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Comparison of electron beam and laser welding for safety critical 
space applications 

Tim Mitchell, Chris Allen, Andrew Norman 

 
Recent work completed for ESA and Ariane Group performed a comprehensive comparative 

assessment of laser and electron beam processes, targeting stainless steel flow control valve materials 
and typical penetrations to determine if any one process is more suitable. The comparison performed 
non-destructive and destructive evaluation of flat plate coupons and flow control valve demonstrator 
components. Results indicate that for a given joint geometry and beam quality there is no significant 
difference between the qualities of welds produced by either technique. 
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Introduction 

Welded joints in satellites must be of consistently 
high quality, made with minimal distortion to meet 
tight dimensional requirements, and result in high 
performance structures up to the job of operating in 
the demanding environment of space. 

Welded propellant flow control valves (FCVs), 
used to position satellites, are a prime example (Fig. 
1). In past years, quality anomalies in laser welded 
valves have occurred, jeopardising projects, 
qualifications and in some cases missions, resulting in 
substantial costs and delays.  

 
Fig. 1.  One Newton flow control valve (image courtesy of 

ESA). 

Given these experiences, the European Space 
Agency (ESA) now favours electron beam (EB) 
welding in valves, over laser welding for satellite (Fig. 
2). 

Nevertheless, with the advent of new laser source 
options, ESA is currently re-evaluating laser welding, 
and has been working with TWI to develop and 
compare it to EB welding. 

 
Fig. 2.  Artists impression of the Proba-V satellite (image 

courtesy of ESA). 

Methodology 

Comparative trials have been carried out on 
coupons, moving to representative demonstrators, 
comprising joints between 347 austenitic, 430 ferritic 
and/or 17 – 7 martensitic stainless steels. The welds 
required are commonly in thin sheet materials 
(thickness approximately 2 mm or less), to minimize 
weight, and only partially penetrating, to prevent 
thermal damage to sensitive components within the 
flow control valve structure. 

The corresponding EB and laser weld qualities, 
microstructures and properties have then been 
analyzed and compared, using inspections including 
radiography, metallography, hardness surveying, weld 
profile scanning, scanning acoustic microscopy 
(SAM), scanning electron microscopy (SEM), 
electron backscattered diffraction (EBSD) pattern 
analysis, and electron dispersive X-ray (EDX) 
analysis. 
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Tensile strength tests have also been carried out on 
coupons and, stress-corrosion cracking (SCC) 
tendency, fracture toughness (FT) and fatigue crack 
growth resistance (FCGR) tests have all been 
performed. 

In addition demonstrator components have also 
been manufactured and welded, the demonstration 
components have been subjected to similar non-
destructive inspections and ultimately subjected to 
rupture testing. 

Results 

Coupon work begun developing suitable laser and 
EB welding parameters for partial penetration joints 
with penetration depths ranging typically from s = 0.2 
mm (e.g. for attachment of membranes and diaphragm 
structures) to s = 1.5 mm (e.g. for sealing of the valve 
body). 

In the EB welding trials, these penetration depths 
were accomplished by adjusting the beam current of a 
60 kV, 4 kW EB welding system (Fig. 3), operating at 
a fixed typical welding speed of 20 mm/s. 

 
Fig. 3.  Electron beam welding system at TWI used for the 

experimental programme, 60 kV 4 kW system. 

 
Fig. 4. QCW fibre laser system at TWI, 600 W / 6 kW. 

In the laser welding trials, a number of options 
were considered, including multi-kilowatt continuous 
wave (cw) fibre laser welding for the deeper welds (s 
≥ 0.7 mm), or sub-kilowatt and pulsed’ laser welding, 
as both available from a QCW fibre laser welding 
system (Fig. 4), for the shallower welds (s ≤ 0.7 mm). 

The multi-kilowatt cw laser welding was carried 
out over a range of different welding speeds, to alter 
the penetration depth achieved. In an approach more 
similar to EB welding, QCW laser welding was 
carried out at a fixed speed, but using different heat 
inputs. 

