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Abstract: Because of the unique combination of their properties, nanobainitic steels
containing Si are particularly attractive materials for use in gear manufacturing.
However, in order to achieve desired results, it is first necessary to obtain a surface
of sufficient hardness (i.e. to increase the hardness of the surface layer using surface
hardening techniques). One of such techniques is electron beam hardening. Due to
the high power of electron beam welding machines and properties of the electron
beam itself, the above-named technology makes it possible to harden workpieces
within a wide range of thicknesses. Research-related tests discussed in the article
involved the hardening of blocks made of nanobainitic steel (30 mm x 150 mm X
20 mm) using the oscillation-deflected electron beam. Test specimens were subject-
ed to surface hardening with the electron beam using different beam settings. Sur-
face hardening techniques involved both moving the specimen relative to the heat
source and quenching only with beam oscillation. As part of the study, finite element
simulations were performed along with the validation of results. The test specimens
were then subjected to Vickers hardness tests as well as to light microscopic and mi-
crostructural tests (using scanning electron microscopy). The test results revealed
that the electron beam hardening method made it possible to obtain hardened lay-
ers having a thicknesses of up to 1.9 mm. The distribution of hardness in the hard-
ened zone was uniform, whereas the specimens hardened without movement were
characterized by a higher average hardness of 674 HVO0.1. The average hardness val-
ue of the hardened layer amounted to 626 HVO0.1 in terms of the sample hardened
at a speed of 250 mm/min. The results of the FEM numerical calculations were con-
sistent with the results of the actual measurements, indicating that the assumptions
and boundary conditions in the FEM modelling of the electron beam quenching
process were defined correctly.
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Introduction as regards breakage resistance and fatigue strength.

In addition, case hardening may intensify crack
The core of case-hardened low-carbon steel used initiation, primarily affecting internal non-me-

in the production of toothed wheels is character- {,1ic inclusions (oxides and carbides), formed,
ised by favourable toughness, whereas the hard- 3mong others, during the tempering of martens-
ened surface is characterised by high hardnessand  ite. The precipitates (as hard and brittle phases)
abrasive wear resistance. However, case harden- are areas of microcrack formation. Various tests
ing based on carburising and standard heat treat- revealed that the refinement of carbides and their
ment does not prevent the cracking of an element uniform distribution in the matrix reduces the
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susceptibility of steel to fatigue cracking. In addi-
tion, the presence of retained austenite (in the form
of thin layers) in the microstructure significantly
restrains crack propagation. Tensile stresses near
the top of the crack lead to the transformation of
retained austenite into martensite (the so-called
TRIP effect), triggering local compressive stress-
es, which impede further crack propagation. Ma-
terials which can help solve the above-presented
problems are, e.g. nanobainitic steels, the micro-
structure of which provides favourable mechani-
cal and functional properties. Nanobainitic steels
are characterised by hardness restricted within
the range of 600 HV to 700 HYV, elongation re-
stricted within the range of 5% to 30% and a ten-
sile strength of 2.5 GPa. In addition, nanobainitic
steels containing Si are viewed as a very promis-
ing material in the production of toothed wheels.
Steels containing silicon are characterised by po-
tential making it possible to prevent the precipita-
tion of carbides (responsible for the brittleness of
steel) and by very attractively combined mechan-
ical and functional properties [1-8]. In order to
further improve their abrasive wear resistance (or
when preparing the deposition of hard protective
layers), toothed wheels made of nanobainitic steel
can also be subjected to case hardening. One of the
methods perfectly suitable for this process is elec-
tron beam hardening. The aforesaid method en-
ables the hardening of elements characterised by
complex geometry as well as allows the making of
hardened layers within a very wide thickness range
(from several micrometres to several millimetres).
In addition, the method enables the hardening of
individual surface fragments or, owing to the pos-
sibility of dynamic beam deflection, the hardening
of workpieces without moving them. The perfor-
mance of the case hardening process under vacu-
um conditions makes hardened surfaces protected
against oxidation [9-11].

