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Abstract: In the present work, it is demonstrated that significant surface modifications can be 
generated by a low energy, high current pulsed electron beam (LEHCPEB) treatment under 
the so called ‘Heating mode’ without surface melting. Using electron back scattering 
diffraction (EBSD) and transmission electron microscopy (TEM) observations, it is shown 
that the extremely fast thermo-mechanical cycles generate grain refinement and the formation 
of vacancies in the surface layer which account for a significant increase of the surface 
microhardness of a Fe 40at%Al alloy. Comparatively, the polarisation curves measured in 0.5 
M H2SO4 solution indicate that the LEHCPEB treatment without melting does not change the 
corrosion behaviour.  
Keywords: Low Energy, High Current Pulsed Electron Beam; FeAl; Grain refinement; 
Corrosion resistance 

        As is well known, the failure of industrial materials usually starts from their surface, 
especially when the working environment is corrosive or the applied load is moving. 
Therefore, it is often necessary and effective to improve the global properties of industrial 
materials by using surface modification techniques. During the past decades, pulsed energetic 
beams, such as laser, ion and electron beams, have  attracted much attention in the field of 
materials surface modifications. Among these pulsed beam surface modification techniques, 
the surface treatment by Low Energy High Current Pulsed Electron Beam (LEHCPEB) has 
been initially developed at the Tomsk Intense Current Research Institute 1-3. It is well 
established that improved surface properties (hardness, corrosion resistance) can be obtained 
by this treatment when the top surface is melted and rapidly solidified (107 K/s) 3,4. This is 
essentially the result of ultra-fine grains formed from the highly undercooled melt 5, melt 
surface purification 6 as well as strain hardening induced by the thermal stresses and shock 
waves 7.

In this work, we demonstrate the effectiveness of the LEHCPEB treatment for materials 
modification without melting of the top surface. This approach is of the outmost importance 
to get the full potential of this surface treatment technique 8. In order to study the typical 
effects induced by HCPEB treatment under the so called “heating mode”, a FeAl intermetallic 
alloy was selected in the present work. It is one of the potential candidates to replace steels 
for weight saving applications. 

The oxide dispersed strengthened (ODS) B2 Fe (40at%)Al alloy was hot extruded at 
1250oC from milled powers (with 1% Y2O3) in the form of a rounded bar 9. The specimens 
for the HCPEB treatment were cut perpendicularly to the extrusion axis into thin disks. Thus, 
the sample normal direction (ND) is parallel to the extrusion axis. The HCPEB treatments 
were carried out using a “Nadezhda-2” source 1,3, with parameters including : accelerating 
voltage; 27kV, energy density; 3J/cm2, number of pulses; 5 and 20, pulse duration; 1.5 s, 

dwell time between pulses; 10s.   
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Fig. 1a shows a typical TEM micrograph of the initial sample. A coarse grained structure 
with limited dislocation density can be clearly observed. Besides, many Y2O3 oxide particles 
(arrowed) are present. They were added at the milling stage of the powder preparation in 
order to improve strength and restrain grain size coarsening during processing 10,11. These 
oxides are fairly homogeneously distributed inside the grains or at the grain boundaries. Their 
size ranges from several tens of nms to about 2 m.  

The typical TEM micrograph taken at the top surface of the 20 pulsed sample is shown in 
Fig. 1b. Compared with the microstructures in the initial sample, some different features are 
present. First, the oxide particles have almost completely disappeared. This indicates that a 
selective surface purification or homogenisation occurred. This reaction, which was observed 
previously under the melting mode, was triggered here without melting of the FeAl matrix 6.
This can be done through preferential selective melting of the impurities that were sputtered 
away from surface under the following pulses. Second, numerous dislocations are present in 
the grains, indicating a heavy deformation of the surface layer induced by the LEHCPEB 
treatment. Finally, dynamic recovery of the dislocation cell walls also occurred, leading to a 
grain refinement that was confirmed by EBSD measurements. Fig. 2 compares the grain 
boundary misorientation distributions of the untreated sample and that of the 20 pulsed 
sample. The increased fraction of low angle grain boundaries after the LEHCPEB treatment 
corresponds to the creation of new sub-grains inside the initial grains. As a result, the average 
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Fig. 2. Grain boundary misorientation distributions of the untreated (a) and 20 pulsed  (b) 
samples measured by EBSD. 

