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 In liquid metal technology, steel corrosion is a well-known problem. Dissolution of alloying 
elements into the liquid metal is prevented by the formation of a protective oxide layer on the steel 
surface. However, in high temperature applications, oxide layers grow fast, become brittle, and might 
spall. This can be avoided by surface coatings containing strong oxide formers such as Al in FeCrAl 
alloys. In order to guarantee long-term stability of the coating, pulsed electron beams are used to melt 
the coating, together with a few micrometers of the steel surface. Mixing of coating and steel and rapid 
solidification of the melt lead to a dense surface alloy with metallic bonding to the steel. 

For re-melting of metal and metal alloy surface layers, large-area pulsed electron beams with 
power density 0.5-1.5 MW/cm², electron energy 120 keV and pulse duration 10-50 µs are generated by 
the GESA facility. Model targets from stainless steel SS 304, aluminum, and copper are used to study the 
processes of melting, evaporation, melt motion, and re-solidification. Profilometer measurements of the 
target topography after treatment are presented. The experimental investigations are accompanied by 
heat transfer simulations including melt motion using the code MEMOS. Although most of the 
experimental observations are reproduced by the simulations, some phenomena such as liquid splashing, 
material mixing and the development of surface waviness are not caught by the numerical calculations. 

Модификация на повърхностния слой с електронен сноп с голямо напречно сечение (Р. 
Фецер, А. Уейзенбургер, Г. Мюелер). В технологията с течни метали корозията на стомани е 
добре известен проблем. Разтварянето на сплавяващи елементи е възпрепятстван от 
образуването на предпазен оксиден слой на повърхността на стоманата. Обаче, при високо-
температурните приложения, оксидният слой расте бързо, става крехък и може да се 
разчупи. Това може да се избегне от повърхностно покритие, съдържащо силни оксидни 
формирователи, такива като Al в FeCrAl сплави. За да се гарантира дълготрайна стабилност 
на покритието, се използва импулсен електронен сноп, за да стопи покритието, заедно с 
няколко микрона от повърхността на стоманата. Смесването на покритието и стоманата и 
бързото затвърдяване на течния метал води до плътна повърхностна сплав с металически 
връзки към стоманата. 

За претапяне на метала и металния повърхностен слой от сплавта, импулсен електронен 
сноп с голямо напречно сечение с плътност на мощност 0,5-1,5 MW/cm²,електронна енергия 
120 kеV и продължителност на импулсите 10-50 µs се генерират от устройството GESA. 
Модели на мишени от неръждаема стомана SS 304, алуминий и мед са използвани за изучаване 
на процесите на топене, изпарение, смесване и повторно затвърдяване. Представени са  
измервания с профилометър на топографията на мишената след обработка. 
Експерименталните изследвания са придружени със симулация на топлинните процеси, 
включително и разбъркването на течния метал с компютърния софтуер MEMOS. Въпреки, че 
повечето експериментални наблюдения са репродуцирани от симулациите, смесването на 
материала и развитието на повърхностни вълни не се хващат от числената симулация. 

 

Introduction 
The high solubility of steel alloying elements, 

especially Ni, in heavy liquid metals (HLM) results 
in severe dissolution attack when steels are in contact 

with HLM. To protect the structural material from 
corrosion attack, the formation of an oxide layer is 
targeted, which hinders ion diffusion. The growth of 
protective oxide scales can be achieved by a suitable 
level of oxygen in the liquid metal. Typically, a 
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multilayer oxide scale is formed on martensitic steel 
surfaces, consisting of magnetite on top, followed by 
a dense spinel layer and an internal oxidation zone 
[1,2]. In high temperature applications, however, the 
oxide layer grows fast and the brittle magnetite 
might spall. Therefore, thermally high loaded parts 
require a slowly growing, dense, and stable 
protective layer. 

Suitable candidates to form thin, stable and 
protective oxide scales in HLM environment are 
metal alloys containing strong oxide formers such as 
Al. FeCrAl alloys have proven their capability to act 
as a reservoir for the formation of protective thin 
oxide layers in liquid lead or lead-bismuth 
environment. Due to their inferior mechanical 
properties, however, FeCrAl alloys cannot replace 
steel as structural material. FeCrAl coatings, on the 
other hand, might suffer from poor bonding to the 
steel and long term stability cannot be guaranteed. 
To solve this problem, pulsed electron beams are 
used to melt the 20-30 µm thick FeCrAl coating, 
together with a few micrometers of the underlying 
steel [3]. The large-area electron beams used for the 
treatment are generated by the GESA facility, with 
120 kV acceleration voltage, 10-50 µs pulse 
duration, and up to 75 J/cm² energy density. Mixing 
of melted coating and steel and subsequent rapid 
solidification lead to a dense modified surface layer 
with metallic bonding to the steel, see Fig. 1. The 
bulk material remains unaffected by the treatment. 