Overview of reference publications

The electron beam hardening method is used in
industry, with numerous publications present-
ing results of tests aimed to optimise the process.
One of such works is publication [12], which dis-
cusses results concerning the attempted optimisa-
tion of the electron beam hardening process. The
tests discussed in the aforesaid study involved the
use of steel containing C (0.42%), Mn (0.6%), Cr
(0.96%) and Si (0.37%). The effect of the specimen

No. 2/2023

[@)BY-nC___|

travel rate and electron beam power on heating
and cooling rates was determined using a mathe-
matical model. The test revealed that the heating
rate grew along with increasing specimen trav-
el rates without changing electron beam power
(Fig. 1). A further increase in the specimen travel
rate only slightly affected the heating rate, which
neared the limit value in relation to rates exceed-
ing 1800 mm/min.
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Fig. 1. Effect of the specimen travel rate on the heating rate
[12]
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The authors of the publication observed that an
increase in electron beam power was accompanied
by the linearly increasing heating rate (combined
with the constant specimen travel rate). The cal-
culations also revealed that the cooling rate was
significantly affected by the specimen travel rate
(Fig. 2) and was only slightly influenced by elec-
tron beam power. The analysis of the numerical test
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Fig. 2. Effect of the specimen travel rate on the resultant
cooling rate [12]
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results led to the conclusion that the heating and
cooling rates as well as the general effectiveness
of the electron beam hardening process depend-
ed primarily on the velocity of specimen displace-
ment in relation to the heat source.

Article [13] presents results of mathematical sim-
ulations concerning the effect of electron beam
hardening process parameters on the microstruc-
ture and the depth of hardened layers. The simula-
tion was followed by tests involving actual elements
(made of steel grade 55). Changes included those
of oscillation frequency, accelerating voltage and
electron beam current. The hardened layers were
characterised by a surface hardness of up to 60
HRC and the depth restricted within the range
of 0.3 mm to 1.1 mm. The results of mathemati-
cal simulation and those of actual tests concern-
ing parameters subjected to analysis (the tests did
not include the specimen travel rate) revealed that
the resultant electron beam power had the most
significant effect on the cooling rate and, conse-
quently, on surface hardness. In turn, the density
of electron beam energy on the workpiece surface
was decisive for the depth of specimens hardening.

One of the entities applying the electron beam
hardening process in industrial practice is the Pro-
duction Engineering Department of the Isuzu Mo-
tors Ltd., which performed tests concerning the
use of the electron beam hardening technology in
the automotive industry [14]. The tests revealed
the high effectiveness of the method and enabled
its application in the automotive sector. The test
material was steel grade 34CrMo4. The material
was heated locally by the oscillating electron beam.
The test aimed to verify the influence of beam ef-
fect time-related changes. The maximum obtain-
able hardened depth (without the appearance of
the liquid phase) amounted to 0.9 mm. The fa-
vourable test results encouraged the authors to
perform the electron beam hardening of Isuzu B6
engine tappets and of the gearbox synchroniser
clamping ring. Figure 1 presents the distribution
of hardness in the electron beam-hardened tappet
of the Isuzu B6 engine.

Publication [15] discusses tests concerning var-
ious beam deflection patterns on properties of

electron beam hardened layers. The test materi-
al was steel containing C (0.41%), Si (0.25%), Mn
(0.69%), Cr (1.04%) and Mo (0.20%). The tests re-
sults revealed that the shape of oscillation could af-
fect numerous properties of the surface layer (the
greatest effect being on the shape of the cross-sec-
tion of the hardened layer) (Fig. 3). In accordance
with the test results, deflection patterns contain-
ing the field additionally deflected in the direction
parallel to the direction of displacement (and not
only the line deflected in the perpendicular direc-
tion) improved the depth of hardening in relation
to the same specimen travel rate (Fig. 3). The test
revealed that the shape of an oscillation pattern did
not affect the value of surface hardness obtained
in the process.

Results concerning the hardening of steel
40CrMn involving the use of the oscillating elec-
tron beam are presented in publication [16]. The
hardening procedure involved the making of three
parallel beams with varying values of overlaps be-
tween the beads. In relation to a base material
hardness of 300 HV, the surface treatment led to
an increase in hardness to approximately 650 HV.
At the same time, it was possible to observe the un-
favourable effect of multi-run hardening, triggered
by the mutual tempering of successive beads. The
tempering phenomenon was attributed to inter-
action between thermal cycles of successive runs,
which decreased the hardness in the tempered lay-
er to approximately 400 HV.