(a) (b)

2 m

Fig. 1. TEM observations in the surface layer of the untreated (a) and 20 pulse treated (b) samples. 
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grain size was refined. The determination of the so-called “grain size” by EBSD is dependent 
on the selection of misorientation angles. If we use a boundary misorientation angle of 5 
degree for the determination of grain size, then the average grain size is about 3.6 m for the 

untreated sample decreasing down to 2.8 m  for the 5 pulsed sample and 1.8 m for the 20 

pulsed sample.  
The evolution of the surface hardness (H, Hv) as a function of the square root of the 

average grain size is plotted in Fig. 3. The hardness of the untreated sample is about 305 Hv. 
After 20 pulses, the hardness is increased to about 375 Hv, more than 25% due to the 

LEHCPEB treatment. There is a 
fairly linear increase of hardness 
with the square root of the average 
grain size when the number of 
pulses increases. Despite this linear 
increase, it is believed that the 
decrease in grain size is not the only 
factor controlling hardness under 
the “heating mode”. Indeed, it is 
very likely that the fast thermal 
cycles generated at the sample 
surface have induced the presence 
of vacancies which are known to 
affect the strength of FeAl 12-14. The 
increased dislocation density within 
the grains should also contribute to 
the increased hardness by strain 
hardening effect. Comparatively, 
however, the removal of oxide 

particles should compensate these effects by the absence of precipitation hardening.  
The corrosion resistance of the samples before and after the LEHCPEB treatment has 

also been evaluated. Typical potentiodynamic polarization curves of the untreated and treated 
samples in the 0.5 M H2SO4 solution are given in Fig. 4. The general trends of the curves are 
rather similar to the one reported in H2SO4 for this B2 alloy produced by different processing 
routes. 15-17The difference here 
between the three conditions is 
rather subtle. For the initial 
sample, the open circuit potential 
Ecorr=-560 mV. It slightly 
decreases to -600 mV after the 
LEHCPEB treatment with 5 pulsed 
and down to -620 mV for the 20 
pulsed samples. The corrosion 
current density (icorr) increased 
slightly from 0.2 mA/cm2 for the 
initial sample to 1 mA/cm2 for the 
5 pulsed sample and then 
decreased to 0.8 mA/cm2 for the 20 
pulsed sample. For all the samples, 
the polarization curves show 
typical active-passive-transpassive 
behaviour compared with the 
untreated sample, the treated 

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
1u

10u

100u

1m

10m

100m

1

ico
r
 (

A
/c

m2
)

E (V/SCE)

 5 Pulses
 20 Pulses
 As initial

Fig. 3. Hall-Petch plot showing the evolution of the 
surface hardness. The Vicker’s hardness was measured 
under a 100g load.

Fig. 4. Potentiodynamic polarization curves of
untreated and treated samples in 0.5 M H2SO4

solution.
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samples are easier to shift toward the passive state by showing a lower potential and a lower 
current density at the active-passive peak. On the other hand, the treated samples also show a 
more stable passive region (0.5V-1.2V) with lower current density than that of the untreated 
sample. However, the above differences in corrosion behaviours between untreated and 
treated samples are rather low. In short, the polarization curves reveal that the corrosion 
resistance of the alloy remains at very similar level after the LEHCPEB treatment while other 
properties are improved.  
        In summary, this work has demonstrated that significant microstructure and property 
modifications can be encountered in a material treated with low energy, high current pulsed 
electron beam (LEHCPEB) under the so called “heating” mode. The oxide paticles in the 
initially FeAl sample can be removed without crater formations and melting of the substrate. 
Together with the surface purification effect, a grain refinement effect was observed. This is 
due to the formation of low angle grain boudaries and grain boundary migration induced by 
repeated deformation and dynamic recovery/recrystallization during the LEHCPEB treatment. 
Furthermore, surface hardening is also observed after treatment, which is likely due to the 
combination of grain refinement and formation of quenched-in vacancies. Comparatively, the 
corrosion resistance remains at the same level after the LEHCPEB treatment without melting 
– a good balance between hardness and corrosion resistance is thus achieved.  
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