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Abstract: The surface hardening of steel components makes it possible to achieve 
high abrasive wear resistance without the necessity of hardening the entire 
cross-section of a given element. As a result, lower stress are introduced and 
the cost of the process can be reduced. Because of very high heating rates (of up 
to 10⁹ K/s) as well as the ease of dynamic deflection and focusing, the use of the 
electron beam to harden component surfaces enables the obtainment of surface 
layers characterised by required properties. This article constitutes an overview 
of publications concerning electron beam-based surface hardening.
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Introduction
Since antiquity, hardening has been used to in-
crease the wear resistance, hardness and plastic 
strain resistance of various elements. Gradual-
ly, along with advancements made in their pro-
duction, iron alloys have been characterised by 
increasingly low contents of carbon. In spite of 
the fact that the aforesaid alloys were charac-
terised by high plasticity and workability, they 
could not be used to make tools or weapons and, 
in addition, were characterised by low hardena-
bility. The first surface processing method aimed 
to obtain hard surface without compromising 
favourable plastic properties was carbonizing, 
also referred to as case hardening. The above-
named process, where the surface layer of an 
element is provided (through diffusion) with 
carbon atoms, increases the mechanical prop-
erties of iron alloys. Until the 20th century, case 
hardening was the only method enabling the 

obtainment of the hard and wear resistant sur-
face layer of steels or cast steels [1–3]. The soft 
and plastic core combined with the resistant sur-
face layer provide numerous advantages. Ma-
terials characterised by high plasticity are also 
characterised by high workability and formabil-
ity, which leads to reduced manufacturing costs. 
In addition, the low hardness of surface before 
hardening facilitates machine cutting, making 
the process less laborious and expensive [4–9].

Upper layers are, by convention, divided into 
coatings and surface layers. The coating is a lay-
er made or applied on the metallic surface in 
a natural or artificial way, whereas the surface 
layer constitutes the material surface and the 
subsurface area, the properties of which dif-
fer from those of layers located deeper in the 
material [4–7]. The division of methods used 
in the fabrication of surface layers is present-
ed in Figure 1. 
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Presently, there are many methods enabling 
the fabrication of surface layers on elements 
made of iron alloys. One of such processes is 
surface hardening, i.e. a heat processing meth-
od consisting in the heating of the surface lay-
er of a given element by 30–50 K above the 
austenitisation temperature and ensuring the 
sufficiently fast discharge of heat so that the 
martensitic or bainitic transformation could 
take place. The hardening of the surface layer 
reduces stresses and strains, the consumption 
of energy and, consequently, manufacturing 
costs. In terms of the presence or absence of the 
liquid phase during the process, surface hard-
ening can be divided into hardening with and 
without melting [4–9].

Surface hardening methods can be divided 
into [8,9]:
 – flame hardening,
 – induction hardening, 
 – quench hardening,
 – laser hardening,
 – electron beam hardening,
 – contact hardening, and
 – electrolytic hardening.

Electron beam hardening 
Electron beam hardening is a process using 
the electron beam as the source of energy. The 
process involves the excitation and emission 
of electrons from the cathode, usually made 
of tungsten or a tungsten alloy. Electrons are 
first accelerated using very high voltage (even 
300 kV) and, next deflected and directed to the 
working chamber using electromagnetic coils 
[10–13]. The design of the electron gun is pre-
sented in Figure 2.  

The beam of electrons “bombards” and, 
through changing kinetic energy into thermal 
one, increases the temperature of the surface 
of a given material. The proportion of the mass 
subjected to electron beam hardening to the 
mass not subjected to hardening should be low 
enough for the latter to absorb heat from the 
surface. The above-named absorption should 
be fast enough to exceed the critical rate and 
enable the martensitic or bainitic transforma-
tion [10, 12, 18–20].  

