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Abstract
Electron Beam Welding is one of the widely used processes in 
industries for joining dissimilar materials. The primary advantage 
of Electron Beam Welding is its high depth to width ratio which 
results in a very strong weld. The quality of weld depends upon 
the parameters, viz. Accelerating voltage, beam current, welding 
speed, focus current, vacuum level, etc. The primary objective 
of the study is to optimize the parameters so as to obtain the best 
quality of the weld for a chosen product. The experiments were 
designed based on Taguchi methods to minimize the number of 
iterations. Specimens were welded with different combinations of 
the parameters based on Taguchi’s L9 Orthogonal Array and they 
were characterized using optical microscope. Based on the values 
of the depth of penetration the optimum parameters are reported. 
Multiple regression analysis and results of ANOVA depict that 
the beam current have maximum influence in determining the 
depth of penetration
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I. Introduction
Deployment of dissimilar metals in the industrial sectors has gained 
more importance due to the desired product properties. Dissimilar 
metal/material joints are used widely in industries because the 
product benefits from the specific property of each material. The 
intrinsic properties of the materials used in dissimilar welding 
play a major role in determining the weld quality. The joining 
of dissimilar materials is generally more challenging than that 
of similar materials because of differences in physical, thermal, 
electrical, mechanical and metallurgical properties of the parts 
to be joined. In order to take full advantage of the dissimilar 
materials involved, it is necessary to produce high quality joints 
between them [1-2]. 
Fusion welding is one of the most widely method to join metals. 
Therefore, continuous research is going on to use this technique 
to join dissimilar metals. It basically involves melting of the 
parent materials that are used for the product and forming a weld 
region consisting of the combination of these two materials and 
thus giving rise to better properties usually. But fusion welding 
has certain drawbacks in the case of dissimilar metal joints like 
formation of brittle phases, the segregation of high and low melting 
phases due to chemical mismatch and large residual stresses due 
to physical mismatch. There are many types of fusion welding 
processes to choose from, like arc welding, electric resistance 
welding, laser beam welding, Electron Beam Welding (EBW) and 
thermit welding, etc. Of these, laser beam welding and electron 
beam welding are of great industrial prominence because of their 
ability to produce products in large numbers (mass production) and 
less damage to the parent materials [1]. Owing to high reflectivity 
on the metallic surfaces and low penetration levels (<30 mm) by 
Laser beam welding, Electron beam welding has taken upper hand 