Article [17] presents test results concerning
the effect of the electron beam hardening of tool
steel AISI D3, the hardness of which amounted to
approximately 650 HV0.1. Parameters changed
during the process included a specimen travel rate
of 0.6 m/min, 1.2 m/min and 1.8 m/min. The spec-
imen which had been hardened using the highest
rate contained the surface layer characterised by
the highest hardness (amounting to approximate-
ly 1400 HV0.1). In each specimen it was possible
to observe the presence of the interlayer charac-
terised by hardness reduced to approximately 400
HVO0.1. The distribution of hardness in all the spec-
imens is presented in Figure 2.
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Fig. 3. Effect of the deflection mode and electron beam focusing current on the geometry of hardened layers [15]
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As can be seen on the basis of the above-present-
ed reference publications, electron beam hardening
enables the obtainment of layers hardened within
a wide range of thicknesses and of various geom-
etry (in terms of numerous steel grades). The key
aspect of the electron beam hardening process is
the appropriate adjustment of parameters includ-
ing beam power, the location of the beam focus
in relation to the surface of the material subject-
ed to hardening, the rate of beam movement in re-
lation to the heat source as well as the shape and
frequency of oscillation. The study discussed fur-
ther in the article aimed to investigate the electron
beam hardening of nanobainitic steel and the de-
velopment of a validated FEM model.

Tests and results

A research programme included the development
of an FEM model, the making of validation hard-
ened specimens, and the performance of hardness
measurements as well as microstructural analy-
sis based on light and scanning electron micros-
copy (SEM).

The material subjected to treatment was steel,
the chemical composition of which is present-
ed in Table 1. The chemical composition analysis
was performed using a Magellan Q8 Optical spark
emission spectrometer (Bruker Elemental GmbH).

Table 1. Chemical composition of the test nanobainitic steel

C,% | Mn,% | Si,% Cr,% | Ni,% | Cu,%
0.386 0.835 1.129 1.128 0.077 0.169
Mo, % | Ti, % V; % W, % P,% S, %
0.031 | 0.0053 | 0.0094 | 0.012 | 0.0046 | 0.0007

The nanobainitic microstructure in the test ma-
terial was obtained using heat treatment. Because
of the application of a heat treatment procedure
developed at the Faculty of Materials Engineer-
ing of the Warsaw University of Technology (pat-
ent number: PAT.234490 [18]), it was possible to
significantly reduce the time needed to obtain the
carbon-free nanobainitic structure. In addition to
enabling the reduction of process time, the heat
treatment procedure made it possible to introduce
a small amount of submicron martensite, which
substantially improved the hardness and wear re-
sistance of the steel.

Heat treated rollers having a diameter of 170 mm
were used to make disks having a thickness of
20 mm. Afterwards, the plates were cut to obtain

No. 2/2023

BULLETIN OF THE INSTITUTE OF WELDING

[@)BY-nC___|

30 mm wide strips. The obtained material blocks
were 150 mm long, 30 mm wide and 20 mm thick.
The area subjected to hardening had dimensions
of 150 mm x 30 mm.

Case hardening tests were performed at the
Welding Centre of the Lukasiewicz Research Net-
work — Upper Silesian Institute of Technology, us-
ing an XW150:30 electron beam welding machine
(Cambridge Vacuum Engineering). The test speci-
mens were fixed to an aluminium block having di-
mensions 300 mm x 200 mm x 30 mm (in order to
improve the discharge of heat from the surface sub-
jected to hardening, because of the overly low ther-
mal capacity of single test specimens). Due to the
tempering of the hardened layer (observed during
the multi-run electron beam hardening process),
the authors decided that the entire surface area
should be subjected to hardening performed in
one run [16]. The test specimens were hardened
using two different hardening techniques.

The first method consisted in the simultaneous
hardening of the entire surface area of the spec-
imen using a dedicated pattern of oscillation ad-
justed to the shape of the specimen surface area
(i.e. a rectangle having dimensions of 150 mm
x 30 mm). The only variable during the process
was the heating rate; the specimen was not moved
during the process.