Electron beam machines can be divided in 
relation to applied voltage (into low-voltage, 
i.e. up to 60 kV and high-voltage devices, i.e. 
above 60 kV, devices), vacuum level (with high 
vacuum, i.e. above 10-⁴ mbar, medium vacuum, 
i.e. above 10-2 mbar, partial vacuum and vacu-
um-free) and the type of the working chamber 
(chamber, stroke, lock and mixed). The vacu-
um level significantly affects process efficiency 
(growing along with the increasing vacuum lev-
el). Because of the interaction of beam electrons 
with those of the atmosphere, vacuum-free 
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Fig 1. Methods used to obtain surface layers [7]

Fig. 2. Electron gun and its components [14, 15] 
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devices are characterised by low energy con-
version efficiency and the limited range of op-
erating distances. However, high vacuum is 
more difficult to achieve, which extends auxil-
iary time connected with the exchange of ele-
ments being processed in the chamber. The easy 
change of focusing current and the dynamic de-
flection of the beam enable the performance of 
the hardening process using both the focused 
and defocused electron beam, in the continu-
ous, pulsed or continuously oscillating deflect-
ed mode (dynamic, scanning). The shape of 
oscillation is freely programmable, which fa-
cilitates the precise hardening of selected sur-
faces [10, 18–20]. Figure 3 presents exemplary 
electron beam scanning related to various os-
cillation frequencies. Figure 4 contains a sche-
matic diagram of the electron beam hardening 
process.

The parameters of the electron beam hard-
ening process are as follows:
 – accelerating voltage, U [kV],
 – beam current, I [mA],
 – workpiece travel rate in relation to the elec-
tron gun, v [m/s],

 – focusing current, If [mA],
 – cathode heater current (as regards the directly 

heated cathode), Ic [A],
 – type of oscillation and beam deflection fre-

quency, f [Hz],
 – vocal length, l [mm],
 – vacuum level, p [mbar].

The primary advantages of electron beam hard-
ening [10, 12, 13, 18–20] are the following:
 – metallurgical purity of the process (per-
formed in vacuum),

 – precise computer-controlled deflection and 
focusing of the beam,

 – higher (in comparison with other technolo-
gies) heating rates (of up to 109 K/s), where 
the heating of the surface of an element is fast-
er than its heat absorbability (resulting from 
the heat conductivity of a given material),

 – precise adjustment of process parameters,
 – high process repeatability,
 – easy automation,
 – high process precision,
 – high energy conversion efficiency (exceed-
ing 90%).

Exemplary applications of the electron beam 
surface hardening process are presented in Ta-
ble 1. Figure 5 presents a cam unit hardened us-
ing the electron beam.

Fig. 3. Exemplary scanning with the electron beam: 
a) in relation to low oscillation frequency and b) in rela-

tion to low oscillation frequency [10, 16]
Fig. 4. Schematic diagram of the hardening process with 

the scanning electron beam [17] 
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Study overview
Because of the significant number of modifi-
able parameters, many research works focus 
only on results in the form of resultant sur-
face hardness and the hardened layer depth as 
well as on the simulation and optimisation of 
the hardening process. It is also of key impor-
tance to identify the direct effect of changes of 
specific parameters on the course and results 
of the hardening process. Publication [22] dis-
cusses tests concerning the effect of various 
beam deflection modes on the properties of 
electron beam-hardened layers; the tests were 
performed using a PROBEAM K26 machine. The 
material used in the tests was steel, the chem-
ical composition of which included 0.41% C, 

0.69% Mn, 0.25% Si, 1.04% Cr and 0.20% Mo. 
The patterns of deflection modes involved a sin-
gle point, a line perpendicular to the direction 
of movement and composed of 6, 11 and 1000 
points respectively (linear mode) as well as a 
filled field having the shape of a rectangle and 
a meander. Figure 6 presents process parame-
ters changed during the tests. Figure 7 presents 
the schematic diagram of the hardening pro-
cess in the meander-shaped deflection mode.