 

 
Fig.1. FeCrAl coating on stainless steel melted with pulsed 
electron beam and solidified into modified surface layer. 

The major drawback of the described surface 
layer melting and alloying process by pulsed electron 
beam treatment is the topographical pattern that 
evolves on the target surface. Intense pulsed electron 
beams with parameters as used above cause the 
development of a topographical pattern on the target 
surface with tens of micrometers in height and 
hundreds of micrometers on the lateral scale. In the 
present study, the modified surface layers of model 

targets from stainless steel, copper, and aluminum 
are characterized after the treatment; their 
topography is measured and cross section analysis is 
performed. The post-treatment analysis is 
accompanied by heat transfer simulations including 
fluid dynamics of the melted surface layer.  

Methods 
Pulsed intense electron beams are generated in the 

GESA I facility [4], a triode system consisting of an 
explosive emission cathode, a grid, and a ring-shaped 
anode. A high-voltage pulse (120 kV) is produced by 
a Marx generator and supplied to the triode. The 
homogeneously emitted electrons are guided by a 
magnetic field. The Gaussian beam profile found at 
the target surface has a diameter of about 6 cm and a 
power density of 1-2 MW/cm² in the beam center. The 
total energy density deposited in the central area can 
be adjusted to values between 10 and 80 J/cm². Triode 
and target are placed in a vacuum chamber. 

Model targets are 15 x 15 mm² pieces cut from 1.5-
2 mm thick sheet metal of stainless steel (SS 304), 
copper (Cu), and aluminum (AlMg3, 2.5-3.6 wt% 
Mg). The target surfaces are grinded to a roughness 
(root mean square) of 0.2-0.3 µm, cleaned with 
ethanol and mounted in the GESA treatment chamber. 
Weighing of the samples prior to and after the electron 
beam treatment allows information about the total 
material loss. A non-contact white light profilometer 
(µscan by NanoFocus) based on chromatic aberration 
is used to measure the topography of the target 
surfaces. Cross sections are cut from selected samples 
and analyzed optically and by scanning electron 
microscopy (SEM) including an attached energy 
dispersive X-ray detector. 

The experimental investigations are accompanied 
by simulations using the code MEMOS [5], an in-
house finite difference code which accounts for 
volumetric energy deposition of beam electrons into 
the target material, heat transfer including phase 
transitions of melting, evaporation, and solidification. 
Hydrodynamic motion of the melted surface layer is 
considered by means of a thin film model. 

Results and discussion 

Target topography 

In Figure 2, typical profilometer images [6,7] of 
various targets after treatment with a GESA electron 
beam of energy density 56±2 J/cm² are depicted. The 
topographical pattern depends on the target material. 
A more or less isotropic pattern of rather regular 
ripples is observed on stainless steel and copper 
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surfaces, with a root mean square roughness Rq of 2.7 
µm for SS and 3.9 µm for Cu. In contrast, aluminum 
shows an irregular pattern with a much larger 
roughness of Rq= 11.9 µm. 

 
SS Cu Al 

Fig.2. Profilometer images (4x4 mm²) of SS, Cu, and Al 
after treatment with a pulsed electron beam of energy 

density 56 J/cm². The height scale is 20 µm for SS and Cu, 
and 50 µm for Al. 

When using the same target material, the surface 
roughness generally increases with the heat load 
deposited by the beam, see Figure 3 for data of SS, 
Cu, and Al after treatment with a single GESA pulse. 
Due to the large scatter it is not clear whether 
saturation of the roughness is achieved for very high 
energy densities. 

 

 
Fig.3. Roughness of SS, Cu, and Al target surfaces versus 

energy density of the respective irradiation pulse. 

Evaporation and melt thickness 

From simulations, an evaporation rate of up to ~0.1 
m/s is expected for SS, Cu and Al, which results in 
substantial vapor recoil pressure of several bar [7]. 
Random lateral fluctuations in evaporation and recoil 
pressure could drive horizontal flow of the melted 
surface layer, thus inducing hydrodynamic instability. 

Due to intense evaporation, a rather dense vapor 
cloud builds up directly above the target surface. 
Simulations indicate a neutral density of ~1019 cm-3 
[6]. Horizontal flow of vapor particles transfers shear 
forces to the free melt surface and might cause the 
development of Kelvin-Helmholtz instability. 

Figure 4 (left) shows the total target material loss 
caused by the pulsed electron beam treatment, 
together with simulation results [7]. Al targets clearly 

experience the highest loss of material in terms of 
thickness, followed by stainless steel. Cu shows the 
least amount of lost material. 

 

  

Fig.4. Experimental and simulation results of material loss 
(left) and melting depth (right) for SS, Cu, and Al targets 
versus energy density of the respective irradiation pulse. 

For all target materials, the simulation predicts 
evaporation of less material than lost in the 
experiments (Fig. 4, left). This is explained by 
splashing of liquid droplets not accounted for in the 
simulation, due to either explosive boiling, eruptions 
around inclusions, or Kelvin-Helmholtz instability. 
These phenomena add to the complex dynamics of the 
melted surface layers. 

