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Abstract. The work is devoted to identification and analysis of patterns of change in the elemental and phase composition, defective substructure, mecha-
nical (microhardness) and tribological (wear resistance and friction coefficient) properties of stainless high-chromium steel subjected to complex
processing, combining vacuum irradiation of the samples surface layer with an intense pulsed electron beam of submillisecond exposure duration and
subsequent nitriding under electron-ionic heating conditions. High-chromium steel AISI 310S, which in the initial state is a polycrystalline aggregate
based on y-iron, was used as the research material. Pulsed electron beam treatment of steel was carried out on a “SOLO” installation equipped with
an electron source with a plasma cathode based on a low-pressure pulsed arc discharge with grid stabilization of the cathode plasma boundary and
an open anode plasma boundary. Steel nitriding was carried out on a “TRIO” installation with a chamber size of 600x600x600 mm, equipped with
a switching unit to implement the electron-ionic processing mode. Nitriding was carried out at 723, 793, and 873 K temperatures for 1, 3 and 5 h.
It was found that electron-ionic nitriding of the samples pre-irradiated with an electron beam (10 J/cm?, 200 ps, 3 pulses at 723 and 793 K for 3 h)
is accompanied by the formation of a ceramic layer containing only iron and chromium nitrides. The highest values of steel wear resistance after
electron-ionic nitriding, exceeding the wear resistance of the initial steel by more than 700 times, are observed at nitriding parameters of 793 K, 3 h.

Keywords: high-chromium steel, complex processing, pulsed electron beam treatment, nitriding, structure, phase composition, hardness, wear resistance,
friction coefficient
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AHHomayus. Pabora nocBsileHa BbISIBICHUIO U aHAJIN3Y 3aKOHOMEPHOCTEH M3MEHEHHs IEMEHTHOrO U (pa30BOro cocTaBoB, 1e(EKTHOH cyOCTpyK-
TYpBI, MEXaHHYECKHUX (MHUKPOTBEPAOCTD) U TPHOOIOIMYECKUX (M3HOCOCTOMKOCTh M KO3()(UIUECHT TPEHHS) CBONCTB HEP)KABEIOIIEH BBICOKOXPO-
MHCTOH CTaJIM, MOJBEPrHYTOH KOMIUIEKCHOH 00paboTKe, KOTopast coueTaeT 00IyyeHHe B BAKYyyMe TOBEPXHOCTHOTO €105l 00pa31i0B HHTEHCHBHBIM
HMITYJIbCHBIM 3JIEKTPOHHBIM ITyYKOM CYOMMILTHCEKYHIHOU IINTEIBHOCTH BO3ACHCTBUS M MOCIEHYIONIee a30THPOBAHNUE B YCIOBHAX IHOHHOTO
HarpeBa 00pa3ioB. B kauecTBe Marepualia HCCIIeI0BaHHS UCTIONB3YETCs BBICOKOXpoMucTasi craib 20X23H18, sBnsitomasicst B NCXOHOM COCTOSTHUN
MOJIMKPUCTAUINYECKIM arperaroM Ha OCHOBE Y-kene3a. OOIydeHHe CTald MMITYJIbCHBIM 3IEKTPOHHBIM ITyYKOM aBTOPHI IPOBOIMIM Ha yCTa-
Hoske «COJIO», ocHaIEHHOHN NEKTPOHHBIM HCTOUHUKOM C IJ1a3MEHHBIM KaTOI0M Ha OCHOBE MMITYJILCHOI'O JlyrOBOTO Pa3psiia HU3KOTO JIaBICHHs
C CeTOYHOH cTabuiam3anueil rpaHuIbl KaTOAHOW IUIa3Mbl M OTKPBHITOW IpaHHIECH aHONHOH IUIa3Mbl. A30THPOBAaHHE CTalH OCYLIECTBILLIOCH HA

