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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 μm) 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/cm2 to 370 
nm at ES = 40 J/cm2); decomposition of a solid solution with the release of zirconium carbide particles (particle sizes 
increase from (10-15) nm at ES = 20 J/cm2 to (30-40) nm at ES = 40 J/cm2). Particles of the carbide phase based on 
chromium of the composition Cr3C2, Cr7C3 and (Cr, Fe)23С6, 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/cm2). 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 ат. % Ti-
5 ат. % 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/cm2; 
pulse duration of the electron beam was 200 μs; rep-
etition rate and the number of pulses was 0.3 s-1 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 ZrХC1-Х 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 C1-ХCr1-УZrХ+У 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 ZrFe2 
(Laves phase with a structure C15) and ZrCr2 (Laves 
phase with the structure of C14), respectively [18, 
19]. An extended region of the existence of a ternary 
compound inside the isothermal triangle γ-Zr (Cr, 
Fe)2 with the Laves phase structure C14 has been es-
tablished. This compound is conjugated to two ter-
nary compounds based on ZrFe2 and ZrCr2 (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 

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/cm2 to  40 J/cm2. 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 α-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 ES = 20 J/cm2 to 370 nm at 
ES = 40 J/cm2.  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 M23C6 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] 

 

 

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] 

 

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/cm2, 

200 microseconds, 3 pulses; 0,3 s-1). 
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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/cm2, 200 microseconds, 3 pulses; 0,3 s-1); 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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Аннотация. В едином вакуумном цикле осуществ-
лено поверхностное легирование стали AISI420, заклю-
чающееся в напылении тонкой (0,5 мкм) пленки сплава 
Zr-Ti-Cu электродуговым распылением катода состава 
Zr-6 ат.% Ti-6 ат.% Cu и последующем облучении си-
стемы «пленка (сплав Zr-Ti-Cu) / (сталь AISI420) под-
ложка» интенсивным импульсным электронным пуч-
ком. Показано, что с ростом плотности энергии пучка 
электронов (ES) концентрации циркония в поверхност-
но слое стали снижается. Установлено, что формирова-
ние поверхностного сплава сопровождается, во-первых, 
образованием структуры ячеистой кристаллизации 
(средний размер ячеек увеличиваются от 150 нм при ES 
= 20 Дж/см2 до 370 нм при ES = 40 Дж/см2); во-вторых, 
протеканием распада твердого раствора с выделением 
частиц карбида циркония (размеры частиц увеличива-
ются от (10-15) нм при ES =  20  Дж/см2 до (30-40) нм 
при ES = 40 Дж/см2). После облучения системы «пленка 
(сплав Zr-Ti-Cu) / (сталь AISI420) подложка» интенсив-

ным импульсным электронным пучком (ES = 40 
Дж/см2) наряду с частицами карбида циркония выяв-
ляются частицы карбидной фазы на основе хрома со-
става Cr3C2, Cr7C3 и (Cr,  Fe)23С6. Частицы карбидов 
хрома имеют округлую форму, размеры их изменяются 
в пределах от 40 до 60 нм. Выполнен анализ фазовых 
диаграмм превращений, протекающих в равновесных 
условиях в системах Fe-Zr-C; Cr-Zr-C; Fe-Cr-Zr. Уста-
новлено, что сверхвысокие скорости охлаждения, реа-
лизующиеся при облучении системы «пленка (сплав 
Zr-Ti-Cu) / (сталь AISI420) подложка» интенсивным 
импульсным электронным пучком, накладывают огра-
ничения на образование фаз интерметаллидного типа. 
Высказано предположение, что формирование в по-
верхностном слое материала преимущественно кар-
бидных фаз обусловлено высокой подвижностью в ста-
ли атомов углерода.  

Ключевые слова: сталь AISI-420, электронно-
пучковая обработка, структура, фазовый состав. 
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