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The objective of the research was to study the modes of
electron beam hardening on the structure and properties
of surface layers of tool high-speed steels. The limiting
modes of electron beam hardening were determined
experimentally, which allow obtaining the maximum
microhardness of the hardened layer without melting the
surface being treated. Based on the results of
experimental studies, a comprehensive parameter of the
treatment mode was proposed, according to which the
intensity of heating and cooling of the surface layer of the
tool can be determined - the power density of the beam.
This parameter includes all other parameters of the
hardening treatment mode: diameter, power, and speed
of beam movement relative to the tool surface. It has been
established that the maximum hardness of the hardened
layer during electron beam treatment can be achieved by
high-temperature hardening without melting the treated
surface. Hardening without melting also ensures the
formation of a highly dispersed structure throughout the
entire depth of the hardened layer. Melting of the surface
of a tool undergoing electron beam hardening should be
considered an extremely undesirable processing option.
In the case of melting of the surface layer in a tool made
of high-speed steels, a significant decrease in
microhardness is observed. At the same time, the surface
layer contains a significant amount of residual austenite.
Hardening with melting, in which a significant amount of
residual austenite is formed, is the main reason for the
sharp decrease in the content of carbide phases in the
surface layer. Together, all this leads to a decrease in the
wear resistance of tool high-speed steels. In the case of
hardening with melting, there is also a deterioration in
the tool's resistance to large plastic deformations at
elevated temperatures in the cutting zone. It has been
established that the depth of the hardened layer
significantly depends on the initial structure of the steels.

The maximum depth of the hardened layer in tool high-
speed steels can be obtained by their preliminary heat
treatment in the form of volumetric hardening and
tempering. Within the framework of the experimental
studies, a range of optimal values of the overlap
coefficient was established, which corresponds to the
minimum values of the tempering zone width.

Key words: high-speed steels, heat treatment, martensite,
carbides, austenite, microhardness.

Introduction. Over the last ten to fifteen years,
electron beam strengthening of tool steels has
become quite widely used in industry [1]. On the
one hand, this is due to the fact that the intensity of
electron beam heating, unlike laser beam heating,
does not depend on the condition of the surface
being treated, and on the other hand, significant
achievements in the development and manufacture
of equipment for electron beam treatment. In
particular, as of today, installations for
strengthening electron beam treatment without the
use of high vacuum are being mass-produced. This
allows such installations to be used for
strengthening cutting tools even in mass production
conditions. On the other hand, numerous problems
related to the development of technological
processes for surface strengthening remain
unresolved. Modern software allows for fairly
accurate calculation of temperature fields in
products subjected to electron beam treatment,
taking into account their configuration and heat
exchange with the environment. However, when



BICHUK CXIAHOYKPAIHCBKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonogumupa Jans Ne 10 (296) 2025 25

modelling structural and phase transformations,
significant problems arise due to the fact that these
transformations occur at extremely high heating and
cooling rates [2]. Therefore, as of today, the main
method of studying the effect of electron beam
treatment modes on the structure and properties of
the materials being treated remains the experimental
method.

One of the most important -criteria for
optimising the parameters of electron beam
hardening treatment of cutting tools is the
microhardness of the hardened layer. Reduced
microhardness of the surface layer of the tool
indicates either underheating or overheating of this
layer during processing, which is clarified by
microstructure analysis. The electron beam
treatment mode is characterised by a fairly large
number of parameters. However, analysis of works
[3-5] shows that the main optimisation task in the
development of electron beam treatment technology
for cutting tools is to determine the electron beam
power density at which maximum microhardness
and maximum depth of the hardened layer are
achieved.

According to [6, 7], high-alloy tool steels, in
particular high-speed and stamping steels, are
characterised by low diffusion mobility of carbon
atoms. Therefore, with insufficient specific energy
of the electron beam, the homogenisation of
austenite may be incomplete. Under such
conditions, the hardened layer will contain low-
alloy martensite, which 1is characterised by
relatively low microhardness and wear resistance. If
the specific power of the electron beam is too high,
especially if the surface layer melts, a large amount
of (up to 80 vol. %) of residual austenite, which has
low microhardness and poorly resists plastic
deformations that occur during tool operation [7].

Thus, strengthening electron beam treatment of
high-speed and high-alloy stamping steels should
ensure the formation of a hardened layer containing
high-alloy martensite and highly dispersed carbide
phases. At the same time, it is extremely important
to prevent excessive dissolution of carbide phases
and, as a result, the formation of an excessive
amount of residual austenite in the hardened layer.

The objective. The objective of the article is to
determine the optimal modes of strengthening
electron beam treatment of high-speed and stamping
steels; the optimisation criteria are maximum
microhardness and maximum depth of the layer
hardened from the solid state.