© Yu. F. Ivanov, E. A. Petrikova, A. D. Teresov, I. V. Lopatin, O. S. Tolkachev, 2024 391


https://doi.org/10.17073/0368-0797-2024-4-391-397
https://fermet.misis.ru/index.php/jour/search/?subject=high-chromium steel
https://fermet.misis.ru/index.php/jour/search/?subject=complex processing
https://fermet.misis.ru/index.php/jour/search/?subject=pulsed electron beam treatment
https://fermet.misis.ru/index.php/jour/search/?subject=nitriding
https://fermet.misis.ru/index.php/jour/search/?subject=structure
https://fermet.misis.ru/index.php/jour/search/?subject=phase composition
https://fermet.misis.ru/index.php/jour/search/?subject=hardness
https://fermet.misis.ru/index.php/jour/search/?subject=wear resistance
https://fermet.misis.ru/index.php/jour/search/?subject=friction coefficient
https://doi.org/10.17073/0368-0797-2024-4-391-397
mailto:yufi55%40mail.ru?subject=
mailto:yufi55%40mail.ru?subject=

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(4):391-397.
Hearos 0.9, [lempukosa E.A. u dp. KoMiiekcHast 3J1eKTPOHHO-MOHHO-TIJIa3MeHHas MOAMQUKaLMS I0BEPXHOCTH Hep)KaBeloLleH ...

ycranoBke « TPHO» ¢ pa3mepamu xamepbl 600x600%600 MM, 100CHAIIEHHON OJIOKOM KOMMYTALUH VISl peau3alui JTHOHHOTO (3J1€KTPOHHOIO
1 MOHHOTO) pexrMa 00paboTKu. A30THPOBaHUE POBOIMIM IpH Temreparypax 723, 793 u 873 K B teuenue 1, 3 u 5 4. DIMOHHOE a30TUPOBAHUE
npu temreparypax 723 u 793 K B Teuenue 3 4 06pasios, MpeIBapUTENILHO 00IyIEHHBIX SIEKTPOHHBIM ITydKoM (rpu peskume 10 JIx/em?, 200 MKc,
3 UMIL.), COIPOBOXKAACTCS (POPMHUPOBAHIEM KEPAMHIECKOTO CIIOSL, COIEPIKAIIETr0 TOIBKO HUTPHIBI xKene3a 1 Xxpoma. Hanbomnee BEICOKHE 3HAUCHHS
U3HOCOCTOMKOCTH CTAJIU TI0CIIE YTMOHHOTO a30THPOBAHUS, IIPEBHIIAIOIIME H3HOCOCTOMKOCTD HCXOHOM cTasu Oonee ueM B 700 pas, HabmonaroTcs

pu mapameTpax azoruposanus 793 K, 3 1.

Kawuesswle caosa: BBICOKOXPOMHUCTAsL CTaJlb, KOMIIJICKCHAs o6pa60TKa, O6Hy‘{€HI/I€ HUMITYJIbCHBIM DJICKTPOHHBIM ITYYKOM, a30THPOBAaHUEC, CTPYKTYpa,

(azoBbIil cocTaB, TBEPAOCTH, H3HOCOCTOMKOCTD, KOI(D(DUIHEHT TPEHHS

BaazodapHocmu: Pabora BhINOIHEHA B paMKaX roCylIapCTBEHHOTO 3aaHuss MUHHUCTEPCTBA HAyKH M BbICIIEro 0OpazoBaHusi Poccuiickoit deneparnnu
(rema Ne FWRM-2021-0006). Pesynbrarst [I9M-ananusa noaydeHsl Ha 6a3e HayuHo-o6pa3zoBaTeibHOr0 HHHOBAalIMOHHOTO LieHTpa «HanoMarepuaisl

u Ha"HoTexHomorum» HU TITY.
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[ INTRODUCTION

The recent studies have highlighted the increasing
demand for surface modification of metals and alloys
through complex processing. These processing combines
various methods such as saturating the surface layer with
gas atoms, depositing thin films of different metals fol-
lowed by mixing under high-energy pulsed electron
beams, applying hard and superhard wear-resistant coat-
ings, and more [1; 2]. These processes result in a gra-
dient structure in the near-surface layer, with a gradual
change in the concentration of alloying elements with
depth, significantly enhancing the surface’s hardness,
wear resistance, corrosion resistance, and electrical con-
ductivity [3 —5]. The most commonly used ion-plasma
nitriding method in the industry is nitriding in an abnor-
mal glow discharge [6 — 8]. However, this method has
the main disadvantage of relatively high operating pres-
sure, which hinders effective ion cleaning of the surface
during nitriding. To overcome this drawback, the Insti-
tute of High Current Electronics of the Siberian Branch
of'the Russian Academy of Sciences developed the plasma
generator “PINK,” which has been successfully used for
a quarter of a century [9 — 11]. The necessary temperature
for the nitriding process using the “PINK” plasma gene-
rator is maintained by a flow of ions from the discharge
plasma, accelerated to an energy determined by the elec-
tric bias on the samples. This often leads to intensive ion
etching of the treated surface and a significant increase in
its roughness [12; 13]. To mitigate the impact of intense
ion bombardment on the formation of the modified layer,
studies [14; 15] proposed using the electronic compo-
nent of the plasma for heating the samples, implement-
ing an elion process. This process allows for adjusting
the processing temperature without significantly altering
the intensity of ion bombardment.