over laser beam welding. Electron beam welding is primarily used 
in the aerospace industry because of its versatility in welding a 
wide range of metallic materials with high production rate and 
the requirement of high quality, reproducibility and reliability 
of the welded joints placed electron beam welding a versatile 
process [3-4].
In order to produce a high quality weld, it is obvious to understand 
the process as such and the parameters that influence the weld 
characteristics and also the metallurgical behavior of the materials 
to be joined. The primary processing parameters in the EBW are 
the beam current , the beam accelerating voltage, the focusing lens 
current (focal beam spot size), the welding speed, and the vacuum 
level [1, 5]. The weld joint quality depends on the proper selection 
of these parameters with appropriate values to produce a product 
with the desired properties. Among the parameters mentioned, 
the beam current, accelerating voltage and welding speed are 
the main factors that determine the heat input of the process. 
Therefore, selection of these parameters can influence the residual 
stresses, the distortion, the Heat-Affected Zone (HAZ) size, etc. 
Low level of vacuum decreases the penetration capability and thus 
high quality welds are achieved using high levels of vacuum with 
lesser/no contamination in the welds [6]. 
Stainless steels are an important class of engineering materials that 
have been used widely in a variety of industries and environments 
owing to its good corrosion resistance and/or heat resisting 
properties and welding is considered to be an important fabrication 
technique. In general, stainless steels are considered as weldable 
materials, but there are many rules that must be followed to ensure 
that they can readily be fabricated to be free of defects and will 
perform as expected in their intended service. Conventional fusion 
welding of stainless steels may result in defective/improper weld 
if proper precautions are not followed. In addition to following the 
strict procedures/ guidelines, some products may further require 
post weld heat treatment for obtaining the desired properties [7]. 
Sensitization is one of the common issues in welding stainless 
steels and it occurs in the heat affected zone during slow cooling of 
the metal in a particular temperature range. There are many other 
problems associated with welding stainless steels and they result as 
a cause of contamination, improper microstructure and larger heat 
affected zone [8]. Contamination may result from the environment 
or from the filler wire used for welding. Improper microstructure 
may result from the heating and cooling characteristics during 
welding. Heat affected zone depends on the thermal behaviour 
of the material and the heat input. 
Among the types of available stainless steels, austenitic/ferritic 
stainless steel combination is widely used in many industrial 
applications, such as power-generation systems and in aerospace 
sectors. When using conventional fusion-welding processes, 
nickel-based fillers have proven to be satisfactory. The use of 
nickel-based fillers produces a weld having a thermal expansion 
coefficient very similar to that of ferritic steel. Therefore, the 
magnitude of ferritic steel/weld metal interracial stresses can 
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be reduced during the thermal cycling using nickel-based filler 
welds, as compared to autogenous welds or to welds made with 
austenitic stainless-steel fillers [1]. Ruge et al [9] investigated 
welding of Type 304 austenitic stainless steel to 2-Cr-1Mo ferritic 
steel by EBW. The best metallurgical quality of the dissimilar-
metal joints, in terms of microstructure, was obtained, just as in 
conventional arc welding, when using nickel-based filler wire. 
Although conventional fusion welding with nickel-based filler 
wire can produce satisfactory joints, several further advantages 
of using EBW can be realized. Due to its high energy density 
(low total heat-input per unit length of weld), EBW can yield a 
narrow HAZ and low residual stresses and distortions, which are 
important properties for this type of transition joint when they are 
subjected to thermal cycling. 
Having said the versatility of EBW, the process demands large 
number of iterations or trials for developing a product with 
desired properties. Many parameters have to be considered in 
determining the weld quality and the current work is focused on 
the morphological and microstructural analysis of AISI 304L to 
AISI 446 electron beam welded joints to develop a product for 
satellite thrust valve. For a specific product, a number of trials 
have to be conducted in order to find the best combination of 
process parameters that gives the best weld quality and Taguchi’s 
orthogonal array is used to minimize the number of experiments 
[10].  The effect of major process parameters on the weld quality 
is studied and reported.

II. Experimental 

A. Materials
One of the components in the satellite thrust valve demand joining 
of AISI 304L tube to AISI 446 tube. The product that is taken into 
consideration involves an AISI 304L tube with a wall thickness 
of 1.35 mm to be joined with AISI 446 rods of similar diameter. 
The geometry of the components is taken in such a way that there 
exists a lap joint of these two materials to study the excess depth 
of penetration values for some combination of process parameters. 
The components to be welded are shown in Fig. 1a. The shoulder 
part of AISI 446 is fitted in the recess of ASIS 304L to make a lap 
configuration and then electron beam welded. 

B. Electron Beam Welding
As explained earlier, the beam current, accelerating voltage and 
welding speed are the major process parameters and these were 
varied in definite combinations to determine the weld quality. The 
other two process parameters, the vacuum level and the focusing 
lens current are kept constant for all the trials and the values 
are 9.9x10-7 torr and 2.2A respectively. Three levels of these 
values were chosen for conducting the trials and a L9 orthogonal 
array was constructed to minimize the number of experiments. 
This array is chosen because the levels of the various factors 
are balanced and can be separated from the effects of the other 
factors within the experiment. It is a balanced matrix of factors and 
levels, such that the effect of any factor or level is not confounded 
with the effect of any other factor or level. Many researchers 
have conducted the EBW processes for ferrous alloys with the 
accelerating voltage ranging from 23 kV to 70 kV [8, 11, and 
12]. Based on the detailed study, the accelerating voltage and the 
beam current for the chosen product was fixed to be ranging from 
40 to 60 kV and 6 to 10 mA respectively. The welding speed is 
found out from ARP 1317 (Aerospace Recommended Practice) 
for a range of diameters in which our specimen dimensions are 