The second method involved the displacement
of the specimen in relation to the heat source and
the application of the electron beam oscillating at
a frequency of 200 Hz in the field having dimen-
sions of 30 mm x 6 mm. In the above-named case,
there were two process variables, i.e. beam power
and the specimen travel rate.

Regardless of the hardening technique, the spec-
imens were hardened using an accelerating volt-
age of 140 kV. The working distance amounted
to 420 mm, whereas the pressure in the working
chamber amounted to 1.10* mbar. The electron
beam was defocused. The current of the focus-
ing lens amounted to 610 mA, i.e. by 100 mA less
than that in the beam focused on the point at a dis-
tance of 420 mm.

The optimisation of the hardening process ne-
cessitated the development of an FEM model of
elements (to be hardened), which was subject-
ed to validation based on two special specimens
with incised grooves of variable depth. The thick-
ness of the material above the grooves (where
thermocouples were fixed) amounted to 2.0 mm,
3.4 mm, 5.0 mm, 6.5 mm and 8.0 mm) (Fig. 4).
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Fig. 4. Validation specimen (with thermocouples) fixed to
the aluminium block (300 mm x 200 mm X 30 mm)

The specimens were hardened using the follow-

ing parameters:

« 3.5 seconds of heating affecting the specimen
which was not moved in relation to the heat
source,

o specimen travel rate of 250 mm/min and an elec-
tron beam current of 25 mA in relation to the
specimen which was moved in relation to the
heat source.

Afterwards, the specimens were subjected to me-
tallographic tests (performed using a light micro-
scope and a scanning electron microscope (SEM))
and hardness measurements.

The tests involved the use of the finite element
method (FEM). The FEM-based numerical models
were developed on the basis of the actual geome-
try of the elements subjected to hardening (Fig. 4).
The geometry (Fig. 5) included the element sub-
jected to hardening (also the milled notches used
in temperature measurements) and the alumin-
ium base on which the element was placed. The
geometry of the thermocouples was taken into
consideration as the former constituted an addi-
tional element discharging heat. The initial mod-
elling tests revealed that taking the above-named
geometry into consideration significantly affected
the value of temperature in the area (particularly
at points T1, T2 and T3, where the distance be-
tween the surface subjected to hardening and the
temperature measurement point was the shortest).
The mesh of finite elements (Fig. 6), based on the
previously prepared geometry, was characterised
by the highest density (the maximum size of the
elements amounting to 0.2 mm) in the areas di-
rectly affected by the electron beam and subjected
to temperature measurements. The finite elements
were ascribed thermal material properties of the
test steel and the chemical composition consistent
with information presented in Table 1.

LU

Fig. 5. Fragment of the geometry used to prepare the mesh of finite elements (grey colour - element subjected to harden-
ing, brown colour - thermocouples and the orange colour - base where the element subjected to hardening was placed)

Fig. 6. Fragment (temperature measurement area) of the mesh of finite elements used in the modelling of the electron

beam hardening process
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The FEM model included the exchange of heat
with the environment through thermal radiation;
the phenomenon of convection was not taken into
consideration as the process was performed in vac-
uum. The amount of heat radiated by the body was
implemented using the Stefan-Boltzmann law (1),
taking into account surface emissivity factor € and
the difference of body temperature T and that of
environment (surrounding the body) T,.

q,=co(T* - T, (1)

where
o - Stefan-Boltzmann constant, 5.67-10°® kg/s’K*

Equation (1) was transformed in calculations in
order to identify heat exchange coefficient a re-
sulting from the heat radiation phenomenon (2)
(19, 20].

a=co(T+T,)(T*+ T (2)

The emissivity factor adopted in the model
amounted to 0.8. The flow of heat was defined us-
ing the Fourier law of heat conduction, i.e. the pri-
mary law concerning quantitative conduction (3).
The unsteady flow of heat in the isotropic medium,
in the presence of internal volumetric heat sources,
was also described using the Fourier equation (4).

g = -A(T)gradT 3)

(Do(DIE - divA(DgradT] - Q=0 (4)

Because of the fact that the electron beam hard-
ening process is a complex phenomenon, industrial
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practice involves the use of a simplified volumetric
heat source in the form of a cylinder or a truncat-
ed cone and based on Gaussian distribution. The

hardening process subjected to analysis was char-
acterised by high electron beam displacement rates,
amounting to a maximum of 150,000 mm/s. Be-
cause of the foregoing, in the models, the electron

beam effect was modelled as the heat source in

the form of a cylinder having dimensions consis-
tent with the oscillation width of the actual hard-
ening process and the electron beam diameter. The

amount of energy was identified on the basis of the

actual hardening process.