The aim of this work is to establish the patterns
of evolution in the structure, mechanical, and tribologi-
cal properties of high-chromium steel subjected to a
comprehensive treatment that combines pulsed electron
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beam irradiation and subsequent elion nitriding in a low-
pressure gas discharge plasma.

[ MATERIALS AND METHODS

The material used for the study was high-chromium
steel AISI 310S with the following composition (wt. %):
C0.2; Si1.0; Mn 2.0; Nil17-20; Cr22-25; S0,02;
P 0.035; and the remainder Fe. The samples were in
the form of plates measuring 10x10%5 mm. The steel was
irradiated with a pulsed electron beam using the “SOLO”
installation, equipped with an electron source featuring
a plasma cathode based on a low-pressure pulsed arc
discharge with grid stabilization of the cathode plasma
boundary and an open anode plasma boundary [17; 18].
Based on thermal calculations, electron beam energy
densities (E¢) of 10 and 30 J/cm? were selected (pulse
duration 200 ps; number of pulses 3; frequency 0.3 s7).
At an electron beam energy density of 10 J/cm? (200 ps,
3 pulses), a solid-phase mode is achieved, meaning trans-
formations in the surface layer of AISI 310S steel occur
within the temperature range where the surface layer
remains in the solid state. At an electron beam energy den-
sity of 30 J/cm? (200 us, 3 pulses), a liquid-phase mode
is realized, meaning transformations in the surface layer
of AISI 310S steel occur within the temperature range
where the surface layer is in a molten state. The nitriding
of the steel was performed using the “TRIO” installation,
which has a chamber size of 600x600x600 mm and is
equipped with a switching unit to implement the elion
(electronic and ionic) processing mode [15]. This pro-
cess was carried out at temperatures ranging from 723
to 873 K for 1 — 5 h. The temperature of the samples was
regulated by the filling factor of the electronic phase.
The samples were fixed on a stationary holder in the cen-
ter of the chamber along the axis of the plasma sources,
with the holder positioned at a 60° angle to each source
and the samples on the front side of the holder. The pro-
cess temperature was measured using a chromelalumel
thermocouple fixed in the sample holder through
a quartz cup.
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The structure, elemental, and phase composition
of the modified steel were investigated using X-ray dif-
fraction analysis, optical microscopy, scanning electron
microscopy (SEM), and transmission electron micro-
scopy (TEM). The mechanical properties of the steel
were characterized by microhardness (indenter load
0.5 N), and the tribological properties were characte-
rized by wear resistance and the coefficient of friction.
The parameters for the tribological tests under dry fric-
tion conditions at room temperature were as follows:
counter body — a 6 mm diameter silicon carbide (SiC)
ball, wear track diameter 4 mm, load 5 N, and friction
path length 2000 m.

[ RESULTS AND DISCUSSION

Surface treatment of AISI 310S stainless steel
with a pulsed electron beam at an energy density (E;)
of 10 J/cm? (200 ps, 3 pulses) results in the forma-
tion of slip traces on the irradiated surface (Fig. 1, a),
indicating intense deformation of the surface layer due
to the relaxation of elastic stresses formed in the sur-
face layer of the samples during the rapid energy input
and cooling process. The surface of the samples remains
smooth, with no microcracks, microcraters, or micro-
pores observed. This indicates that the irradiation did not
lead to the melting of the surface layer of the samples.