Research problem. 1. To determine the
optimal power density of the electron beam that

allows obtaining a hardened layer with maximum
depth and microhardness.

2. To evaluate the influence of the initial
structure of tool high-speed steels on the depth and
microhardness of the hardened layer obtained by
electron beam treatment.

Research methodology. The following tool
steels were used in the research: P18, P6MS5,
P6MS5KS, X12M. Before electron beam treatment,
the steels were subjected to the following types of
preliminary heat treatment: isothermal annealing
[7]; quenching and high tempering [7].

Electron beam treatment was carried out on the
“ELA-15" installation. Electron beam power: 1.2
kW, beam diameter: 2.5 mm, electron beam velocity
(V): 4 - 12 mm/s. Thus, the change in the power
density of the electron beam was varied by changing
the velocity of the electron beam. Experimental
studies were carried out on plate samples measuring
50 x 50 x 10 mm.

The microstructure of the hardened layer was
determined using a MIM-8M optical microscope,
and the microhardness of the hardened layer was
measured on a PMT-3 microhardness tester.

Results of experimental studies and their
analysis. The power density of the electron beam
varied from 0.45-10* to 1.35-10* W/cm? due to
changes in its relative velocity. Figure 1 shows the
dependence of the maximum microhardness of the
hardened layer on the power density of the electron
beam. Microhardness was measured at a distance of
0.1 mm from the surface of the samples that was in
direct contact with the electron beam. At the first
stage of experimental research, the optimal power
density of the electron beam was determined, which
ensures the formation of a hardened layer with
maximum microhardness.

In the case of electron beam processing of
high-speed  steel P6MS5, the maximum
microhardness (9200 MPa) corresponds to the
electron beam power density (q) of 1.0-10* W/cm?.
At an electron beam power density of 0.45-10*
W/cm?, the maximum microhardness is 7800 MPa,
and at g = 0.75-10* W/cm?, it is 8500 MPa. When
the power density of the electron beam is increased
to 1.35-10* W/cm?, the maximum microhardness
decreases to 8000 MPa (fig. 1). With a further
increase in q, the surface of the samples melts, and
the maximum microhardness of the surface layer
decreases to 6900 MPa.

During laser treatment of P6OM5KS5 and P18
steels, the maximum microhardness values (9650 -
9820 MPa) are achieved at a laser radiation power
density of 1.3-10* W/cm?. At a radiation power



26 BICHW/K CXIDHOYKPAIHCHKOIO HALIIOHANBHOI O YHIBEPCUTETY imei Bonoaumupa Jans Ne 10 (296) 2025

density of 0.4-10* W/cm?, the microhardness is 8050
MPa, at a radiation power density of 0.9-10* W/cm?
— 8500 MPa, at a radiation power density of 1.1-10*
W/cm? — 8850 MPa (fig. 1). An increase in radiation
power density above 1.4-10* W/cm? is undesirable,
since this results in the formation of a melted layer
with a significant content of residual austenite and
relatively low microhardness (up to 7200 MPa).

Microhardness, MPa

16000 T —+— P6MS
—m—p13
9500

e PEMSKS

/a\
Zi\ il

7500

5000

I

|
8500 -

|

7000

Fig. 1. The influence of electron beam power density
on the maximum microhardness of the hardened layer:
initial state of samples — hardening and high tempering

according to typical modes [7]

The maximum microhardness of the hardened
layer of XI12M stamped steel (8900 MPa)
corresponds to an electron beam power density of
0.8:10* W/cm? When the electron beam power
density is increased to 1.0-10* W/cm?, the maximum
microhardness decreases to 8000 - 8150 MPa (fig.
1). If q is further increased, there is a sharp decrease
in the maximum microhardness of the hardened
layer to 6600 MPa due to surface melting.

The melting zone in all samples is
characterised by a typical dendritic structure.
Despite the high dispersion of this structure, its
microhardness is 6700 - 7200 MPa, depending on
the grade of tool steel. The melted layer is separated
from the base metal by a narrow transition zone
(figs. 2, 3).

Fig. 2. Microstructure of the surface layer of POMSKS
steel after electron beam treatment with melting:
q=1.35-10*W/cm? (V = 11 mm/s); x600

'

Fig. 3. Microstructure of the surface layer of P18 steel
after electron beam treatment with melting:
q=1.35-10*W/cm? (V = 11 mm/s); x600

If electron beam treatment is performed
without surface melting, the main structural
components of the hardened layer are martensite
and excess carbides; the residual austenite content
is minimal (fig. 4).