Table 1. Exemplary applications of the electron beam hardening process in relation to the geometry of surface 
subjected to hardening [19]

Surface geometry Exemplary applications 

Flat surfaces • guiding rails and work support blades, backing plates 
and gripping jaws, fasteners, lathe benches

Cylindrical elements
• circumference
• front surfaces 

• spindle guide bushings, drive shafts, guiding bars, 
rollers, rings, drawing plates and drums, bolts, cast-
ing moulds, rotating bushes, crankshafts, brake 
drums, threaded rings, pivot rims, etc.,

• pressure rings, retaining rings, valve rings, clamp-
ing bolts

Two-dimensionally curved areas
• disk cams, worm gears, screw extruder worms, parts 

of locks, glass moulds and profiles

Tools and parts of tools 
• shear punches, perforated plates, knife-edges, abra-

sive disks, hammer cutters, blade cutters, drills, mill-
ing cutters, lathe tools, metal blades, striking edges

Fig. 5. Set of cams hardened using the electron beam; sur-
face hardness >650 HV, hardness depth >0.4 mm [21]

Fig. 6. Schematic diagram presenting  parameters of the 
electron beam hardening process; SWX – amplitude of 
oscillation perpendicular to the direction of movement 

[mm]; SWY – amplitude of oscillation parallel to the 
direction of movement [mm]; Offset – offset of the beam 

focus in relation to the element surface; FRQ – frequency of 
oscillation in the direction perpendicular to the direction of 
movement [Hz] and FRQ2 – frequency of oscillation in the 
direction parallel to the direction of movement [Hz] [22]
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In relation to each pattern (except for the 
1-point mode), the amplitude of oscillation 
(SWX) amounted to 10 mm. Parameters used 
during the technological tests were optimised 
in relation to electron beam current IEB. Opti-
mum conditions of energy density were identi-
fied experimentally by observing melted areas 
on the specimen surface. The length of field 
deflection (SWY) was determined on the ba-
sis of the pyrometric measurement of tempera-
ture distribution in the beam-affected area. The 
tests revealed that the deflection mode could af-
fect numerous properties of beads. The great-
est grain growth was observed in relation to 
full circle-shaped oscillation. At the same time 
it was observed that the deflection mode only 
slightly affected the maximum hardness. The 
highest hardness, amounting to 740 HV0.5, was 
obtained in specimens subjected to hardening 
performed using the 1-point mode and the me-
ander-shaped deflection mode. Hardness val-
ues obtained using the remaining modes were 

close to 700 HV0.5. It was revealed that the 
cross-sectional geometric profiles in the beads 
differed in relation to applied deflection modes. 
The borderline of the heat affected zone in re-
lation to 6-point, 11-point, linear and mean-
der-shaped mode was parallel to the surface. In 
the 1-point mode and in the full field mode the 
above line was significantly curved. The widths 
of beads were similar (except those obtained us-
ing the 1-point mode). The depths of the hard-
ened layers were restricted within the range of 
0.1 mm to 1.5 mm. The shallowest depth was ob-
tained in relation to the 1-point mode, whereas 
the greatest depth was obtained using the field 
mode. The authors indicated that the hardening 
rate only affected the depth of the hardened lay-
er (which grew slightly along with the decreas-
ing rate). An increase in focusing current led to 
an increase in the width of the hardened layer. 
Overly low values led to significant geometry 
deformation, whereas excessively high values 
reduced the hardness of the layers and elimi-
nated the geometrical differences between the 
applied oscillation modes. Figure 8 presents the 
effect of the deflection mode and focusing cur-
rent on the geometry of hardened layers.