Surface treatment of AISI 310S stainless steel with
a pulsed electron beam at an energy density of 30 J/cm?
(200 ps, 3 pulses) results in the formation of a highly
relief structure on the irradiated surface, characterized
by a large number of microcraters. A cellular structure
is observed within the grains, indicating melting and
subsequent high-speed crystallization of the surface
layer (Fig. 1, ). Therefore, under this irradiation mode,
the high-speed melting of the surface layer occurs,
which aligns with the results of the temperature field
calculations. The crystallization cell sizes range from
330 to 500 nm. Microcracks are present on the surface
of the steel, located along the grain boundaries, indica-
ting a high level of residual stresses formed in the surface
layer due to rapid cooling.

It has been established that increasing the electron
beam energy density leads to a rise in the wear coeffi-
cient (a decrease in wear resistance) of the steel from
1.9-10* mm3/(N-m) at 10 J/cm? to 5.2:10"* mm3/(N-m)
at 30 J/cm?. The wear coefficient of the steel before
pulsed electron beam irradiation is 4.9-10~* mm?3/(N-m).
Additionally, it was shown that the microhardness
of the samples increases with the electron beam energy
density, from 1.7 GPa in the initial state to 2.4 GPa after
irradiation at 30 J/cm?.

Subsequent nitriding of the steel resulted in a signifi-
cant increase (4 to 9 times compared to the initial state) in

the hardness of the surface layer. The hardness of the steel
decreases with increasing nitriding temperature and
electron beam energy density. The maximum thickness
of the hardened layer is 45 — 50 um, achieved through
a comprehensive treatment that combines irradiation at
an electron beam energy density of 10 J/cm? and subse-
quent nitriding at a temperature of 793 K for 3 h. Nitrid-
ing at 793 K for 3 h yields the best results in tribological
tests, with the wear resistance of steel samples irradi-
ated with a pulsed electron beam at £, = 10 J/cm? reach-
ing 1.2:10° mm?*(N-m), and at E =30 J/cm? reaching
0.58-107° mm3/(N-m), which is significantly higher than
the wear resistance of the steel in both the initial and irra-
diated states.

X-ray phase analysis determined that the main phases
of the modified samples are a-iron and y-iron, as well as
iron nitrides Fe,N, Fe,N, chromium nitrides CrN, and

Fig. 1. Electron microscopic image of the surface structure
of AISI 3108 steel samples irradiated with a pulsed
electron beam:
a—Eg=10 J/em?* (200 ps, 3 pulses);

b— Ey=30 J/em? (200 ps, 3 pulses)

Puc. 1. DIeKTPOHHO-MHKPOCKOIIMYECKOE U300paKeHHE CTPYKTYPBI
noBepxHocTH 00pa3uoB cranu 20X23H18,
O6JTY4EHHON MMITYJILCHBIM SIIEKTPOHHBIM [Ty 4KOM:
a—Eg=10 Jlx/cm? (200 Mxc, 3 umiL.);

b— Ey=30 Jlx/cm? (200 mKc, 3 mv.)
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the complex nitride Fe;NiN. The highest microhard-
ness values (15.8 and 15.6 GPa) were demonstrated
by samples subjected to comprehensive treatment, which
includes preliminary pulsed electron beam treatment
(10 J/em?, 200 us, 3 pulses) and subsequent nitriding at
temperatures of 723 and 793 K for 3 h. The surface layer
structure of these samples is characterized by the forma-
tion of a ceramic layer containing only iron and chro-
mium nitrides.

Scanning electron microscopy first observed the phe-
nomenon of blistering during electron-ion-plasma nitrid-
ing, resulting in the formation of bubbles on the material
surface (Fig. 2, a).

It is noteworthy that the formation of bubbles is
observed on the surface of metals and alloys, metal-
ceramic, and ceramic materials subjected to intense cor-
puscular exposure (ions H*, B*, He", etc.), and is most
prominently manifested in nuclear and thermonuclear
reactor technologies, as well as in space [19 — 21].

Studies of the fracture surface of samples pre-irradi-
ated with a pulsed electron beam and subjected to elion
nitriding revealed that the destruction of the surface layer
of the steel predominantly follows a quasi-brittle mecha-
nism (Fig. 2, b).

The defect structure of the modified layer was studied
using transmission electron microscopy. It was found that
nitriding is accompanied by the formation of a lamellar
structure (Fig. 3).

