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Prediction of the Partial Penetration Depth on 15-5PH Materials 
during Electron Beam Welding 

Kamal Frikach, Jamie White, Jeff Houtz  

 

We report in this paper a systematic study for partial penetration of the electron beam welding 
and its correlation with the beam power as a combination of beam voltage and current, welding speed 
and working distance. The experimental tests are performed using 15-5 PH stainless steel material at 
constant welding speed (24 in/min).  

The tests are conducted on a 160 kV, 40 mA CVE Electron Beam Welder. To ensure beam 
quality, the electron beam is probed at different working distances as a function of accelerating 
voltage and beam current using MK2 modified Faraday Cup that is designed for electron beam 
diagnosis. The beam focus current that corresponds to the maximum beam density profile at sharp 
focus is determined accurately. By analyzing the energy density distribution of a given power density 
profile, a direct measurement of the beam diameter is performed accurately for each beam 
configuration. The measured beam diameter is used to predict the penetration depth. 

The obtained experimental data for beam penetration depth are presented in terms of normalized 
beam power q/pkT versus dimensionless beam diameter vb/4a, where b is the diameter of the sharply 
focused electron beam. The show good agreement with the theoretical predictions using combination 
of the moving line source and the solution for a cylindrical cavity.  

Прогноза на частичната дълбочина на проникване в 15-5PH материал при 
електроннолъчево заваряване (Камал Фрикач, Джейми Уайт, Джеф Хоутз). В тази работа 
е представено систематично изследване на частичното проникване при електроннолъчево 
заваряване и неговата корелация с мощността на лъча, като комбинация на ускоряващото 
напрежение и тока на лъча, скоростта на заваряване и работното разстояние. 
Експериментите са направени с 15-5 PH неръждаема стомана при неизменна скорост на 
заваряване (24 in/min). Тестовете са направени при 160 kV, 40 mA CVE електроннолъчева 
инсталация. За обезпечаване на качество на снопа, е измерен профилът на електронния лъч 
при различни работни разстояния,  като функция на ускоряващото напрежение и тока на 
лъча, използвайки МК2 модифициран Фарадеев цилиндър конструиран за диагностика на лъча. 
Тока на фокусиращата система, който отговаря на максималния профил на лъча при остър 
фокус, е определен точно. Анализирайки разпределението на енергийната плътност на даден 
профил на плътността на мощност, директното измерване на диаметъра на лъча се постига 
точно, за всяка конфигурация на снопа. Измереният диаметър на снопа се използва при 
прогнозирането на дълбочината на проникване. Получените експериментални данни са 
представени в единиците на нормализираната мощност на лъча q/pkT,  в зависимост от 
безразмерния диаметър на лъча vb/4a, където b е диаметъра на остро-фокусирания 
електронен сноп. Показано е добро съответствие с теоретичното предсказване, при 
използване на  движещ се линеен източник и решението за цилиндрична празнота (кратер).  

 

Introduction 
The penetration depth into the welded material is 

of high importance in electron beam welding 
processes and involves number of machine 
independent variables. Usually extensive testing is 
required before appropriate welding parameters can be 

determined. 
Determining the welding conditions for beam 
power, welding speed and beam focus current to 
achieve a specified penetration depth in a 
particular material has been studied extensively in 
the literature [1-8].  
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Two analytical solutions, shown in Fig. 1 and Fig. 
2, have been presented in the literature in order to 
predict the penetration depth, a line source with 
constant infinite power density and elliptical cylinder 
cavity [1, 2] moving with constant speed relative to 
the work piece. 

Bibliography  
Hashimoto et al [2, 3] studied the effect of anode 

voltage, beam current, welding speed and beam 
diameter on the weld penetration on a stainless steel 
material and deduced an experimental expression 
between the weld penetration and the welding 
variables for stainless steel as:  

�	 ∝ ��
�.�	.
           for 					� ≤ 3	��           (1) 

where p is the weld penetration, E is the accelerating 
voltage, I the beam current, v the welding speed and d 
the beam diameter. The authors considered the beam 
diameter as the width of the molten volume at the 
surface of the material. 