Electron beam hardening was also the sub-
ject of another publication [23], the authors of 
which presented results concerning the optimi-
sation of the hardening process involving the 
use of the oscillating electron beam. The tests 
involved the use of steel containing 0.42% C, 
0.96% Cr, 0.6% Mn and 0.37% Si. The applied 
mathematical model enabled the calculation of 
the effect of the specimen travel rate and of the 

Fig. 7. Electron beam trajectory during 
meander-shaped deflection [22]

Fig. 8. Effect of deflection modes and beam focusing current on the geometry of hardened layers [22]
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beam power on the heating and cooling rates. 
The tests revealed that the heating rate grew 
along with the travel rate (in relation to con-
stant electron beam power Q = 3 kW). In rela-
tion to rates exceeding 3 cm/s, the heating rate 
was close to the limit value, where the further 
increase in the specimen travel rate only slightly 
affected the heating rate. In addition, the heat-
ing rate grew slowly along with an increase in 
electron beam power (in relation to the con-
stant specimen travel rate). Figure 9 contains a 
diagram presenting the effect of the specimen 
travel rate on the heating rate.

The calculations also revealed that the cool-
ing rate was only slightly dependent on electron 

beam power (in relation to the constant trav-
el rate), yet it was strongly dependent (Fig. 10) 
on the hardened surface travel rate in relation 
to the oscillating electron beam.  

The results of experimental tests (Fig. 11) re-
vealed the lack of correlation between micro-
hardness and the cooling rate within the range 
of 2×10⁴ K/s to 5×10⁴ K/s.  

The authors indicated that microhardness 
changes could be expected in relation to sig-
nificantly higher cooling rates restricted with-
in the range of 107 K/s to 109 K/s, typical of the 
pulsed electron beam hardening process. The 
numerical calculations revealed that the heat-
ing and cooling rates as well as the general effi-
ciency of the electron beam hardening process 
increased along with the increasing travel rate 
of the specimen [23].  

Article [24] discusses tests concerning the 
optimisation of the electron beam harden-
ing process, involving the performance of the 
mathematical simulation of the effect of elec-
tron process parameters on the microstruc-
ture, depth and properties of hardened layers. 
The simulation was followed by the perfor-
mance of technological tests involving actu-
al elements. The material used in the tests was 
steel containing 0.52–0.60% C, 0.50–0.80% Mn, 
0.17–0.37% Si, max. 0.040% P, max. 0.040% S, 
max. 0.25% Cr, max. 0.25% Ni and max. 0.25% 

Fig. 9. Calculated effect of the specimen travel rate on the 
heating rate [23]

Fig. 10. Calculated effect of the specimen travel rate on the 
resultant cooling rate [23]

Fig. 11. Experimentally measured effect of the cooling rate 
on the maximum microhardness of the hardened layers, 

where Thm = 950°C [23]
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Cu. The specimens were subjected to harden-
ing performed using the dynamically deflect-
ed electron beam (oscillating); the amplitude 
of oscillation amounted to 10 mm, whereas the 
frequency of oscillation amounted to 800 Hz, 
1200 Hz and 1600 Hz. The process was per-
formed in relation to an acceleration voltage 
of 54 kV, 60 kV and 66 kV as well as a beam 
power of 0.8 kW, 1.1 kW and 1.4 kW (in rela-
tion to applied values of accelerating voltage 
respectively). The depth of the hardened beads 
obtained in the tests was restricted within the 
range of 0.3 mm to 1.1 mm, whereas their hard-
ness amounted to as many as 60 HRC. Both 
the results of the mathematical simulation and 
those of experimental tests revealed that the 
applied method of process simulation enabled 
the identification of the most important factors 
and of the most favourable hardening condi-
tions within the selected range of parameters. 
The cooling rate and, consequently, the hard-
ness of the surface were primarily affected (in 
terms of parameters subjected to analysis) by 
resultant electron beam power. In turn, hard-
ening depth depended on electron beam energy 
density on the surface of an element subjected 
to hardening. However, the authors of publi-
cation [23] demonstrated that the cooling rate 
was primarily affected by the process rate. The 
authors of publication [24] stated that it was 
impossible to assess the depth and the homoge-
neity of the hardened layer as well as to deter-
mine the most suitable processing parameters 
solely on the basis of measurements concern-
ing the average value of surface hardness. The 
foregoing indicates the necessity of perform-
ing metallographic tests and detailed geomet-
rical analysis.