Nitriding of samples subjected to preliminary treat-
ment with a pulsed electron beam at an electron beam
energy density of 10 J/cm?, pulse duration of 200 us, and
three pulses, leads to the formation of a structure with
alternating iron nitride and chromium nitride plates and
results in a structure characterized by alternating y-iron
plates and predominantly iron nitrides.

- CONCLUSIONS

Nitriding process was carried out on samples
of AISI 310S steel, which had been pre-irradiated with
a pulsed electron beam, in a low-pressure gas discharge
plasma with sample heating by plasma electrons (elion
nitriding method). The formation of blisters on the mate-
rial surface was observed during elion nitriding. Nitriding
resulted in the formation of a plate-like structure with
alternating iron nitride and chromium nitride plates (for
samples pre-irradiated with a pulsed electron beam at an
energy density of 10 J/cm?, pulse duration of 200 us, and
three pulses) or a structure with alternating y-iron plates
and predominantly iron nitrides (for samples pre-irra-
diated with a pulsed electron beam at an energy density
of 30 J/cm?, pulse duration of 200 us, and three pulses).
The highest microhardness values (15.8 and 15.6 GPa)
were demonstrated by samples subjected to combined
treatment, which included preliminary treatment with
a pulsed electron beam (10 J/cm?, 200 us, three pulses)
and subsequent nitriding at temperatures of 723 and

Fig. 2. Electron microscopic image of the AISI 310S steel structure subjected to complex modification,
combining irradiation with a pulsed electron beam at 10 J/cm?, 200 ps, 3 pulses (a) and 30 J/cm?, 200 ps, 3 pulses (b)
and subsequent nitriding at 793 K for 3 h:

a — modification surface; b — fracture surface

Puc. 2. DneKTpOHHO-MHUKPOCKOTINYECKOe n300pakeHne cTpykTypsl ctanu 20X23H18,
MOJIBEPTHYTOH KOMIUIEKCHOMY MOIH(DHUIIUPOBAHUIO,
coderaroneMy 00J1y4eHre UMITY/ILCHBIM 3IEKTPOHHBIM ITy4koM pu 10 [ix/cm?, 200 Mke, 3 umil. (@)
u ipu 30 /em?, 200 Mke, 3 umi. (b)
U nocrnenyroiee azotuponanue npu 793 K, 3 u:
@ — TIOBEPXHOCTb MOJU(BHUIHPOBAHHS; b — HOBEPXHOCTH U3JIOMa
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Fig. 3. Electron microscopic images of the AISI 310S steel surface layer structure subjected to complex modification
(irradiation with a pulsed electron beam at 30 J/cm?, 200 s, 3 pulses and subsequent nitriding at 793 K for 3 h):
a and b — dark fields obtained in [111]y-Fe and [002]y-Fe + [002]F¢,N reflections;
¢ — microelectron diffraction pattern (arrows indicate reflections in which dark fields / (a), 2 (b) were obtained)

Puc. 3. DneKTpOHHO-MUKPOCKOITUYECKOE N300paKEHNE CTPYKTYPBI MOBEPXHOCTHOTO ciiost cTanu 20X23H18,
HO/BEPrHYTON KOMILICKCHOH Monupukaiuu (001ydeHHe HMITYIbCHBIM JIeKTPOHHBIM my4ykoM mpu 30 ix/cM?, 200 MKc, 3 uMil.
U nocneaytoriee azoruposanue npu 793 K, 3 u.):
au b — Temnoe none, nony4uennoe B peduexcax [111]y-Fe u [002]y-Fe + [002]Fe,N;
¢ — MHKPOAJIEKTPOHOTrpaMMa (CTpeIKaMu yKa3aHbl pedieKChl, B KOTOPBIX MOTy4eHbI TeMHbIe oist / (a), 2 (b))

793 K for 3 h. The highest wear resistance, significantly
surpassing that of the steel in both its initial and irradi-
ated states, was observed in samples pre-irradiated with
a pulsed electron beam at E, = 30 J/em? and nitrided
at a temperature of 793 K for 3 h.
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the text, conducting electron microscopic studies, analysis of results.

E. A. Petrikova - conducting tribological and mechanical studies, con-
ducting scanning electron microscopic studies, discussion of results.
A. D. Teresov - selection of optimal electron beam treatment modes,
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of results.
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