Fig. 4. Microstructure of the surface layer of POM5K5

steel after electron beam treatment: q = 1.2-10* W/cm?
(V=11 mm/s); x600

The objective of the second stage of research
was to determine the effect of preliminary heat
treatment of steels on the depth of the hardened
layer. Electron beam treatment was carried out at
settings that ensure the formation of high-alloy
martensite in the hardened layer and prevent surface
melting. The graphs showing the distribution of
microhardness across the depth of the hardened
layer are presented in figs. 5 - 8. The maximum
thickness of the hardened layer (0.55 - 0.65 mm) is
achieved when the steel undergoes volume
hardening and tempering prior to electron beam
treatment [7]. The relatively large thickness of the
hardened layer formed during electron beam
treatment of steels that have been previously
subjected to volume hardening and tempering is due
to their low thermal conductivity after such
preliminary treatment. The depth of the hardened
layer on steel samples that underwent isothermal
annealing prior to electron beam treatment is almost
half that of samples that underwent volumetric
hardening and tempering (figs. 5 - 8).
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Fig. 5. The effect of preliminary heat treatment on the
microhardness of the hardened layer of POMS steel:
q=1.0-10* W/cm?: 1 - hardening and tempering
according to standard modes, V =9 mm/s; 2 - hardening
and tempering according to standard modes,

V =11 mm/s; 3 — isothermal annealing, V = 9 mm/s;
4 - isothermal annealing, V = 11 mm/s
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Fig. 6. The effect of preliminary heat treatment on the
microhardness of the hardened layer of POM5KS steel:
q=1.2-10* W/cm?: 1 - hardening and tempering
according to standard modes, V =9 mm/s; 2 - hardening
and tempering according to standard modes,

V =11 mm/s; 3 - isothermal annealing, V = 9 mm/s;

4 - isothermal annealing, V = 11 mm/s
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Fig. 7. The effect of preliminary heat treatment on the
microhardness of the hardened layer of P18 steel:
q=1.2-10* W/cm?: 1 - hardening and tempering
according to standard modes, V =9 mm/s; 2 - hardening
and tempering according to standard modes,

V =11 mm/s; 3 - isothermal annealing, V = 9 mm/s;

4 - isothermal annealing, V =11 mm/s

Thus, in order to achieve the maximum depth
of the hardened layer on high-speed and high-alloy
stamping steels, these steels should be subjected to
volumetric hardening and tempering under typical
conditions before electron beam treatment.
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Fig. 8. The effect of preliminary heat treatment on the
microhardness of the hardened layer of X12M steel:

q = 0.8-10* W/cm?: 1 - hardening and tempering
according to standard modes, V =9 mm/s; 2 - hardening
and tempering according to standard modes,

V =11 mm/s; 3 - isothermal annealing, V =9 mm/s;

4 - isothermal annealing, V =11 mm/s

Conclusions. 1. Strengthening electron beam
treatment of tools made of high-speed and high-
alloy stamping steels must be carried out in a solid
state in such a way as to obtain a structure in the
strengthened layer consisting of high-alloy
martensite and excess carbides; Melting of the tool
surface is unacceptable, since in this case the
hardened layer contains an excessive amount of
residual austenite.

2. In order to achieve the maximum depth of
the hardened layer on high-speed and high-alloy
stamping steels, these steels should be subjected to
volumetric hardening and tempering under typical
conditions before electron beam treatment.
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leBuenko O.B., 3inuenko .M. Jocaigxenns
3aKOHOMipHOCTel ¢hopmyBanns CTPYKTYpH
IHCTPYMEHTAJILHAX INBHIKOPI3AJILHUX cTajeil npu
TMOBEePXHEBiil eJ1IeKTPOHHO-NIPOMeHeBiil 00pooi.

Mema 0ocniodcens noisgeana y GUSHEHHI percumis
eNeKMPOHHO-NPOMEHEB020 SMIYHEHHS HA CIMPYKMYPY ma
81ACTMUBOCTNT NOBEPXHEGUX WAPIE THCMPYMEHMATLHUX
WBUOKOPI3ANbHUX — cmalell. Excnepumenmanvrum
wiiaxom — OYn0  BUSHAYEHO — SPAHUYHI  pedcUuMuU
eNeKMPOHHO-NPOMEHEB020 3MIYHEHHS, AKI 00360A10Mb
ompumamu MAKCUMATLHY Mixpomeepoicmb
3aeapmosanozo wiapy 6e3 oniaeienHs No8epxui, uo
niooaemucsi 00pobyi. 3a pe3yrbmamamu
EeKCNePUMEHMANbHUX — OOCHIOdHCeHb  3aNPONOHOBAHO
KOMNJIEKCHULL Napamemp pejicumy 00poOKu, 3a AKUM
MOJCHA  GUSHAYUMU  IHMEHCUBHICb HAZPIBAHHA MaA
OXOJI00JCEHH NOBEPXHe8020 Wapy IHCMpyMeHmy -
winbHicms nomyoscHocmi  npomens. Llei napamemp
Mmicmumb 6 Cco0i 6Ci IHWI napamempu  perCumy
BMIYHIOBATLHOT  00pOOKU:  Odiamemp, HOMYAICHICMb,
WUOKICMb NnepeMilyeHHsi NPOMEHs GIOHOCHO NOBEPXHI

incmpymenmy.  Bcmamnosneno, wjo  maxcumanvHoi
meepdocmi  3MiyHeHO20  wiapy Npu  eNeKMpPOHHO-
npomenesiti  00pobyi  ModcHa  0OcASHYmMU  NpU