Beam probing was performed on the electron beam 
system using the TWI developed BeamAssure™ 
approach. Results obtained were plotted and the 
indicated waist (diameter) of the electron beam was of 
the order of 150 – 200 µm (Fig. 5). 

 
Fig. 5.  Focus profile obtained with the BeamAssure system 

for a 60 kV 12.2 mA beam. 

The results from the laser system gave a slightly 
larger diameters for the multi-kilowatt cw laser beam 
(at d ~275 µm), but a smaller diameters for the 
sharply focused QCW beam (at d ~60 µm) Fig. 6. 

 
Fig. 6. Beam caustic for the QCW fibre laser, beam 

diameter at focus is ~60 µm. 
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Fig. 7 shows example results from the EB system, 
as depths of penetration measured in melt run trials on 
stainless steel plate. Two of the penetration depths 
targeted (s = 0.7 mm and s = 1.5 mm) could be met 
using beam currents of 6 mA and 12.2 mA, 
respectively, with the use of circular beam deflection 
to improve weld quality. At the welding speed used in 
the EB trials, these beams equated to available heat 
inputs of ~18 J/mm and ~37 J/mm, respectively. 
Welds could also be made without beam deflection, 
using ~2 – 4 mA less beam current for the same 
penetration depths. 

Fig. 8 shows example results from the multi-
kilowatt cw laser welding system. The s = 0.7 mm 
penetration depth could be achieved using a 1.5 – 2 
kW beam, at 8.5 – 9.5 m/min, equating to an available 
heat input of ~9.5 – 14 J/mm. 

 
Fig. 7. Example EB melt run penetration depths, with and 

without beam deflection. 

 
Fig. 8. Example cw multi-kilowatt laser melt run 

penetration depths. 

The s = 1.5 mm penetration depth could be 
achieved using a 1.5 kW beam at a slower speed of 
4.5 – 6 m/min (~15 – 20 J/mm). These heat input 
values were lower than that required by EB welding, 
as the laser beam was, although slightly defocused, 

not subjected to circular beam deflections during 
welding. Nevertheless, this resulted in narrower welds 
with correspondingly stricter tolerances on beam-to-
joint alignment. 

Using the QCW laser system, the s = 0.7 mm 
penetration depth could be achieved using a tightly 
focused cw beam, with an available heat input of only 
5 J/mm. Using that same laser source but pulsed at 
100 Hz, the s = 0.7 mm penetration depth was 
achieved using overlapping 4 J pulses, with a higher 
available heat input of 25 J/mm. 

Shallower penetration welds (down to s = 0.2mm) 
could be achieved using a lower power cw beam, or 
lower pulse energies, respectively, with that same 
system. 

Using a pulsed laser welding approach for 
shallower (s ≤ 0.7 mm) penetration welds was 
preferred to using a cw beam. Although of higher heat 
input, slower speed pulsed welding resulted in a more 
practical, wider weld, with more beam-to-joint 
alignment tolerance and less risk of lack of fusion 
defects. 

Fig. 9 and Fig. 10 compares weld cross-sections 
from typical welds with penetration depths of 0.7 mm 
and 1.5 mm, made using the different power beam 
approaches. 

 
Fig. 9. Example electron beam butt welds in (top) 347 – 

346 joints and (bottom) 347 – 430 joints,  to target 
penetration depths of either 0.7 mm or 1.5 mm. 

In terms of the surface profile of these different 
welds, laser scanning indicated that both EB and laser 
welding resulted in weld caps with a small amount of 
undercut, but that this was < 50 µm deep in all cases. 
Some isolated incidences of spatter were also detected 
with the laser welds. 

In terms of internal weld qualities, only a few 
isolated pores ≤ 0.2 mm in diameter were detected in 
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both the EB and laser welds, when nitrogen shielding 
the latter. These results were well within end-use 
requirements. 

 
Fig. 10. Example multi-kilowatt cw and pulsed laser 

welding (QCP-p) butt welds in (top) 347 – 346 joints and 
(bottom) 347 – 430  joints,  to target penetration depths of 

either 0.7 mm or 1.5 mm. 

