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Abstract. Surface alloying of AISI 420 steel was carried out in a single vacuum cycle, and consisted of spraying a thin
(0.5 pm) film of Zr-Ti-Cu alloy by electric arc spraying of a cathode of the composition Zr-6 at.% Ti-6 at.% Cu, and the
subsequent irradiation of the “film (Zr-Ti-Cu alloy) / (AISI 420 steel) substrate” system with an intense pulsed electron
beam. It is shown that the concentration of zirconium in the surface layer of steel decreases with an increase in the en-
ergy density of the electron beam (Es). It is established that formation of a surface alloy is accompanied by the follow-
ing: formation of a cellular crystallization structure (the average cell size increases from 150 nm at Es = 20 J/cm® to 370
nm at Eg = 40 J/em?); decomposition of a solid solution with the release of zirconium carbide particles (particle sizes
increase from (10-15) nm at Eg = 20 J/em? to (30-40) nm at Eg = 40 J/cm?). Particles of the carbide phase based on
chromium of the composition Cr;C,, Cr;C; and (Cr, Fe),;Ce, along with zirconium carbide particles, are revealed upon
the irradiation of the “film (Zr-Ti-Cu alloy) / (AISI 420 steel) substrate” system with an intense pulsed electron beam
(Es = 40 J/em?). Chromium carbide particles have a round shape; their sizes vary from 40 nm to 60 nm. The authors
analyzed phase transformation diagrams taking place under equilibrium conditions in Fe-Zr-C; Cr-Zr-C; Fe-Cr-Zr sys-
tems. It is established that ultra-high cooling rates that occur during the irradiation of the “film (Zr-Ti-Cu alloy) / (AISI
420 steel) substrate” system with an intense pulsed electron beam impose limitations on the formation of phases of the
intermetallic type. It is assumed that the formation of predominantly carbide phases in the surface layer of the material

is due to high mobility of carbon atoms in steel.
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Introduction

Formation of surface alloys is one of the meth-
ods for substantial improvement of the structure of
parts and products, as well as an increase in their
service life. This approach avoids the use of expen-
sive, highly alloyed materials which require signifi-
cant financial and energy costs, both during the pro-
duction and processing of parts and products. A
promising method for formation of surface alloys is
the combined treatment, which includes the deposi-
tion of thin films of alloying elements and the sub-
sequent irradiation with concentrated energy fluxes
(laser radiation [1, 2], high-intensity electron [3-5]
and powerful ion [6, 7] beams, plasma flows and
jets [8-11]). A vacuum-arc method based on the
generation of highly-ionized metal plasma flows
with an arc discharge is often used for deposition of
films [12, 13]. Coatings are formed as a result of
condensation of plasma flow of the eroding cathode
material on the sample surface. Almost any metal,
alloy, or metal-based composite can act as a cathode
material. The high degree of vacuum arc plasma
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ionization (20-100)% and the ability to adjust the
parameters of the coating synthesis process over a
wide range (working gas pressure, discharge current,
bias voltage, etc.) allows to regulate the elemental
composition and the structure of condensates [12].

The purpose of this paper is to analyze phase
transformations taking place during surface doping
of steel with an intense pulsed electron beam.

Material and research methods

Samples of high-chromium steel AISI420 (0.25
C, 13 Cr, 0.6 Si, 0.6 Mn, 0.6 Ni, <0.025 S; <0.03 P,
remaining Fe, wt%) were chosen as a material of the
study [14]. The samples had the plate-like shape
with the dimensions of 15x15x5 mm. Complex
modification of the structure and properties of AISI-
420 steel samples was carried out on the laboratory
installation “COMPLEX?”, developed and manufac-
tured at the Institute of High Current Electronics,
Siberian Branch of the Russian Academy of Scienc-
es (ISE SB RAS) [15]. The first stage of modifica-
tion included formation of a metallic film on the
surface of steel samples as a result of condensation
of plasma flow of the eroding cathode material. The
cathode of the composition Zr-5 ar. % Ti-
5 ar. % Cu, manufactured using methods of powder
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metallurgy, was used as the spray material. Second
stage included the irradiation of the system “film
(Zr-Ti-Cu alloy) / (AISI420 steel) substrate” with an
intense pulsed electron beam under the following
parameters: electron energy was 17 keV; energy
density of the electron beam was (20-40) J/cm’;
pulse duration of the electron beam was 200 ps; rep-
etition rate and the number of pulses was 0.3 s” and
3, respectively. The elemental and phase composi-
tion, and the state of the defective substructure of
the modified surface were analyzed using methods
of scanning (device SEM-515 “Philips”) and trans-
mission (device EM-125) electron microscopy.