Publication [25] presents the effect of electron 
beam hardening on the structure and hardness 
of tool steel AISI D3 (DIN 1.2080, ISO X210Cr12). 
The tests were performed using the dynamically 
deflected electron beam (scanning), an acceler-
ating voltage of 60 kV, a current of 5 mA and a 
hardening rate of 0.6 m/min, 1.2 m/min and 1.8 

m/min. The application of the above-present-
ed parameters enabled the making of surface 
layers having an approximate depth of 400 μm. 
The highest hardness of the subsurface layer (of 
approximately 1400 HV0.1) was obtained in re-
lation to the specimen hardened at the highest 
rate, whereas the lowest hardness (below 1000 
HV0.1) was obtained in relation to the speci-
men hardened at the lowest rate. The hardness 
of the base material amounted to 650 HV0.1. 
All of the specimens contained the interlay-
er having a lowered hardness of approximate-
ly 400 HV0.1. The hardness distribution of all 
the specimens is presented in Figure 12. 

The electron beam hardening [26] of nitride 
steel containing 0.42% C, 0.96% Cr, 0.6% Mn 
and 0.37% Si enabled the obtainment of a sur-
face layer characterised by a hardness of nearly 
850 HV0.1. The above-presented hardness was 
by approximately 200 HV0.1 higher than that 
of the nitride layer (amounting to 630 HV0.1) 
and by 500 HV0.1 than the hardness of the base 
material (being less than 300 HV0.1). The elec-
tron beam having a power of 3 kW was deflect-
ed at a frequency of 10 kHz and an amplitude of 
14 mm. The deflection of the beam was perpen-
dicular to the direction of the specimen move-
ment. Hardening rates were restricted within 
the range of 0.5 cm/s to 5 cm/s. During the ex-
periments, the beam focal point was located 

Fig. 12. Hardness distribution in the electron beam-hard-
ened specimens in relation to various hardening rates [25]

http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/


No. 1/202214 BULLETIN OF THE INSTITUTE OF WELDING

above the specimen surface so that the elec-
tron beam diameter on the surface amounted 
to 0.5 mm.  

Tests concerning the usability of electron 
beam hardening in the automotive industry 
[27], performed by the Production Engineer-
ing Department of Isuzu Motors Ltd., revealed 
the high efficiency of the aforesaid method and 
enabled its application. The material used in 
the tests was steel 34CrMo4 (EN 1.7220, ASTM 
A1031 Grade G41300). The tests involved the 
application of the oscillating beam. The beam 
trajectory is presented in Figure 13.  

The first stage of the tests involved the use 
of the electron beam locally affecting the speci-
men, examining the result of the aforesaid influ-
ence in relation to its time and investigating the 
effect of electron beam current changes on the 
depth of the hardened layer. During the tests it 
was possible to notice that the specimens with 
the melted material (on the surface) contained 
cracks. In relation to applied parameters, the 
maximum hardening depth without the pres-
ence of the liquid phase amounted to 0.9 mm. 
The results of the tests were sufficiently satis-
factory to take a decision to use the electron 
beam welding process to harden the tappets 
of an Isuzu B6 engine. The electron beam can 
be used to harden surfaces of elements hav-
ing complicated shapes (such as the aforesaid 
tappets). The shape of the tappet contact sur-
face is too complex to be hardened using the 

induction method. Figure 14 presents a dia-
gram showing the distribution of hardness in 
an Isuzu B6 engine tappet subjected to electron 
beam hardening. 

Abrasive wear resistance tests revealed that 
the wear of the element was reduced by half. Be-
cause process-related deformations were very 
small, the electron beam hardening technolo-
gy was, with similar results as in the aforesaid 
case, applied to harden the contact surface of 
the clamping ring in the gearbox synchroniser.  

