussion. The ratio of the remaining two pressure 
values can be calculated. This was done for several of the EB weld 
cavities in aluminum, steel, and tantalum, representing a broad range 
of weld parameters and the results plotted in Figure C-l. At various 
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Figure C-1. Pressure ratio calculated at cavity bottom over an 
extensive range of experimental conditions for welds in 
aluminum, steel and tantalum. 
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weld speeds, U, cavity base radius, a, and therefore EB power, it 
can be observed that the pressure ratio, P v / p

s T > at the cavity bottom 
is relatively constant. An average value of 1.2 appears to apply. 

The significance of this observation is that it allows an esti
mate to be made for either the vapor pressure or the surface tension 
pressure if only one is known. Now for the aluminum alloys, 7075, 
6061, and 5083, it was not possible to calculate a vapor pressure-
temperature relationship. However, using the measured cavity base tem
perature, an estimated base cavity radius, and surface tension data, 
a value can be estimated for 2y/Rg- Then, the vapor pressure at the 
cavity bottom can be determined by multiplying the value for 2y/R R by 
the pressure ratio, 1.2. 

The above procedure was used to determine 2 Y / R D and P w for 7075 
D V 

aluminum. If the value of the vapor pressure thus determined for the 
7075 aluminum alloy at its peak cavity temperature is placed on a vapor 
pressure-temperature curve, the result is an isolated point such as 
point A in Figure C-2„ In Figure C-2, note that all of the curves have 
similar slopes and are only shifted to the right or left of each other. 
The vapor pressure of an alloy containing a highly volatile species, 
such as zinc in 7075 aluminum, will almost be totally dependent on the 
pressure exhibited by this volatile species. This was clearly demon
strated when a glass slide was located near the 7075 aluminum weld 
cavity during welding. The metal vapor deposited consisted of 90% zinc 
and 10£ magnesium. Therefore, the alloy vapor pressure behavior as a 
function of temperature should be similar to that of zinc. 
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Figure C-2. Metal vapor pressure curves including estimated relationship 
for a 7075 aluminum alloy as indicated by the dashed line originating 
at point A. 
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It is reasonable to assume that point A is on a curve represent
ing an alloy and that vapor pressure data at other temperatures could 
be estimated by sketching in a curve parallel to the other lines. 
This was done for 7075 aluminum and is shown in Figure C-2 as the 
dashed line. While surely not highly accurate, this procedure does 
allow a reasonable estimate to be made for the vapor pressure-tempera
ture variation. The estimated relationship can then be used for cal
culating the vapor pressure in the 7075 aluminum cavity as a function 
of temperature and thus position. 
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APPENDIX D 

Stability Parameter Calculations 

The following seven step procedure is proposed to determine the 
stability parameter, S, for any material: 

1. Determine the depth of penetration h. 
2. Determine the cavity temperature from the dimensionless tem

perature profile. 
3. Approximate the cavity shape to be a cone with a spherical 

base. 
4. Determine the surface tension pressure variation in the cavity. 
5. Determine the vapor pressure variation in the cavity. 
6. Determine the imbalance location, H. 
7. Calculate the stability parameter, S = H/h. 
This procedure will now be explained in more detail in the follow

ing paragraphs. 

Step 1. Determine the Depth of Penetration — A number of methods 
have been proposed for calculating penetration depth for specified power 

18 level and weld speed. The one proposed by Tong is considered to be 
fundamentally more applicable and has been shown to be as accurate or 
more accurate than others. A constant temperature boundary condition 
was used to formulate a cavity model that allows the penetration depth 
to be predicted as a function of the material properties and weld pa
rameters. Ideally, the surface temperature of the melt layer must be 
approximated. However, a first order estimate is to assume that the 
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surface temperature is the same as the melting temperature of the ma
terial. With this approximation, the solution is given by, 

Vl f r r/z 

MffH k< Tm - U / 2DV(e,A)d6 + (4pah f g)AS (D- i ; 

where A = Ua/2a and the value of the integral is determined from Fig
ure 0-1. It is to be noted that an improved solution can be obtained 
by methods outlined in reference 18. However, this is a lengthy pro
cedure and for the purpose of determining the stability parameter is 
probably unnecessary. The value recommended for the efficiency, n, is 
0.5. The material properties should be evaluated at the mean tempera
ture. Values used in subsequent calculations are listed in Table D-l. 
The results of these calculations are presented in Figure D-2 for several 
materials. By selecting a set of weld parameters such as weld speed, 
U, beam power, EI, and beam radius, a, the penetration depth can be de
termined for a specific material. 