Results and discussion

The main elements of the surface-doped layer are
Fe, Cr, Zr, and C. Based on the study of the phase dia-
grams of Fe-Cr-Zr, Cr-Zr-C, and Fe-Cr-C systems ob-
tained under equilibrium conditions we shall analyze
phase transformations in the given alloy.

System Zr—Cr—C. Binary diagrams and the iso-
thermal section of the ternary diagram of the system
Zr—Cr—C at a temperature of 1300°C are shown in
Fig. 1 [16]. Formation of a large number of binary
compounds as well as a ternary compound based on
the binary compound ZrxC;_x with a limited homo-
geneity region is possible in this system. The ternary
system Zr—Cr—C is characterized by the absence of
single-phase regions of ternary compounds of the
type C,_xCr_yZrx,y within the isothermal triangle.

System Fe-Zr-C. Binary diagrams and the iso-
thermal section of the ternary diagram of the system
Fe-Zr-C are shown in Fig. 2. This system is charac-
terized by formation of binary compounds only [17].

System _Cr-Fe-Zr. In the system Cr-Fe-Zr
(Fig. 3), ternary compounds based on binary com-
pounds begin on two sides of the isothermal triangle
Fe-Zr and Cr—Zr in the form of wide homogeneity
regions with stoichiometric compositions ZrFe,
(Laves phase with a structure C15) and ZrCr, (Laves
phase with the structure of C14), respectively [18,
19]. An extended region of the existence of a ternary
compound inside the isothermal triangle y—Zr (Cr,
Fe), with the Laves phase structure C14 has been es-
tablished. This compound is conjugated to two ter-
nary compounds based on ZrFe, and ZrCr, (Fig. 3).

The analysis presented in Fig. 1 — Fig. 3 of bina-
ry and ternary state diagrams indicates the possibil-
ity of formation under equilibrium conditions of
carbide phases of various composition and Laves
phases. It should be expected that ultrahigh cooling
rates of the material initiated by irradiation with an
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intense pulsed electron beam of the system “film
(alloy Zr-Ti-Cu) / (steel AISI420) substrate” will
have a significant effect on phase transformations of
the material.

The elemental composition of the surface layer
of the modified steel was studied using methods of
micro-X-ray spectral analysis. It has been estab-
lished that the relative content of chromium in the
surface layer of the irradiated system “film (Zr-Ti-
Cu alloy) / (AISI420 steel) substrate”, regardless of
the energy density of the electron beam, varies from
12.5 wt. % to 13.1 wt. %, which is close to chromi-
um content in the initial material. The relative con-
tent of zirconium decreases from 2.0 at% to 0.6
atomic% as the energy density of the electron beam
increases from 20 J/cm® to 40 J/cm®. A decrease in
the concentration of zirconium evidently indicates
the diffusion of zirconium atoms into the volume of
steel, i.e. formation of the surface alloy upon the
irradiation of the system “film (Zr-Ti-Cu alloy) /
(AISI420 steel) substrate” with an intense pulsed
electron beam.

The phase composition and the defective sub-
structure of the surface layer formed upon the irra-
diation of the system “film (Zr-Ti-Cu alloy) /
(AISI420 steel) substrate” with an intense pulsed
electron beam were studied using methods of
transmission electron diffraction microscopy. It has
been established that steel doping with elements of
the film (Zr-Ti-Cu) leads to formation of a poly-
crystalline structure based on o-iron in the surface
layer, irrespective of the electron beam irradiation
parameters (Fig. 2, a). The grain substructure is
represented by high crystallization cells (Fig. 4).
The average size of crystallization cells significant-
ly depends on the irradiation parameter and in-
creases from 150 nm at Eg = 20 J/cm? to 370 nm at
Es = 40 J/cm?. It is obvious that the reason for the
growth of crystallization cells is a decrease in the
cooling rate of the material with an increase in the
energy density of the electron beam. The volume
of crystallization cells contains a dislocation sub-
structure in the form of chaotically distributed dis-
locations (Fig. 4, b).