The authors of publication [28] used the elec-
tron beam hardening process to reconstruct 
turbine blades. The refurbishment process in-
volved grinding off eroded stellite layers. Af-
terwards, the specimens were subjected to the 
electron beam hardening process aimed to 
obtain the martensitic structure and, conse-
quently, improve the abrasive wear resistance 
of the material surface layer. The manipulator 
of a workpiece (processed in an EB ESA 150-
MR machine) was supplement with a manu-
ally operated blade positioning device. As a 
result, after adjusting appropriate parameters, 
the hardening of the blade on the leading edge 
only required two runs, whereas that on the 
trailing edge – only one run. The electron beam 

Fig 13. Electron beam deflection pattern based on 
the Lissajous curve [27]

Fig. 14. Hardness distribution in the Isuzu B6 engine 
tappet [27] 
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hardening process enabled the obtainment of 
surface hardness restricted within the range 
of 700 HV0.03 to 800 HV0.03, which, in turn, 
made it possible to continue the effective use 
of the element. According to the authors, the 
cost of the process constituted a mere 1/15 of 
the cost required to make a new blade.

Electron beam hardening could also include 
the obtainment of the liquid phase during the 
process. During tests discussed in publica-
tion [29], the use of the electron beam hard-
ening technology made it possible to increase 
the hardness of the melted layer by as many 
as 300 HV (in relation to the base material) 
and, in addition, to smoothen the surface sub-
jected to processing. The material used in the 
above-named case was steel 30CrMnSiA (PN 
30HGSA). The specimen was locally affected 
by the electron beam applied in the oscillating 
square-shaped mode; the length of the square 
side being 8 mm. The parameter changed dur-
ing the tests was the time, during which the 
specimen was affected by the electron beam. 
An increase in the aforesaid time was accom-
panied by an increase in the amount of ener-
gy supplied to the material surface. Figure 15 
presents the dependence of the hardened lay-
er depth and resultant surface hardness on the 
density of supplied energy resulting from the 
time, during which the specimen surface was 
affected by the electron beam.  

The surface hardness tests revealed that in 
terms of the beam effect time exceeding 4 s 
(corresponding to the density of supplied en-
ergy amounting to 2.5 kJ/cm2), the roughness 
of the surface started to increase in the linear 
manner. The optimum results were obtained in 
relation to the beam effect time restricted with-
in the range of 3 s to 4 s, in relation to which 
it was possible to observe a decrease in sur-
face roughness restricted within the range of 
16.8 nm to 28.7 nm and, at the same time, an 
increase in hardness from approximately 200 
HV to more than 500 HV. The hardening depth 
was restricted within the range of 0.4 mm to 
0.6 mm. Figure 16 presents the correlation be-
tween the obtained surface roughness and the 
time, during which the specimen surface was 
affected by the electron beam.  

Publication [30] presents test results con-
cerning the process involving the electron beam 
hardening and melting of steel 40CrMn (ISO 
41Cr4) containing 0.41% C, 1.02% Mn, 0.25% Si, 
1.10% Cr, 0.014% P, 0.013% S and 0.015% Ni. The 
electron beam oscillating trajectory was in the 
form of a circle having a 7 mm long diameter. 
The tests also involved the use of an accelerating 
voltage of 60 kV, a current of 4 mA, a hardening 
rate of 300 mm/min and an oscillation frequen-
cy of 200 Hz. The hardening process consisted 

Fig. 16. Correlation between the surface roughness and 
the time of electron beam effect [29]

Fig. 15. Dependence of the hardened layer depth and 
resultant surface hardness on supplied energy density [29] 
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in the making of three parallel beads with var-
ious gaps (overlaps) between them. The calcu-
lated values of the gap between the beads, i.e. 
4.69 mm, 3.15 mm and 1.05 mm, corresponded 
to an overlap of 33%, 55% and 85% of the entire 
bead width respectively. The processing of the 
surface made it possible to increase hardness 
up to approximately 650 HV; the base materi-
al hardness being 300 HV. Because of the inter-
action of the thermal cycles of the subsequent 
beads, it was possible to observe the tempering 
phenomenon in the preceding beads. The hard-
ness in the tempered zone dropped to approxi-
mately 400 HV. The multi-bead specimen with 
the smallest overlap (33%) was characterised by 
the highest uniformity of hardness distribution 
on the surface. The hardening process made it 
possible to increase the abrasive wear resistance 
of the specimens by nearly twice.  