An extensive amount of SEM was carried out to 
characterise and compare the weld microstructures 
present, depending on the grades of stainless steel 
being welded together and the welding process used. 
For example, a columnar grain structure was observed 
in both EB and laser welds in 347 – 347 joints. EDX 
indicated that in these autogenous welds the bulk 
composition of the weld metal was the same at that of 
the parent 347, EBSD indicating that it remained 
austenitic. More interesting microstructures were 
observed in the mixed 347 – 430 weld metals. In both 
EB and laser welds the bulk weld metal composition 
appeared intermediate between that of the two parent 
materials. EBSD revealed this as being sufficient to 
render the weld metal ferritic (Fig. 11), i.e. as the 430. 
In addition, unidentified Ni-enriched phases were 
observed to decorate selected grain boundaries, nearer 
to the 430 side of the joint. Fig. 12 shows an example 
of such phases. 

In terms of the mechanical properties of the welded 
coupons, cross-weld hardness surveying indicated 
some heat affected zone (HAZ) softening in 347 – 347 
EB welds. This was absent in the corresponding laser 
welds, perhaps owing to the lower heat inputs used. 
Conversely, hardness surveying indicated some weld 
metal hardening across both EB and laser welds made 
between 347 and 430, perhaps in part related to the 
presence of the Ni-enriched grain boundary phases. 

 

 
Fig. 11. EBSD colour map of phases across an EB weld (s 

= 1.5 mm) made between austenitic 347 (in red) and ferritic 
430 (blue), resulting in a ferritic weld metal. 

 
Fig. 12. Scanning electron micrograph of  grains decorated 
with unidentified Ni-rich phases in a mixed 347/430 power 

beam weld metal. 

The cross-weld tensile strengths of the EB and 
laser welds were correspondingly similar. As an 
example, both sets of welds in 347 – 347 joints had 
yield stresses of ~300 – 350 MPa, and ultimate tensile 
stresses of ~600 – 700 MPa. 

Detailed mechanical test consisting of SCC, FT 
and FCGR testing was also performed on flat coupons 
made using both processes. 

Stress corrosion cracking sensitivity evaluation 
was performed in 3.5% NaCl solution using an 
alternating immersion approach (as per ESA ECSS-Q-
ST-70-37C [1]).  
 
 



“Е+Е”, vol. 53, 9-10, 2018 245

Samples were subjected to 75% of the yield stress 
and tested for 30 days. Results concluded that the 347 
– 347 welds in both processes were resistant to SCC 
and were classed as level 1 high resistance to SCC. 
The 347 – 430 welds were not as resistant and were 
classed as level 3 low resistance to SCC. The lower 
resistance to SCC for the 347 – 430 welds was due to 
preferential attack of the HAZ in the 430 material. 

Fracture toughness testing of extracted coupons 
from EB and laser welded plates was performed at 
TWI. Coupons of the centre cracked tension type 
(CCT) were manufactured and notched. Fatigue 
cracks were made in the samples which were then 
tested. Table 1 shows the typical FT results for both 
processes. 

Table 1 
Results for FT testing 

Specimen type J0 (kJ/m2) KJ0 (MPa√m) 

EB, 347/347 2470 740 

Laser, 347/347 1940 650 

EB, 
347/430 

210 – 1750  
large scatter 

220 – 620 
 large scatter 

Laser  
347/430 

1070 – 2200 
scatter 

480 – 700 
 scatter 

 

The large scatter seen in the results from the 347 – 
430 joint combinations were due to a combination of 
crack path deviations into coarse grained HAZ in the 
430 steel and difficulties in positioning the notch and 
fatigue crack, which then tends to deviate. Fig. 13 
shows the location of failure of one of the 347 – 430 
coupons. 

 
Fig. 13.  FTT coupon showing failure in the EB welded  

HAZ of the 430 steel. 

Fatigue crack growth rate testing was also 
performed on the welded coupons. Coupons were 

CCT type and were tested to ISO 12108 [2] with R = 
0.1 and R = 0.5 stress ratios, Fig. 14. 

 
Fig. 14. FCGR results for a 347 – 347 laser weld. 