Considering a constant thermal property moving 
line source and approximating the heat loss by 
conduction only and using the heat balance analysis 
they approximated the penetration with the general 

equation: 
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�	
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where c is the specific heat, ρ metal density, �� metal 
melting temperature, H latent heat of fusion and κ is 
metal thermal conductivity. 

They obtained an acceptable correlation between 
the low voltage experimental data and the theoretical 
model. The general expression of the weld penetration 
p versus welding variables was good to estimate the 
penetration depth and represents the actual magnitude 
of p. 

Swift-Hook et al [5] considered two dimensional 
quasi-steady conduction heat flow perpendicular to 
the moving line source solution. Assuming the heat 
losses at the surface of the material are negligible 
using a mean value of thermal properties in the 
calculations, explicit relations between the normalized 
beam power per unit depth of penetration and 
normalized melting width along the isotherms was 
derived for low and high welding speed limits 
respectively as: 

�	 ∝ 0.483	!                                (3) 

and  

 
Fig. 1. Schematic representation of a keyhole in electron beam welding from ref [8] 

 
Fig. 2. Schematic representation of a line source and cylindrical cavity solutions from ref [8] 
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�	 ∝ exp(&'8 − ) − �*
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γ : 0.577 is Euler constant         (4) 

Comparison of the experimental data from the 
literature showed good agreement with the 
approximation and all the data lie within ±20 % of the 
theoretical curve. 

A different approach in applying moving elliptical 
cylinder source solution is presented by Miyazaki and 
Geidt [6]. Considering the cylinder is at constant 
temperature moving in an infinite plate with constant 
velocity and assuming constant thermal properties of 
the material they presented a solution for a two 
dimensional steady state heat flow temperature 
distribution. 

Assuming triangular beam profile shape, they 
obtained an expression between the normalized beam 
power and the beam width of the form: 

� = . /
0κ��

1
2�

= �	/�4
5(�6 �4,8⁄ )                               (5) 

where :(;< 2>, ?⁄ ) is a function of (;�/2>) and δ 
the cylinder cavity axis ratio, q is the beam power and 
p the penetration depth. 

The relationship in equation 5 between 
dimensionless beam power Y and ;�/2> for different 
values of δ were presented and showed that the effect 
of δ is not significant and then a mean curve could be 
used for general comparisons with experiment. 
Comparison of the experimental data with the 
predicted values showed acceptable agreement. 

Giedt et al [7] considered partial penetration 
welding with elliptical cylinder cavity approach 
moving source with constant speed in an infinite plate 
[6] and the beam energy is deposited in the liquid 
surrounding the cavity that is in melting temperature 
and transferred to the liquid solid interface by 
convection. Same as in ref [6] the expression of weld 
penetration per unit depth is derived from the quasi-
steady heat transfer rate and that the dimensions of the 
cylinder (a/b) and the source power (q/p) are constant 
in the depth direction and the width of the molten 
metal, considered as the beam diameter, is evaluated 
at the surface of the fusion zone which is assumed to 
be triangular in shape. 

Variation of normalized beam power (� =
@/�κ��) versus normalized width (! = ;</α) for 
elliptical cylinder axes ratio δ = 1, 2 and 4 were 
presented along with the moving line-source solution 
theory [5]. Fair correlation is obtained for lower 
values of X where the data fall between the elliptical 
cavity curves δ=1 to 4 within ±40%. At high welding 

speed (high X values) the data fall above the curve 
δ=4 within ±20%.  

Because of data scattering from theory, the authors 
investigated introducing a power curve equation 
representing the relation between the penetration and 
independent welding variables of the form:  

 � = 3.33	!.A��                                             (6) 

To account for the possible deviation of machine 
setting, correction factors that accounts for optimum 
focus coil current and incorrect average of the thermal 
properties were added to the empirical equation. It 
was estimated from 5% variation in machine setting 
that the beam focus current is the most critical 
machine parameter that influences the penetration and 
that the work distance is the least important parameter. 

Hemmer and Grong [8] used an approach based on 
a combination of the moving line source and a 
cylindrical cavity moving through a plate of finite 
thickness because of the analogy between the two 
solutions at a certain distance from the center of the 
source. This approach is applicable for conductive 
heat flow and in pseudo-steady state. 