The authors of publication [31] performed 
tests involving the electron beam hardening of 
steel 5CrMnMo (EN 35CrMo7, DIN 40CrM-
nMo7, 1.2311). The electron beam oscillating 

trajectory was in the form of a circle having a 10 
mm long diameter. The tests also involved the 
use of an accelerating voltage of 70 kV, an os-
cillation frequency of 300 Hz, a travel rate of 60 
mm/min and electron beam current (changea-
ble parameter) restricted within the range of 6 
mA to 8 mA. It was demonstrated that the con-
tinuous scanning electron beam (CSEB) meth-
od significantly affected the morphology of the 
surface. First, along with an increase in elec-
tron beam current, it was possible to observe 
a gradual increase in the bead depth. Also, in-
itially, an increase in current was responsible 
for the improvement (i.e. reduction) of surface 
roughness. In relation to a current of 7 mA it 
was possible to reduce surface roughness from 
2.23 µm to 0.90 µm. Because of the surface ten-
sion, the molten metal flowed down to the low-
er areas of the surface. As a result, the surface 
of the materials subjected to processing became 
significantly smoother. Because of an increase 
in the temperature of the melted zone, a fur-
ther increase in current resulted in a decrease 

Fig. 17. Schematic diagram of the pulsed electron beam machine featuring pseudospark discharge [33]
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in the surface tension of the liquid metal, which, 
in turn, resulted in the reduction of surface 
roughness. When the electron beam current 
amounted to 8 mA it was possible to observe 
the formation of craters on the specimen sur-
face. The formation of the above-named cra-
ters resulted from the partial evaporation of 
non-metallic inclusions. In comparison with 
the initial state, the microhardness of the sur-
face improved noticeably, growing along with 
an increase in electron beam current and reach-
ing its optimum value when current amounted 
to 7 mA. The maximum hardness amounted to 
656 HV, whereas the hardness of the base ma-
terial was 355 HV.  

The electron beam processing of material 
surface can be performed not only using con-
tinuous but also pulsed electron beam opera-
tion. The application of high-current pulsed 
electron beam (HCPEB) devices enables the 
obtainment of heating rates higher than those 
typical of machines where the electron beam 
operation is continuous. Depending on the 
source, the maximum obtainable heating rates 
of HCPEB machines are restricted within the 
range of 10⁸ K/s to 10⁹ K/s, whereas those typ-
ical of the CEB/CSEB method are restricted 
within the range of 10⁵ K/s to 10⁶ K/s [10, 12, 18]. 
An exemplary schematic diagram of the HC-
PEB machine is presented in Figure 17.

Recent years have also seen tests concerning 
surface processing methods involving the use of 
the pseudospark discharge technique, charac-
terised by the ability to quickly initiate and ter-
minate plasma (facilitating the obtainment of 
high energy increase rates). The above-named 
technique enables the fast, stable and repeata-
ble performance of the process. Machines using 
pseudospark discharge (Fig. 17) are designed 
as pulsed electron beam sources characterised 
by the short duration of impulses (from tens 
to hundreds nanoseconds), high peak energy 
(from hundreds to tens of thousands electron-
volts) and high electron beam current (from 
tens to thousands amperes) [32, 33].  