Analysis of test results

In order to prepare the appropriate observation
area, the specimens were cut along the longer side
and, afterwards, subjected to grinding, polishing
and etching in 3% Nital. Next, the specimens were
observed using an Eclipse MA200 light micro-
scope (Nikon). The temperature measurement
results and the cross-section of the specimen sub-
jected to hardening (without displacement) for
a time of 3.5 seconds are presented in Figures 7
and 8. Figure 9 presents the field of maximum tem-
perature identified during the hardening process
(calculated using the FEM). The diagram present-
ed in Figure 7 reveals that both at the point having
a thickness of 2 mm and at a point having a thick-
ness of 3.4 mm, the temperature of the material
reached 727°C. The foregoing enabled the aus-
tenitic transformation followed by the transfor-
mation of austenite into martensite (as a result of

17 19 21 23 25 27

Time, s

= T1 - meas.

T2 - meas.

T3 - meas.

T4 - meas. T5 - meas.

——T1-FEM ——T2-FEM ——T3-FEM ——T4-FEM ——T5-FEM

Fig. 7. Diagram of changes of temperature in time (calculated using FEM) and in relation to each thermocouple fixed on
the motionless specimen hardened for 3.5 s; T1 — thermocouple fixed at the point of the material having a thickness of
2.0 mm, T2 - 3.4 mm, T3 -5.0 mm, T4 - 6.5 mm and T5 -8.0 mm
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Fig. 8. Longitudinal section of the specimen subjected to hardening for 3.5 sec, without being moved in relation to the
heat source
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Fig. 9. Field of the maximum temperature of the longitudinal section of the specimen subjected to hardening for 3.5 sec,
without being moved in relation to the heat source

sufficiently fast cooling). The temperature meas- heat source) at a travel rate of 250 mm/min and
urement results corresponded to the macrostruc- using an electron beam current of 25 mA. Fig-
ture presented in Figure 8, where in the material ure 12 presents the field of maximum tempera-
(both above the first and the second groove, on the  ture (calculated using the finite element method),
left) it was possible to observe a structure changed determined during the hardening process. As re-
in relation to the base material. gards the above-named specimen, only in relation

Figures 10 and 11 present the results of calcu- to the material having a thickness of 2 mm it was
lations and temperature measurements as well as  possible to observe temperature exceeding 727°C.
a photograph of the longitudinal section of the Asa result, only at the aforesaid point, the material
specimen hardened (and moving in relation to the  was hardened right through, which was reflected
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Fig. 10. Diagram of changes of temperature in time (calculated using FEM) and in relation to each thermocouple fixed

on the moving specimen hardened for 3.5 s, using a specimen travel rate of 250 mm/min and an electron beam current

of 25mA; T1 - thermocouple fixed at the point of the material having a thickness of 2.0 mm, T2 - 3.4 mm, T3 -5.0 mm,
T4 - 6.5 mm and T5 -8.0 mm
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Fig. 11. Longitudinal section of the specimen moving in relation to the heat source at a travel rate of 250 mm/min and
hardened using an electron beam current of 25 mA
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Fig. 12. Field of the maximum temperature of the longitudinal section of the specimen moving in relation to the heat
source at a travel rate of 250 mm/min and hardened using an electron beam current of 25 mA, °C

in the macrostructure of the hardened layer pre-
sented in Figure 8.

Figure 13 presents the microstructure of the base
material of nanobainitic steel having the chemical
composition presented in Table 1. Figure 14 pres-
ents the comparison of the microstructure of the
surface layer of both specimens. Figure 15 pres-
ents the comparison of the microstructure of the
interlayer of both specimens.