They calculated the relationships between the 
isotherms as a function of the normalized beam width 
and the normalized beam power from the line source 
and the cylindrical cavity theories respectively and 
then induced the relationship between the weld 
penetration and the welding process parameters (i.e. 
welding speed and beam diameter) and the material 
properties (i.e. thermal diffusivity and melting 
temperature). 

For stainless steel, they obtained general formulas 
for weld penetration and beam diameter as follows: 

� = @ B2C>∆EF0.34 + 2.034(;� 4>⁄ )H.IAJKL⁄      (7) 
and  

� = M4
� N. /

�*4∆�0 − 0.341 �
�.HOMP

� H.IAJ⁄
                   (8) 

The correlation between the predicted weld 
penetration from the empirical equation (1) and the 
actual penetration data from literature are within +/-
20%. 

Experimental conditions 
The experimental tests are performed using two 

CVE Electron Beam welding machines. The beam 
source is using a cathode made from 
Tungsten/Rhenium alloy with emission area of 
1	���. The machine maximum beam power is ~6.5 
kW (160 kV and 40 mA beam current). All tests are 
done under 102M Millibar vacuum.  
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The beam penetration tests are done on different 

material including stainless Steel, Aluminum and 
Inconel 718. In this article we present only the results 
obtained on the 15-5 PH Stainless Steel material. For 
simplicity the tests are done at a constant welding 
speed 24	R'ST �R'⁄  and constant accelerating voltage 
140 kV. The variables are the working distance and 
beam current. 

To ensure better weld quality, the beam is aligned 
previously with the center of the column using an 
electromagnetic coil, located directly below the 
electron beam gun. This operation is performed to 
ensure that the electron beam produced by the gun 
follows a path down through the electron beam 
column which coincides with the column and the 
focus centerlines. 

Beam probing 
To measure the beam properties and quality, the 

electron beam is characterized (probed) systematically 
at different working distances as a function of the 
accelerating voltage and the beam current using MK2 
modified Faraday Cup made by CVE and utilizing 
direct measurement of the electron beam current to 
obtain a profile of the beam energy distribution as the 
beam passes across a slit as shown in Fig 3.  The 
resulting signal provides information about the beam 
shape, size and the power density. 

In this study the beam probing is used to 
characterize the beam produced by CVE welding 
machine over range of focus settings at different 
working distances. The working distance is defined as 
the distance from the top of the chamber (chamber 
seal) to the slit of the Faraday Cup. The sharp focus is 

 

 
Fig. 3. a) Beam probing pattern. b) Measured probe signal (Insert shows typical probe signal  

after removing the noise). 

Table 1.  
Welding experimental conditions. 

 
Table 2.  

Physical and thermal properties of 15-5 PH material used in EB welding experiments.
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obtained by measuring the beam properties at focus 
setting both above and below the sharp focus. The 
sharp focus setting corresponds to the setting at which 
the highest power density value is obtained. The data 
have been filtered using a high frequency cut-off filter 
to remove the unwanted electronic noise.  

A typical two dimensional beam density 
distribution is shown in Fig. 3. The dimension A in 
the insert represents the time that the beam takes to 
cross the probe body (10 mm diameter) and the central 
peak, represented by the dimension B is the beam 
density profile as it crosses the slit. 

By analyzing the energy density distribution of a 
given beam profile, a measurement of the beam 
diameter was performed. The full width of the beam is 
measured at 85% of the peak power density. This 
parameter is considered to be a suitable representation 
of the beam diameter at sharp focus.  

The experimental conditions used in this study are 
summarized in table 1 and the physical and thermal 
properties of the material used are given in table 2. 

Experimental results and discussions:  
The main interest in this study is the prediction of 

the penetration depth in a used material corresponding 
to the electron beam size, beam power and welding 
speed. Fig 4 shows the variation of the beam diameter 
at sharp focus with working distance of the sample at 
constant beam current going from 0 to 40 mA.  

 

 
Fig. 4. Beam diameter as measured from the beam probe 

profile vs. working distance at 140kV for beam currents 10, 
15, 25 and 35 and 40mA. 

The diameter of the sharply focused beam 
decreases linearly with increasing working distance 
and the curves tend to converge to a constant value of 
.2 mm at 20 inches of working distance. As shown in 
this figure, at sharp focus, the working distance has 
major effect on the resulting beam parameters at 

larger working distance displaying lower beam 
diameter and narrower beam distribution. 