included. The process parameters for the trials are shown in Table 
1. After the fabrication of specimens to the required geometry, 
each specimen is cleaned with Isopropyl Alcohol (IPA) to remove 
the oil, grease and coolant material that is accumulated over the 
surface of the specimen. Following the cleaning of the specimens, 
electron beam welding was carried out for the 9 specimens with 
the combination of process parameters as shown in Table 1. The 
product after electron beam welding is shown in fig. 1(b). 

Fig. 1(a): Specimens Before 
Welding

Fig. 1(b): Specimens After 
EBW

C. Metallographic Examination and Hardness
Detailed microstructures of weld interface were examined by 
optical microscopy. The electron beam welded samples were 
bisected longitudinally to study the depth of fusion zone for 
each combination of process parameters. The bisected halves 
were removed for any burrs and then polished as per standard 
metallographic practices. The specimens were made to mirror 
finish by polishing using alumina powders and then with diamond 
paste. To examine the finer details, the samples were etched using 
acetic glyceregia and viewed using the optical microscope. Micro 
hardness values of both the parent metals and the weld region 
were obtained using Vicker’s hardness test to study the effect of 
diffusion in the weld region and the presence of heat affected zone. 
The hardness measurements were taken exactly on the weld bead 
and 2mm away from the weld beads on each side of the parent 
metals with a load of 500 gm.

Table 1: Combination of Process Parameters for Different 
Specimens (L9 Orthogonal Array)

Specimen Accelerating 
voltage (kV)

Beam current 
(mA)

Welding speed 
(m/min)

1 45 6 0.8
2 45 8 1
3 45 10 1.2
4 50 6 1
5 50 8 1.2
6 50 10 0.8
7 55 6 1.2
8 55 8 0.8
9 55 10 1

III. Results and Discussion

A. Metallographic Study
The longitudinally sectioned specimens were studied for the 
depths of penetration of the fusion zone and the widths of the 
weld region were measured from the microstructure. From the 
figures (Fig 2(a)-2(f)), it is evident that all the process parameter 
combination does not yield a good level of penetration. It is to 
emphasize that a particular combination will give us the optimum 
level of depth of penetration (1.35mm) so that the product has 
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good properties. 
Incomplete penetration levels will result in inferior product 
strength and larger penetration levels will unnecessarily damage 
the parent metal. In case of both the specimens to be hollow (actual 
product), larger penetration levels (>1.35mm) will unreasonably 
melt the inner walls on the other side. The solidified structure will 
have more irregularities in the geometry and can cause hindrance 
to the flow of fluids in the valves. Apart from the flow hindrance, 
over penetration will result in multi pass welding affecting the 
microstructure and thus the properties of the component.
From fig. 2(a), low penetration levels are witnessed with a less 
depth to width ratio as evident from Table 2. This can be attributed 
to the process parameters of low accelerating voltage and low 
beam current. An increase in the beam current and weld speed 
resulted in larger depth of penetration and depth to width ratio 
(Fig. 2(b). However, even this combination did not result in the 
desired penetration level (1.35mm). Fig. 2(c) supports for good 
penetration levels with a high depth to width ratio with an increase 
in beam current and weld speed. This indicates that either one or 
both of beam current and weld speed are contributing positively to 
penetration level [10]. As this set of parameters gives a penetration 
of 1.21 mm which is close to exact penetration level (1.35mm), 
optimum parameter levels could be close to these. In Fig. 2(d), low 
penetration levels with low depth to width ratio is seen, confirming 
to the fact that accelerating voltage and weld speed are not at their 
minimum but beam current is minimum and thus lower penetration 
levels. This indicates that beam current has a stronger influence 
on weld penetration. In fig. 2(e), a slight improvement in the 
penetration and depth to width ratio is witnessed with increase 
in beam current and weld speed. An increase of depth and depth 
to width ratio is evidenced with an increase in beam current and 
decrease in weld speed (Fig. 2(f). This either indicates that beam 
current has a positive effect in penetration level and weld speed 
has a negative effect or that beam current has an overwhelming 
positive effect on penetration level when compared to weld speed. 
Even though this set of parameters gives a good penetration level, 
this could not be considered for optimum parameter levels as the 
penetration exceeds 1.35mm. In fig. 2(g), a decrease in penetration 
level is observed having the voltage and weld speed are at their 
maximum indicating that beam current’s effect on penetration 
level is more than voltage and weld speed. The effect of parameter 
variation is similar to that of fig. 2(f) but in this case penetration 
level is good and close to the permitted level of 1.35mm (Fig. 
2(h). So, the optimum parameter levels could be close to this set 
of combination. In fig. 2(i), high penetration levels are noticed 
due to increase in beam current but these parameter levels are not 
considered for optimum level as the penetration is high (1.61mm) 
and may cause ill effects to the product.
The thermal efficiency of the EB weld is high and a narrow is 
normally produced with a much lower heat input than any other 
welding process. The narrow weld produces a small thermally 
disturbed area and is the main reason for the low levels of 
distortion obtained with EB process. In some circumstances a 
wider weld with reduced penetration may be required and this 
can be obtained by defocusing the electron beam and choosing 
the correct combination of process parameters [3]. The results 
of the depth of penetration and depth to width ratio is furnished 
in Table 2