Fig. 13. Microstructure of nanobainitic steel 35HGS

Hardness measurements under a load of HV0.1
were performed using an automatic hardness tes-
ter (KB Priiftechnik). The measurements were per-
formed every 50 um - to the material border or to
a depth of 4 mm. Each specimen had five measure-

Fig. 14. Microstructure of the surface (hardened) layer:
a) specimen subjected to hardening for 3.5 s, not moved
in relation to the heat source and b) specimen subjected
ment lines. Each measurement line, drawn overa o hardening, using a specimen travel rate of 250 mm/min

successive groove milled in the specimen, consisted and an electron beam current of 25 mA
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Fig. 15. Microstructure of the interlayer: a) specimen subjected to hardening for 3.5 s, not moved in relation to the heat
source and b) specimen subjected to hardening, using a specimen travel rate of 250 mm/min and an electron beam current
of 25 mA

of between 35 and 80 points. The measurements of hardness in relation to all the measurements
were performed on the cross-sections of the spec- lines of both specimens. The measurement results
imens. Figures 16 and 17 present the distributions corresponded with metallographic observations.
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Fig. 16. Hardness distribution in relation to all the measurement lines of the specimen subjected to hardening for 3.5 s,
without being moved in relation to the heat source: a) T1 - measurement at the point where the material had a thickness
of 2.0 mm, b) T2 - 3.4 mm, ¢) T3 - 5.0 mm, d) T4 — 6.5 mm and e) T5 - 8.0 mm
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Fig. 17. Hardness distribution in relation to all the measurement lines of the specimen subjected to hardening performed
using a specimen travel rate of 250 mm/min and an electron beam current of 25 mA: a) T1 - measurement at the point
where the material had a thickness of 2.0 mm, b) T2 - 3.4 mm, ¢) T3 - 5.0 mm, d) T4 - 6.5 mm and e) T5 - 8.0 mm

In the specimen which was not moved in relation
to the heat source, the average hardness of the
hardened layer amounted to 674 HVO0.1. In turn,
in the specimen hardened at a specimen travel rate
of 250 mm/min, the average hardness of the hard-
ened layer amounted to 626 HVO0.1. In the zone
of the greatest material thickness (T5), the thick-
ness of the hardened layer in the specimen not
moved in relation to the heat source amounted to
approximately 1.9 mm. Below the above-named
layer it was possible to observe a zone character-
ised by a decrease in hardness. In the specimen
hardened at a specimen travel rate of 250 mm/min,
the thickness of the hardened layer in zone T5 was
restricted within the range of approximately 1.7
mm to 1.8 mm.

The FEM model and identified thermal cycles
were used to calculate hardness fields presented in
Figures 18 and 19. The values calculated in the area
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of point T5 in the line perpendicular to the hard-
ened surface are presented in Figures 20 and 21.

In the model of the specimen subjected to hard-
ening for 3.5 s and not moved in relation to the
heat source, the maximum hardness value (in the
area subjected to analysis) amounted to 630 HV.
The thickness of the hardened layer amounted to
approximately 1.6 mm.

In the model of the specimen subjected to hard-
ening performed using a specimen travel rate of
250 mm/min and an electron beam current of
25 mA, the maximum hardness value (in the area
subjected to analysis) amounted to 589 HV. The
thickness of the hardened layer amounted to ap-
proximately 1.6 mm.

The FEM-based analysis revealed that the use of
the hardening method involving the displacement
of the specimen at a rate of 250 mm/min and the
application of an electron beam current of 25 mA
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Fig. 18. Field of hardness identified in the area outside the ~Fig. 19. Field of hardness identified in the area outside the

grooves of the specimen subjected to hardening for 3.5's, grooves of the specimen subjected to hardening performed

without being moved in relation to the heat source using a specimen travel rate of 250 mm/min and an elec-
tron beam current of 25 mA
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Fig. 20. Distribution of hardness in the area outside the Fig. 21. Distribution of hardness in the area outside the

grooves of the specimen subjected to hardening for 3.5's, grooves of the specimen subjected to hardening performed

without being moved in relation to the heat source using a specimen travel rate of 250 mm/min and an electron
beam current of 25 mA

enabled the obtainment of hardened depth simi- [
lar to that obtained using the method where the
specimen was hardened for 3.5 s, without being
moved in relation to the heat source. However, the
hardening method not involving the displacement
of the specimen made it possible to obtain higher
hardness (by approximately 7%).