Table D-l. Thermal properties at mean temperature. 

P k C a h,„ Temperatures 
3 P 2 9 t°C) 

g/cm cal/cm- cal/g-°C cm /sec cal/g v ' 
Material sec-°C Melt Mean 
1100 Al 2.71 0.537 0.257 0.772 90 650 335 
304 AA 8.0 0.059 0.148 0.0499 64.5 1425 722 
U D-38 19.1 0.089 0.044 0.1059 20.0 1133 577 
7075 Al 2.79 0.29 0.23 0.452 93 532 276 
Ta 16.6 0.13 0.036 0.218 41.3 2994 1507 
20-6-9 
Steel 8.0 0.0496 0.15 0.042 64.5 1410 715 



154 

o 
f=|C"J 

A = Ua/2a 

Figure D-1. Forward heat conduction parameter. 
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Figure D-2. Depth of penetration parameter M 
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Step 2. Determine the Cavity Temperature Variation — The cavity 
temperature profile can be calculated for a specified penetration depth 
and material by assuming, 

>T \c/h 

as proposed in the Discussion Section, Eq. (40). For aluminum, a value 
of 0.35 is recommended for C. Then for any depth, x, the dimensionless 
temperature, 9, can be calculated. To obtain the actual cavity sur
face temperature, T(x), at location x measured from the cavity top, T_ 
and T R must be known. Then the following equation can be solved for 
T(x). 

T p - T(x) 
o - -j T — (D-3) 

'B " T 
The experimental temperature measurements indicated that the tem

perature at the top of the cavity is slightly in excess of the melt 
temperature. Therefore, it is reasonable to assume that T T = melt tem
perature. Fcr materials whose cavity temperatures have not been mea
sured, the following approach is suggested to estimate the bottom tem
perature. The force balance at the cavity bottom presented in the 
Analysis Section resulted in, 

KB 
Since the vapor pressure is a strong function of temperature, a rough 
approximation of P v can be obtained by neglecting the hydrostatic term, 
pgh, in Eq. (12). The result 

P v » {J* (D-4) 
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can be used to arrive at an estimate of the bottom temperature as fol-
lows. Substituting a surface tension value and a value of Rg into 
(D-4) will yield an approximate value for the vapor pressure. Then the 

temperature corresponding to this pressure can be obtained from data 
29 such as shown in Figure 8. For example, with a cavity radius of 0.05 

cm, y .= 830. dynes/cm, the vapor pressure of aluminum is = 25 Torr. 

This pressure corresponds to a temperature of = 1890°C which can be used 
to approximate the bottom temperature, Tg. This compares favorably 
with the experimentally determined temperature of 1900 + 50°C for 1100 
aluminum. 

The radius Rg can be approximated by measuring the weld width at 
the weld root from a post-weld macrosection. It should be noted that 
R R will generally vary for different machine settings or electron gun 
designs. 

Step 3. Approximate Cavity Shape to that of a Cone with a "pheri-
cal Bottom — From observing many post-weld macrosections, the :oove 
approximation is very close to that actually experienced. It is sug
gested that the dimensions to use for the cavity dimension be based on 
these macrosections. Approximate the bottom radius and the radius at 
the cavity opening by making measurements of a weld cross-section. In 
this investigation, it was observed that the top radius was generally 
2 - 4 times the bottom radius. However, a welder that can focus to a 
smaller spot size may produce welds with a different ratio of radii. 

Step 4. Determine Surface Tension Pressure - After the tempera
ture distribution and cavity shape are determined, the surface tension 
pressure can be calculated as a function of cavity location. Since the 
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force imbalance location will probably be along the conical sides of 
the cavity (rather than at the bottom), the following expression 
(Analysis Section) can be used to calculate the surface tension pres
sure at location x. 

PS.T. " f£ <°-5> 
Surface tension is dependent on the temperature as well as the 

cavity location, as is R . Surface tension data compiled by Wilson 
can be used in evaluating Eq. (D-5). 