Table 2: Experimental Results For Different Specimens
Experimental conditions Experimental Results

Specimen 
No

Accelerating 
Voltage
(kV)

Beam 
current(mA)

Welding 
speed (m/
min)

Depth of 
penetration 
(mm)

Depth to 
width ratio

1 45 6 0.8 0.624 0.919

2 45 8 1 0.838 1.272

3 45 10 1.2 1.219 1.784

4 50 6 1 0.702 0.986

5 50 8 1.2 0.933 1.265

6 50 10 0.8 1.659 1.763

7 55 6 1.2 0.802 1.102

8 55 8 0.8 1.398 1.956

9 55 10 1 1.610 2.420

Fig. 2(a): Microstructure of Specimen 1

Fig. 2(b): Microstructure of Specimen 2

Fig. 2(c): Microstructure of Specimen 3
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Fig. 2(d): Microstructure of Specimen 4

Fig. 2(e): Microstructure of Specimen 5

Fig. 2(f): Microstructure of Specimen 6

Fig. 2(g): Microstructure of Specimen 7

Fig. 2(h): Microstructure of Specimen 8

Fig. 2(i): Microstructure of Specimen 9

B. Multiple Regression Analysis
Multiple Regression analysis on the above results [13] gives 
an empirical relationship between the penetration level and the 
process parameters with a determination coefficient R2=0.98.
The equation is as follows. 
Y = -1.760495+ 0.0376069*X1 +0.19674475*X2-
0.60604833*X3     (1)
Where Y= Penetration level in mm, X1=Accelerating Voltage in 
kV, X2=Beam current in mA, X3=Weld speed in m/min
Analysis of variance (ANOVA) was carried out for the results 
using the Design Expert 8.0.71 software. ANOVA is a statistical 
tool that helps to single out the contribution of each significant 
parameter on the final output. The results of ANOVA is shown 
in Table 3

Table 3: Results of ANOVA

Source Sum of 
squares

Mean 
square F value P- value

Prob >F
Model 1.23 0.41 130.43 <0.0001 significant
Accelerating 
voltage 0.21 0.21 67.53 <0.0004 Significant