Problems with testing the thin samples were 
encountered and the majority of the R = 0.1 stress 
ratio test results were deemed invalid and no 
thresholds could be obtained. However, the results 
from the R = 0.5 ratio tests were mostly valid. In total 
only three sets of results could be used and these 
could be bound by the BS 7910 [3] R > 0.5 steel 
design curves, but again there was a tendency for the 
crack path to deviate into the heat affected zone in the 
430 steel, when testing 347/430 EB welds and this 
produced a large scatter in these results and caused 
some invalid tests. 

For all the detailed testing performed the small size 
of the coupons (2 mm thick) and the small width of 
the welds presented problems for the testing methods. 
Additional issues with crack path deviations into the 
HAZ of the 430 steel were also encountered, with the 
EB coupons having more issues due to a coarser HAZ. 

In general, the results of the mechanical tests 
showed little difference between welds produced by 
the two processes. 

Due to the similarity of results achieved to date 
with both EB and laser welding, comparative 
demonstrator FCV structures were then welded using 
both processes. As the joints involved in these 
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demonstrators required penetration depths of typically 
0.8 mm, either EB or pulsed QCW laser welding was 
used. Fig. 15 shows examples of the demonstrators 
made. 

The demonstrators were subjected to a comparative 
set of non-destructive and destructive inspections. 
Fluorescent penetrant inspection did not detect any 
significant flaws in either the EB or laser welded 
samples and laser surface scanning showed that weld 
toe under-fill was similar in most cases for EB and 
laser welds. 

 
Fig. 15. Flow control valve demonstrator components, top 

EB welded and bottom laser welded. 

 
Fig. 16. Laser surface scanning of weld caps to evaluate 

surface condition. 

Fig. 16 shows the results from the laser surface 
scanning of one of the planetary joints on the 
demonstrator. The data obtained was used to evaluate 
the weld cap profiles and any under-fill that may have 

been present. Results for both processes gave a typical 
weld cap height of 0.1 mm to 0.2 mm high and an 
under-fill of less than 50 µm deep. 

Volumetric inspection showed that the EB welds 
overall had less porosity, but both process produced 
pores up to 0.25 mm in diameter. Transverse weld 
sections extracted from the laser and EB welded 
samples also showed very similar weld profiles, Fig. 
17, with the EB welds having a slightly wider weld 
cap, due to the circular beam deflection performed 
during welding. 

 
Fig. 17. Transverse weld sections extracted from proof 

tested demonstration components. 

Pressure testing was performed on samples 
attached to a hydraulic testing rig along with a 
reference pressure transducer. Samples were proof 
tested at 82.5 bar for five minutes while inspecting for 
leaks. After completion of the proof testing the 
pressure was increased in two samples until rupture 
occurred.  

 
Fig. 18. Results of rupture testing of the FCV demonstrator 

components. 
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Fig. 19. Proof test and rupture testing results for two FCV 

demonstrator components, EB sample achieved 410bar 
before rupture and the laser sample 406 bar. 

Fig. 18 shows the failure locations of the two 
rupture samples and Fig. 19 the data recorded from 
the pressure transducer. 

Conclusions 

The work to date has demonstrated that, with 
correct development, both electron beam and laser 
welding processes are capable of producing shallow 
partial penetration welds suitable for satellite FCV 
manufacture. 

The results in this work show that the mechanical 
properties and weld qualities are very similar for both 
processes, when considering conventional testing 
methods. Detailed testing of small scale welds in thin 
samples using FT and FCGR has proved difficult due 
to the width of the welds and the thickness of the 
coupons. Stress Corrosion cracking evaluation 
indicated that both processes produce similar results. 

The final part of the programme of work, to 
manufacture and test representative demonstrators, 
was successful and both processes have shown very 
similar results. Given the results obtained a down 
selection between the two processes is difficult based 
on mechanical testing alone; microstructural and 
processing differences also need to be considered for 
the particular material to be joined. 

This suite of information should, going forwards, 
help designers and manufacturers of satellite systems 

have a better understanding of the differences and 
similarities between EB welding and laser welds 
processes, and provides evidence that new laser 
technologies can be used in fabrications. 
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