Particles of the second phase are located along
the boundaries of cells, rarely in the volume of cells.
The particles have a round shape, and their particle
size varies from 15 to 35 nm. Indication of microe-
lectronograms shows that these particles are zirco-
nium carbide (Fig. 5). In rare cases, particles of a
complex carbide of the type M»;Cq are found in the
structure of the surface layer of steel.
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Figure 1. State diagrams of systems C-Zr, C-Cr, Cr-Zr and the isothermal section of the ternary system

Zr—Cr—C at a temperature of 1300°C [16]
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Figure 2. State diagrams of systems C-Zr, C-Fe, Fe-Zr and the isothermal section of the ternary system
Zr-Fe—C at a temperature of 900 °C [17]
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Figure 3. Binary diagrams of systems Cr—Fe, Zr—Cr, Fe—Zr [18] and the isothermal cross section
of the ternary system Cr-Fe-Zr at a temperature of T = 800 °C [19]
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Figure 4. Electron microscopic image of the surface layer structure of the system “film (Zr-Ti-Cu alloy) /

(AISI420 steel) substrate”, subjected to irradiation with an intense pulsed electron beam (18 keV, 40 J/cm?,
200 microseconds, 3 pulses; 0,3 s™).
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Figure 5. Electron microscopic image of the structure of the surface layer of the system “film (Zr-Ti-Cu
alloy) / (AISI420 steel) substrate” subjected to irradiation with an intense pulsed electron beam (18 keV, 30
J/en??, 200 microseconds, 3 pulses; 0,3 s-l); a is the bright field; b is the dark field obtained in the reflex
[002] ZrC; c is the microelectronogram (the arrow indicate the reflex in which the dark field is obtained).

Analyzing the results obtained in the study of
the system “film (Zr-Ti-Cu alloy) / (20X13 steel)
substrate” using methods of diffraction electron mi-
croscopy and the results in Fig. 1 and Fig. 3, it can
be stated that ultra-high cooling rates, occurring in
the process of material treatment with an intense
pulsed electron beam, allow to form only carbide
phases in the surface layer of the material, i.e. phas-
es, one of whose elements (namely carbon) possess-
es high mobility in steel. The carried out studies did
not reveal any compounds of the intermetallic type.

Conclusion

It has been shown that irradiation of the system
“film (alloy Zr-Ti-Cu) / (AISI420 steel) substrate”
with an intensive pulsed electron beam is accompanied
with the following: formation of a surface alloy, whose
concentration of doping elements (Zr) decreases with
an increase in the energy density of the electron beam;
formation of a cellular crystallization structure; de-
composition of a solid solution with a release of zirco-
nium carbide and chromium carbides particles.