In Figure 4 (right), the melting depths (including 
the lost material), measured optically from cross 
sections as well as the predicted values from the 
simulations, are summarized for SS, Cu, and Al at 
various beam energy densities [7]. As expected, the 
melt layer thickness increases for increasing deposited 
energy density. Stainless steel targets have the 
thinnest melted layers, followed by Cu. Al targets 
exhibit the thickest melt layers. The simulation results 
agree very nicely with the measured data. 

Although evaporation and material loss most 
probably have some effect on the surface topography 
as discussed above, surface roughness rather scales 
with the melt layer thickness (comparison of Figs. 3 
and 4). Such scaling is generally expected for any 
hydrodynamic instability of thin liquid films. 

Material inhomogeneity 

After pulsed electron beam treatment, the cross 
sections of the targets are imaged by scanning electron 
microscopy. Results are summarized in Fig. 5 for SS 
and Al targets. Al without any special high purity 
grade (AlMg3, left image in Fig. 5) shows many 
inclusions and precipitates in the bulk material (Mg, 
Fe, Si, Mn). In the surface layer melted by electron 
beam treatment, almost none of the described 
impurities are found. Instead cracks are observed, 
running mainly perpendicular to the target surface.  
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Fig.5. SEM cross section images of Al (left) and SS target 
(right) after electron beam treatment. The scale bars are 50 

µm for Al and 30 µm for SS. 

Homogenization of the modified surface layer 
might be explained by eruptions and ejection of the 
foreign material. However, the melted layers in our 
system are up to 70 µm thick and ejection of target 
material from such large depths is unlikely. Instead, 
dissolution of the impurities into the surrounding melt 
is expected to cause the observed homogenization. 

Stainless steel targets (right image in Fig. 5) show 
only very few and very tiny spots in the bulk material, 
visible only with higher resolution. Because of their 
low number density, no conclusion can be drawn 
whether the number of spots is reduced in the re-
melted surface layer. 

Although inclusions are dissolved in the electron 
beam melted surface layer, the material composition 
might not be uniform after the treatment. Local 
variations in concentration can induce temperature 
variations and surface tension gradients, which drive 
Marangoni flows and influence the surface 
topography after solidification. 

Aspect of melt front 

Due to rapid solidification of the melted surface 
layer after beam termination, the melted layer evolves 
a microstructure different from the bulk material. This 
allows a metallographic etch of target cross sections to 
reveal the depth of the melted layer and the aspect of 
the interface between melted and non-melted material, 
called melt front. 

In Figure 6, optical micrographs of stainless steel 
and aluminum cross sections are shown. The bulk 
material of stainless steel 304 (left image) shows a 
layered structure, originating from the production 
process of the sheet metal. The melted surface layer is 
rather homogeneous in microstructure. The melt front 
is straight, even in places where undulations are 
formed at the target surface. This indicates a uniform 
melting process, despite any initial material 
inhomogeneity. The surface features that remain after 
solidification develop independently of the melting 
process. 

SS Al 

  

Fig.6. Micrographs of etched cross sections of SS (left) and 
Al (right) after electron beam treatment. The scale bars are 

100 µm for SS and 200 µm for Al. 

For Al (right image in Fig. 6), a different situation 
is revealed. The melt interface is not straight, 
indicating a non-homogeneous melting process. The 
surface topography is in general not correlated with 
the aspect of the interface. In addition to the irregular 
melt thickness, different shades in the melted layer 
indicate a non-uniform composition and a turbulent 
flow pattern. This confirms the hypothesis expressed 
above that dissolution of material inclusions into the 
surrounding melt results in a non-homogeneous 
concentration distribution, which generates surface 
tension gradients and Marangoni flow. Unlike intense 
evaporation, which ceases shortly after beam 
termination, the inhomogeneous composition persists 
till solidification. 

Conclusion 
Surface layer modification of metal targets by 

intense pulsed electron beams (GESA) is a powerful 
tool for improving material properties. By surface 
alloying of FeCrAl coatings with steel, for instance, 
dense modified surface layers are achieved, 
metallically bonded to the bulk material, with 
enhanced corrosion resistance to liquid metal 
environment. However, treatment by GESA pulses 
leads to the development of a topographical pattern on 
the target surface. In this post-treatment study, the 
topography was compared for stainless steel (SS 304), 
copper, and aluminum (AlMg3) model targets. Intense 
evaporation and induced vapor flow might contribute 
to the observed surface features. In addition, as 
observed by cross section analysis, dissolution of 
inclusions into the surrounding melt results in a non-
uniform composition. Surface tension gradients and 
resulting melt flow add to the complex melt dynamics 
and the development of the surface features observed 
on metal targets after pulsed intense electron beam 
treatment.  
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