Beam current 0.93 0.93 295.72 <0.0001 Significant

Weld speed 0.088 0.088 28.06 <0.0032 Significant
Residual 0.016 0.003
Total 1.25
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Here the F-value gives the effect of the concerned factor on the 
output. P-value gives the probability that the obtained F-value is 
due to noise and not the considered factor. So, we want the P-value 
to be as less as possible. Taking a 95% confidence level, we chose 
that P-value of less than 0.05 to be a significant contribution by 
the concerned factor. In the present case all the three parameters 
have a p-value far less than 0.05 and hence all are strongly 
significant. A comparison of F value tells the significance of each 
parameter when compared to others. In this case, beam current is 
the most significant one in terms of weld penetration followed by 
accelerating voltage and weld speed. In percentages,
                    Accelerating voltage - 16.8%
                    Beam current               - 74.75%
                    Weld speed               - 7.1%
       Error  - 1.28 

Fig. 3(a): Variation of Penetration Level With Voltage

Fig. 3(b): Variation of Penetration Level With Beam Current

Fig. 3(c): Effect of Weld Speed on the Penetration Level

The above figs. (3(a) to 3(c)) show the effect of each parameter on 
penetration level. The points are plotted by varying the required 
parameter and keeping the other two at their mean value (Level 
Average Response analysis). From the fig. 3(a), it is evident 
that maximum penetration occurs at 55 kV and as it is not more 
than 1.35mm this could be taken as the optimum voltage. The 
allowed depth of penetration for the specimen is 1.35mm which 
corresponds to a beam current of 9.33 mA from the fig. 3(b). So 
this is the optimum beam current. From the Figure 3c, it is evident 
that maximum penetration occurs at minimum weld speed i.e. 0.8 
m/min and as this maximum penetration does not exceed 1.35mm. 
This weld speed could be taken as the optimum value.
A confirmation experiment on the optimum parameters 
(Accelerating voltage: 55kV, Beam current: 9.33mA and welding 
speed:0.8m/min) was conducted to validate the above said finding. 
The microstructure of the specimen is shown in fig. 4. The depth 
of penetration measured was 1.362 mm against the actual depth 
of 1.35mm. 

Fig. 4: Effect of Weld Speed on the Penetration Level

C. Hardnesss
Micro hardness values of both the parent metals and the weld 
region were obtained using Vicker’s hardness test. The results 
are as shown in Table 4

Table 4: Hardness Values of the Parent Materials

Region Trial 1 
(HV)

Trial 2 
(HV)

Trial 3 
(HV)

Average Hardness 
value (HV)

AISI 304L 123 112 118 117.6
AISI 446 146 149.5 147.6 147.7
Weld 
Zone 137.2 137.4 139.2 137.9

From the above Table 4, it is evident that weld regions hardness 
is intermediate to that of both the parent metals indicating that 
parent metals have properly diffused into the weld. 

We suggest that you use a text box to insert a graphic 
(which is ideally a 300 dpi resolution TIFF or EPS file with 
all fonts embedded) because this method is somewhat more 
stable than directly inserting a picture. 

To have non-visible rules on your frame, use the 
MSWord “Format” pull-down menu, select Text Box > 
Colors and Lines to choose No Fill and No Line. 

 

Moreover there was no evidence of hardened layer as witnessed 
by the hardness values adjacent to weld zone. The hardness values 
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near the weld zone matched to that of the hardness values of the 
parent metal. 

IV. Conclusion
Electron beam welding of AISI 304L to AISI 446 has been • 
successfully welded and analysed for the effect of process 
parameters
Among the three process parameters Beam current has the • 
maximum effect (75.57%) on determining the penetration 
level, followed by accelerating voltage (17.26%) and weld 
speed (7.17%).
The optimum parameter levels to weld a specimen of • 
1.35mm wall thickness with good penetration level are 55kV 
accelerating voltage, 9.33mA beam current and 0.8m/min 
weld speed. The acceleration voltage and beam current have 
positive effects while the welding speed has a negative effect 
on the penetration levels.
The values of the empirical relation for the depth of penetration • 
levels match closely with the actual values as the correlation 
coefficient is 0.98
Micro hardness of the weld bead lies in between that of parent • 
metals indicating that parent metals are well diffused into 
the weld bead.
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