Publications [33, 34] present results of tests 
involving the use of the pulsed electron beam 
processing on the structure and properties of 
the surface layer. The material used in the tests 
was steel AISI 1045 containing 0.45% C, 0.31% 
Si, 0.58% Mn, 0.010% P and 0.018% S. The tests 
also involved the use of an accelerating voltage 
of 5 kV, a discharge current of 1 kA, an impulse 
duration of 100 ns and a beam effect radius of 
5 mm. The specimen was exposed to 1000 im-
pulses and, next, subjected to inspection. The 
SEM (scanning electron microscopic) and XRD 
(X-ray diffractometric) tests enabled the precise 
identification of phases formed on the surface 
layer. The electron beam effect was responsi-
ble for the partial melting of the surface (to a 
depth of 2 µm) and structural changes reach-
ing a total depth of 6 µm (from the surface). 
The specimens processed by the electron beam 
were characterised by significant grain refine-
ment. In addition, it was possible to observe 
the formation of the amorphous phase on the 
specimen surface as well as the formation of the 
metastable austenite phase. The average grain 
size in the melted zone amounted to 0.34 µm, 
whereas that in the heat affected zone amount-
ed to 0.23 µm. The melted zone boundary as 
well as the specimen surface were character-
ised by the presence of significant roughness, 
implying non-uniform heating, and, conse-
quently, the non-uniform melting of the ma-
terial surface.  

The application of the pulsed electron beam 
in the hardening of tool steel AISI D2 is present-
ed in publication [35]. The tests presented in the 
aforesaid publication involved the use of a Na-
diezhda-2 device, generating the high-current 
pulsed electron beam (HCPEB). The above-
named device is capable of generating the elec-
tron beam having energy restricted within the 
range of 10 keV to 40 keV, an impulse duration 
of approximately 1 µs and energy density re-
stricted within the range of 0.5 J/cm2 to 5 J/cm2 
as well as obtaining the cross-sectional area re-
stricted within the range of 10 cm2 to 50 cm2. 
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The specimens were subjected to hardening 
performed using constant parameters and the 
changeable number of impulses affecting the 
specimen surface. When the number of impuls-
es was low, the non-metallic inclusions were 
responsible for the formation of craters on the 
element surface. In relation to such a high num-
ber of impulses, most carbides in the surface 
layer were dissolved, leading to the formation 
of more homogenous layers. The microstruc-
ture of the molten layers was composed of fine-
grained austenite and precipitates of carbides; 
the size of carbide grains did not exceed 150 nm. 
In spite of a high cooling rate of 10⁷ K/s, sig-
nificantly exceeding the critical rate, the mar-
tensitic transformation did not take place. The 
martensitic transformation is known to sig-
nificantly depend on the state of the austenitic 
phase. In the case under discussion, the phase 
was formed directly during fast solidification. 
The fact that the phase contained dissolved Cr 
and C significantly increased its strength. The 
high degree of grain refinement directly affect-
ed the stabilisation of phase γ. Because of the 
greater obstacle to martensitic phase nuclea-
tion, the transformation of the above-named 
phase into martensite was impeded. In addition, 
the tests did not reveal the presence of dislo-
cations within fine-grained austenite particles, 
whereas such presence facilitates the nucleation 
of the martensitic phase. The combination of 
the above-presented factors was responsible for 
the possible drop of the Ms point below room 
temperature, thus precluding the martensitic 
transformation.

Summary
Electron beam surface hardening can be ap-
plied in the fabrication of a wide range of ele-
ments characterised by abrasive wear resistance 
such as cutting tools, work surfaces of toothed 
gears, elements of shafts or bearings, etc. The 
electron beam hardening process is primarily 
used in the production of elements character-
ised by complicated geometry, and elements, 

the surface of which must be heated very fast 
or very precisely. The electron beam hardening 
method enables the obtainment of hardened 
layers, the thickness of which can be restrict-
ed within the range of single micrometres to a 
few millimetres. Electron beam hardening ma-
chines can work in the continuous or pulsed 
modes and be used to fabricate melted layers 
or layers without the liquid phase. In terms of 
surface layers subjected to hardening, electron 
beam processing enables the obtainment of a 
hardness of as many as 1400 HV0.1.  
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