Step 5. Determine the Vapor Pressure — If the material con
sidered is of high purity, or contains alloying elements that are less 
volatile than the base material, then reliable vapor pressure-tempera-

29 ture data is available. If the material is an alloy, the peak cavity 
temperature must be estimated or measured, then the procedure in Ap
pendix C for 7075 aluminum should be used to determine the vapor pres
sure relationship for the specific alloy. Finally, this relationship 
is then used to give the vapor pressure in the cavity that corresponds 
to the local cavity surface temperature determined in Step 2. 

Step 6. Determine the Imbalance Location — This is simply de
termined by finding the cavity location at which the surface tension 
pressure is approximately equal to the vapor pressure. It is measured 
from the cavity bottom. 

Step 7. Stability Parameter - The stability parameter, S, is 
calculated by dividing the magnitude of the imbalance location by the 
penetration depth. 
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The above procedure was used to calculate the stability parame
ter for six materials. Table D-2 lists these materials and the data 
required to evaluate the stability parameter. The results of these 
calculations were used to derive the information contained in Figure 44. 

Table D-2. Data used in determining stability parameter. 

Material T T T B y \ ciy/dT 
(°C) (CC) (dynes/cm) C O (dynes/cm-°C) 

1100 Al 660 1900 914 660 -0.135 
7075 Al 532 1180 914 660 -0.135 
304 Stainless 1425 2100 1850 1450 -0.43 

Steel 
20-6-9 Steel 1410 1820 1850 145C -0.43 
Tantalum 3000 4440 2400 3000 -0.25 
Uranium 1133 3427 1550 T40 -0.14 

Table D-3 lists the parameters for some of the materials welded in this 
study, the corresponding condition of the weld root region as observed 
from post-weld macrosections, and the value of r from Figure 44. In 
all cases, the stability parameter is greater chan 0.5 for welds ex
hibiting unacceptable spiking and is less than 0.5 for welds with little 
or no spiking. 

Tne above observations suggest the following approach in choosing 
a set of weld parameters. First it is desired to have S < 0.5 to re
duce the chance of detrimental spiking. Generally, a weld requires a 
certain penetration depth such that Figure D-2 can be used to determine 
the other weld parameters. For example, suppose the penetration depth 
for a 7075 aluminum weld is specified to be 1.0 cm. If EI = 4 kW, then 



Table D-3. ( ;alculated s tab i l i t y parameter for experiment; i l weld com Ji t ions. 

Material 

E 
Beam 

Voltage 
(kv) 

I 
Beam 

Current 
(ma) 

U 
Weld 
Speed 

(cm/sec) 

a 
Bottom 
Radius 

(cm) 

El/Ua 

(kJ/cm2) 

S 
Fig. 44 

Weld Roots 
Comments 

1100 Al 12.9 152 0.44 0.06 44 0.34 No spiking 

1100 Al 17 160 0.84 0.10 32 0.22 No spiking 

1100 A 1 Z 1 31 140 0.80 0.05 108 0.62 Small spiking 

7075 Al 13 120 0.42 0.055 68 0.88 Some large spiking 

7075 Al 17 155 2.11 0.05 25 0.60 Spiking 

304 Stain
less Steel 15 140 2.11 0.04 25 0.30 No spiking 

304 Stain
less Steel 18 168 2.54 0.04 30 0.35 No spiking 

304 Stain- ->, 
less Steel 32 155 0.5 0.05 198 0.88 Some spiking 

20-6-9 Steel 18 175 1.21 0.045 58 0.90 Large spikes 

20-6-9 Steel 15 135 1.1 0.04 46 0.83 Large spikes 
3 

Uranium 110 15 1.27 0.09 15 0.30 No spiking 

Uranium no 24 1.27 0.06 34 0.56 Spiking 

Tantalurn 17 240 0.89 0.084 54 0.42 No spiking 
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h/nEI = 1/(0.5)(4) = 0.5 and from Figure D-2 Ua = 0.016 cnf/sec. 
Then El/Ua = 4/0.016 = 250 kJ/cm2 and Figure 44 for 7075 aluminum 
yields a value of S = 1.0. The result indicates that this choice 
of parameters will exhibit serious spiking. This method provides 
a means to quickly determine whether spiking will be a problem or 
not before considerable effort and time is expended actually per
forming trial welds. 
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