The specimens were also subjected to observa-
tions involving the use of an S5500 scanning elec-
tron microscope (Hitachi). The specimens were N
sampled from the core, subsurface zone, decreased [ i S L \ 3
hardness zone and the zone of the lowest hardness. |[ERITE I
Figure 22 presents the microstructure of the base
material. Figure 23 presents the comparison of the
microstructure of the surface layer of both speci- of the microstructure of the interlayer (charac-
mens. Figures 24 and 25 present the comparison terised by lower hardness and located between

Fig. 22. Microstructure of the base material
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Fig. 23. Microstructure of the surface layer: a) specimen subjected to hardening performed using a specimen travel rate
of 250 mm/min and an electron beam current of 25 mA and b) specimen subjected to hardening for 3.5 s, without being
moved in relation to the heat source

Fig. 24. Microstructure of the layer characterised by reduced hardness (located approximately 1.6 mm under the hardened
surface): a) specimen subjected to hardening performed using a specimen travel rate of 250 mm/min and an electron beam
current of 25 mA and b) specimen subjected to hardening for 3.5 s, without being moved in relation to the heat source

S5500 10.0kV x25.0k SE

Fig. 25. Microstructure of the layer characterised by reduced hardness (located approximately 2.5 mm under the hardened
surface): a) specimen subjected to hardening performed using a specimen travel rate of 250 mm/min and an electron beam
current of 25 mA and b) specimen subjected to hardening for 3.5 s, without being moved in relation to the heat source
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approximately 1.6 mm and approximately 2.5 mm
under the hardened surface) of both specimens.
The near-weld zone contained tempered mar-
tensite. The tempering process could be attributed
to the relatively slow specimen travel rate, which
translated into the long heat effect. Deeper, in the
area characterised by a gradual decrease in hard-
ness, it was possible to observe the mixture of the
ferritic, martensitic and austenitic microstructures.
In some areas it was also possible to notice fine
carbide precipitates within grains and along grain
boundaries. Although the microstructure became
more comparable with the ferritic-austenitic mi-
crostructure of the core, the areas characterised by
the lowest hardness contained some martensitic
zones. Fine-dispersive carbides precipitated both
in ferrite and martensite, which led to a decrease
in hardness (in comparison with that of the core).
The core of the specimen contained the typical sub-
micron ferritic-austenitic microstructure with ei-
ther the small number or the lack of carbides.

Conclusions

The research work discussed in the article involved

the hardening of nanobainitic steel using the oscil-

lating electron beam. The obtained test results jus-

tified the formulation of the following conclusions:

o electron beam hardening method made it possi-
ble to obtain hardened layers having a depth of
up to 1.9 mm and, at the same time, protected
against oxidation;

o transition line between the base material and the
hardened layer was parallel outside areas char-
acterised by the significant reduction of material
thickness, where the thickness of the hardened
layer was greater;

« hardness distribution in the hardened zone was
uniform. In both specimens it was possible to ob-
serve a zone of reduced hardness, located under
the hardened layer. The thickness of the hard-
ened layer in both specimens was similar and
amounted to 1.9 mm (in the specimen hardened
without displacement) and to 1.75 mm (in the
specimen subjected to hardening performed us-
ing a specimen travel rate of 250 mm/min);

« specimens subjected to hardening without dis-
placement were characterised by the higher aver-
age hardness of the hardened layer. The average
hardness of the layer subjected to hardening
without displacing the specimen in relation to
the heat source amounted to 674 HVO0.1. In turn,

the average hardness of the specimen subjected
to hardening performed using a specimen trav-
el rate of 250 mm/min amounted to 626 HV0.1;

o FEM-based calculations results were consistent
with actual measurement results, which indi-
cated the proper definition of assumptions and
boundary conditions in the FEM-based mod-
elling of the electron beam hardening process;

o analysis revealed that both electron beam hard-
ening methods enabled the obtainment of a sim-
ilar hardened depth. However, the method where
the specimen was not moved in relation to the
heat source enabled the obtainment of hardness
which was by approximately 7% higher than that
obtained using the method involving the dis-
placement of the specimen.
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