The analysis of transformation phase diagrams
occurring under equilibrium conditions in systems
Fe-Zr-C; Cr-Zr-C; Fe-Cr-Zr has been carried out. It
has been established that ultra-high cooling rates,
taking place during the irradiation of the system
“film (alloy Zr-Ti-Cu) / (AISI420 steel) substrate”
with an intense pulsed electron beam, impose cer-
tain restrictions on phase formation in these sys-
tems. Methods of diffraction electron microscopy
have allowed to reveal formation of predominantly
carbide phases in the surface layer (i.e. phases, one
of whose elements (namely carbon) possesses high
mobility in steel). The carried out studies did not
reveal any compounds of the intermetallic type.
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BNUAHUE CKOPOCTU OXNAXAEHUA HA ®A30BbIE NMPEBPALLEHUA
B MOBEPXHOCTHO NEFMPOBAHHOM CJIOE CTAIKU
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Annomayus. B eMHOM BaKyyMHOM IMKJIC OCYIIECTB-
JICHO TTIOBEPXHOCTHOE JiernpoBanue craau AISI420, 3akiro-
yaroleecs: B HarbUIeHUH TOHKOH (0,5 MKM) IUIEHKH CIuiaBa
Zr-Ti-Cu 271eKTpoayroBbIM pacrbUICHHEM KaTofia COCTaBa
Zr-6 a1.% Ti-6 a1.% Cu 1 HocienyroneM oOIydeHUN CHU-
cremsl «mieHka (cruta Zr-Ti-Cu) / (crans AISI420) nox-
JI0)KK@» MHTCHCHBHBIM HMMITYJIECHBIM 3JICKTPOHHBIM ITyd-
koM. TTokazaHo, 4TO C POCTOM ILUIOTHOCTH SHEPIUH ITyuKa
3neKTpoHOB (Es) KOHIEHTpaIMy LIMPKOHUS B TOBEPXHOCT-
HO CJI0€ CTaJIN CHIDKAeTCsl. Y CTAaHOBJICHO, UTO (hOpMHUpOBa-
HHE TIOBEPXHOCTHOTO CILIaBa COMPOBOK/ACTCS, BO-TICPBBIX,
00pa3oBaHUEM CTPYKTYphl SIMEHCTOW KPUCTAILUIM3ALUH
(cpenHmii pa3mep staeek yBenmmauBarotest oT 150 uM mipu Eg
=20 Jiw/em® 10 370 um npu Eg = 40 JT/cm®); Bo-BTOpBIX,
MPOTEKAaHHEM PACIIafia TBEPAOTO PACTBOPA C BBIICICHUEM
YacTL KapOuaa LMPKOHMS (pa3Mepbl STACTHI YBETHIHBA-
fotes ot (10-15) M mpu Eg = 20 Jix/em’ 10 (30-40) HM
npu Eg = 40 JTc/em?). Tlocre o6iydeHns: CHCTEMBI ILIEHKA
(crumaB Zr-Ti-Cu) / (crane AISI420) mommoxKkay HHTEHCHB-

HBIM HMITYJTbCHBIM 37IeKTpOHHEIM TydkoM (Es = 40
Tlx/cM®) HapsLy ¢ HaCTHIAMHM KapOWIa IMPKOHHS BbITB-
JISIIOTCSL YaCTULbI KapOuIHOM (a3bl HA OCHOBE XpoMa CO-
craBa Cr;C,, Cr;C; u (Cr, Fe);3Cq. YacTuiml xapOumoB
XpOMa UMEIOT OKpYIITYIo opMy, pasMephbl HX H3MEHSAIOTCS
B npezenax ot 40 no 60 uM. BeimonHen ananus azoBbix
JWarpaMM MpPEBPAIICHHH, MPOTEKAIOMMX B PABHOBECHBIX
yenoBusix B cucremax Fe-Zr-C; Cr-Zr-C; Fe-Cr-Zr. Ycra-
HOBJICHO, YTO CBEPXBBICOKHME CKOPOCTH OXJIAKJICHHS, pea-
JIM3YFOIIMECS [PU OOJIyYCHHH CHCTEMbl «IUICHKA (CIUIaB
Zr-Ti-Cu) / (cramp AISI420) moIoXKa» HHTEHCUBHBIM
HMITYJIbCHBIM DJICKTPOHHBIM ITy4KOM, HAK/IAJIBIBAIOT Orpa-
HUYEHHs Ha 00pa3oBaHMe (ha3 MHTEPMETAIUIMIHOTO THIIA.
BbICka3aHO MpPEAIoNoKeHNe, YTo (OPMUPOBAHHE B IIO-
BEPXHOCTHOM CJIO€ MaTepuaga IPEHMYIIECTBEHHO Kap-
OUIHBIX (pa3 00YCIOBIEHO BBICOKOH MOJBMKHOCTEIO B CTa-
JIM aTOMOB YTJIEPOJIA.

Knroueevie cnosa: cranp AlSI-420, snexTpoHHO-
Iy4KOBast 00paboTKa, CTPYKTYpa, (ha3oBblii COCTaB.
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