BUCOKOMEMNEPAMYPHOMY 2apMy8aHHi Oe3 ONia6ieHHs.
00pobnosanoi nosepxui. 3miyHroeanvHa 00pobra 6e3
ONnasneHHs — maxodc  3abesneyye  hopmysanis
BUCOKOOUCNEPCHOT  CMPYKmypu no  6citi  enuOuHi
3miynenoeo wapy. OnnasienHs n0GepPXHi iIHCMPYMEHMY,
wo niodacmocss  3MIYHIOBATbHIL — eleKMPOHHO-

npomenesiti  06pobyi, cri0 posersdamu K  GKpail
Hebadicanuu eapianm 00pobru. YV pasi onnasnenms
N0BEPXHEB020 WAPY 6 IHCMPYMEHMI i3 UEUOKOPI3AIbHUX
cmanetl  CHOCMepicaemvbCs — CYmmese — 3MeHUIeHHs
mixkpomeepoocmi. Ilpu yvomy y nosepxuesomy wuiapi
MICMUMbCA 3HAYHA KIIbKICHb 3AIUUUKO6020 AYCMEHIN) .
Tapmysanns i3 onaasnenusm, npu KoMy YmeoproEmvcs
3HAYHA KiTbKICMb 3ATUUKOB020 AYCMeHimy, € 0CHOBHOIO
NPUYUHOIO MO20, WO 6 NOBEPXHEBOMY Wapi pIi3KO
BMeHUyyeEmvbCs. emicm Kapoionux ¢asz. Pasom ece ye
npu3600Umb do 3MEHUIEHHS. 3HOCOCMIUKOCTI
IHCMPYMEHMANbHUX WEUOKOPI3aTbHUX cmaneu. Y pa3zi
2apMYy6anHs 3 ONIAGIEHHIM MAKOIC CHOCMEPIeacmbCsl
nocipwienHst  NPYYAHHA — THCWPYMEHMY  BeIUKUM
nAACMUYHUM oeghopmayiam npu niOBUUeHUX
memnepamypax 6 30Hi pizanns. Bcmanoeneno, wo
2UOUHA 3MIYHEHO20 APy CYMMEBUM YUHOM 3ATEHCUMb
810 6uxiOHOI cmpykmypu cmaneu. MaxcumanoHy enuouny
3MiYHEH020 wapy 8 IHCMPYMeHMATbHUX
WBUOKOPI3AIbHUX CMANAX MONCHA OMpuMamu y pasi
ixnvoi nonepeonvoi mepmiunoi 00pobKu y 6ueAoi
00’emnoc0 eapmysanns ma 6ionycky. B pamxax
NPOBEOeHUX eKCNePUMEHMATbHUX O00CAI0NCeHb  0YN10
6CMAHOBNIEHO  OianasoH  ONMUMANbHUX — 3HAYEHb
Koegiyicuma  nepekpumms,  SKUM — GIONOBIOAIOMb
MIHIMAbHT 3HAYEHHS WUPUHU 30HY 8IONYCKY.

Knrouosi cnosa: wsuoropizanvhi cmani, mepmiuna
006pobKa, mapmencum, Kap6iou, aycmenim,
MIKpomeepoicme.

lleBuenko Ounexcanap BogoaumupoBu4 — K.T.H.,
JIOI., JOUEHT Kadeapu  MamuHOOYyIyBaHHS  Ta
MIPUKITATHOT MEXaHiKH CXiTHOYKpaiHCHKOTO
HAI[IOHAJILHOTO YHiBepcuTeTy iMeHi Bomogmmupa Jlams
(M. KuiB), e-mail: shev19761976@gmail.com.
3inyenko /ImMurpo MukojaioBu4 — K.T.H., JOII.,
JOLEHT Kadenpu KOCMIYHOI iH)KeHepii I1HCTHTYTY
aBlamiiiHux TexHosiorii HalioHaJIbHOrO TEXHIYHOIO
yHiBepcuteTy Ykpainu “KuIBCbKMH IOJITEXHIYHUH
iHctutyT iMmeHi Iropst Cikopcbkoro” (m. Kui), e-mail:
dmytro.m.zinchenko@gmail.com.

Crarrs nogana 19.11.2025.