The variation of the beam diameter at sharp focus 
with beam current is presented in Fig 5 for working 
distances going from 11 to 18.75 inch. 

The experimental penetration depth data measured 
on the stainless steel sample is plotted in Fig 6 and 
compared with theoretical data obtained from 
equation 7 in ref [8]. The data in diamond correspond 
to the beam diameter measured at half depth on the 
experimental sample while the circle data correspond 
to the beam diameter measured from the beam profile. 

 

 
Fig. 5. Beam diameter as measured from the beam probe 

profile vs. beam current at 140kV for working distances 11, 
12.75, 17.5 and 18.75 inch. 

 
Fig. 6. Measured weld penetration depth on the 15-5 PH 
sample vs. calculated depth. Triangle data is for probed 
beam diameter and the diamond is for beam diameter 

measured at half depth on the sample. 

A closer inspection of the Fig.6 show that the 
predicted weld depth from equation 7 with beam 
diameter measured at half depth is in good agreement 
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with the experimental data. The calculated penetration 
depth using beam diameter measured from the beam 
probe, triangle data, is higher than the actual depth by 
factor of 2. Knowing that the model developed for 
equation 7 assumed that the beam width as the width 
of the actual weld, therefore this model reproduces 
well the experimental results plotted in Fig 6 in 
diamond.  

Noting that the beam width measured with beam 
probe represents the actual width and that this width is 
smaller than the weld width measured on the sample 
by almost one order of magnitude, this contribute to 
an increased in the weld penetration depth predicted 
by equation 7 by a factor of 2. This is correlated with 
the weld penetration results obtained in Fig 6 in 
triangle. 

In order to compare our results with the literature, 
the experimental data are averaged and plotted in Fig 
7a and 7b in dimensionless forms @/�κ�� and 
@/2C�>∆E as a function of ;</4> respectively with 
beam diameter b assumed as the weld width measured 
at half depth on the sample (diamond) and the one 
measured directly from the beam probe (triangle). The 
correlation presented in Fig 7a uses the same variables 
as the one reported by Giedt [6] and Miyazaki [7] 
except they used in the abscissa ;</> where the beam 
diameter is measured from the fusion zone at the 
surface of the actual sample assuming that the EB 
weld fusion zone is triangular in shape. In Fig 7b the 
data are also plotted using the same variables as the 
one reported by Hemmer and Grong [8].  

Close inspection of Fig 7 reveals that the 
experimental data points agree well with the 
theoretical model reported in ref [8] which is derived 
from the cylindrical and line source solutions for 
parameter Ω = (� − �H) (�� − �H)⁄  equal to 0.5766 
and for ;</4> values ranging from 0.023 to 0.5. This 
value corresponds to melting and vaporization 
temperatures of 1450 and 2500℃  respectively which 
fall in the range of 15-5 PH Stainless material grade 
studied in this paper [9]. The predicted penetration 
depth reported in ref [6] is lower by factor 2.3. On the 
other hand the difference in the beam width form the 
data plotted in triangle and the diamond is only 
shifting the data to high values of @/�κ�� and 
@/2C�>∆E in Fig 7a and 7b respectively with 
deviation from equation 7. 

Conclusions 
We investigated a systematic study of the electron 

beam weld penetration and its correlation with the 
beam diameter, beam current and working distance for 
15-5 material.  

 

 
Fig. 7. Variation of beam power to weld penetration ratio 

with a dimensionless beam diameter	;</4>. 

The beam diameter was directly measured with the 
use of sophisticated probing device. The 
measurements show that the increase in the working 
distance decreases linearly the width of the sharply 
focused beam in the working distance range studied in 
the present work. Increasing the beam current at 
constant working distance the beam width show a 
linear increase in the beam current range up to 30 mA. 
Our experimental weld penetration data on a 15-5 
material can be predicted using the model presented 
by Hemmer et al [8] based on a combination of the 
moving line source and a cylindrical cavity moving 
through a plate of finite thickness. 

More tests are currently conducted over wide range 
of working distances, beam power and beam current 
to validate the results obtained in this report. 
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