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The paper is devoted to a study of the formation of submicron and nanosized cellular crystallization structures on the surface of
a high-entropy AlCoCrFeNi alloy irradiated by high current electron beams with the energy density varying from 10 to 30 J/cm?
and a pulse time of 200 ps. The study revealed that the combination of thermal, evaporation-capillary and thermoelectric
instabilities induces the formation of submicro- and nanodimensional cellular structures similarly to high-entropy alloys. The
proposed dispersion equation was analyzed to detect the conditions for the generation of this instability. The importance of the
evaporation process was investigated by finding a solution to the heat problem with phase transformations. The temperature
distribution over time calculated at different distances from the surface of the alloy samples demonstrated that the surface
temperature is lower than the evaporation temperature for the energy density E <30 J/cm?, therefore, the term of evaporation
in the dispersion equation was ignored for these values of the energy density. The analysis of the dispersion equation showed
that for E =30 J/cm? the wavelength A with the maximal growth rate of perturbations on the melt surface gains a value in the
submicro-and nano-range, provided that the thermoelectric coeflicient equals to ~4 -10 V/K, and the pressure of evaporation
is ~10° Pa. If we exclude thermoelectric effects, these values A_ are observed for the pressure of evaporation ~10'" Pa. The
wavelength A was revealed to decrease according to a power law as the beam energy density increases.
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VIsydeHo ¢popMupoBaHue CTPYKTYpPbI A4EUCTON KPUCTA/UIU3ALNN CYOMIKPO- ¥ HAHOPAa3MEePHOT'o iuania30Ha Ha IIOBEPXHOC-
T BbIcOKOsHTpomuiiHoro cmmasa AlCoCrFeNi mpu BospeiicTBUM HM3KOSHEPreTMYECKUX CUJIBHOTOYHBIX 9/IEKTPOHHBIX
IIy4KOB C IUIOTHOCTAMM sHepryuu oT 10 pmo 30 JDK/cM? M mInTelbHOCTbI0 MMITynIbca 200 MKC. YCTaHOBJIEHO, YTO TaKXKe
KaK M JUI1 [IBYyX- U TPEXKOMIIOHEHTHBIX CIUIABOB IIPUYMHON 00pa3oBaHMA CyOMUKPO- U HaHOPasMEpPHBIX AYEUCTBIX
CTPYKTYP ABJIAETCA KOMOMHMPOBaHHAS HEYCTONYMBOCTD, KOTOpasi BKIIOYAeT B ceOsA TepMO-, UCIIAPUTEIbHO-KallVJIIAPHYIO
U TEPMOINIEKTPUYECKYIO HEYCTOMNUMBOCTH. [/ BBIABIEHUA YC/IOBUIA 3apOXKEHA 9TOI HEYCTOMYMBOCTY aHAIN3MPOBAIOCh
IIpeIO>KeHHOE B IIPEAbIAYIINX paboTaX aBTOPOB AUCIEPCUOHHOE YpaBHeHMe. Pojib mporiecca McrnapeHns BbIAB/LAIACH Ty TeM
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PpeLIeHs TEIUIOBOIE 3afa4t ¢ yueToM (pa3OBBIX IIEPEXOIOB. PacueTsl pacpeieieHus TEMIIEPATyp 110 BPEMEHN Ha PasIMIHbIX
PAaCCTOAHMAX OT MOBEPXHOCTH 06Pa3I[0B JAHHOTO CI/IaBa MOKA3a/IM, YTO TPV 3HAYEHMN TIOTHOCTH sHeprum E <30 JIx/cm®
TeMHepaTypa IIOBEPXHOCTN HE NOCTUTAET TeMHepaTypr MCTIapeHns, HO3TOMy IIpU JAaHHBIX 3HAYEHMAX INIOTHOCTU SHEPTUN
I/ICHapI/ITe}IbeIiI YIEH OVICIIEPCMOHHOIO ypaBHeHI/IH HE Y‘II/ITI)IBaIICH. PeSyHbTaTbI aHa/M3a OUCIEPCNOHHOIO ypaBHeHI/IH
nokasamit, uto npu E =30 J[)x/cM® [yimHa BOMHBI A_, Ha KOTOPYIO TIPUXOIUTCA MAKCUMYM CKOPOCTM POCTa BO3MYIIEHWI
IIOBEPXHOCTN pacCIiaBa, IIPMHVMAET 3HAYECHNE, HAXOOAIIEECA B CY6MI/IKPO I HAaHOOMIIa30HE, IIpU YCIIOBI/II/I, YTO 3HAYCHINE
TEPMOITIEKTPUIECKOro Koadduimenta 6ynet cocrasysite ~4-10 B/K, a snasenne ncrapurenproro gasinenns ~10° ITa. Ecmm
HE y‘H/ITbIBaTI) TEPMOIIEKTPNIECKIIE 9(1)(1)6KTI)I, TO TaKle 3HAYCHIA )\m Ha6711011aeTc;1 TOJIBKO IIpN MCIIAPUTETbHOM [JaBI€HUN
~10" ITa. [TokasaHo, 9TO A YMEHbIITAETCsA C POCTOM I/IOTHOCTY SHEPTUM IyYKa 3/MEKTPOHOB MO CTEIIEHHOMY 3aKOHY.

KiroueBble cmoBa: BhIcOKO9HTpoImitHble crtaBbl, AICoCrFeNi, a7leKTpoHHO-ITy4KoBas 06pabOoTKa, TePMOKAMMIIAPHAS HEYCTONYMBOCTD,

TEPMOINIEKTPUIECKIIT 3P PEKT.

1. Introduction

In recent years, the effect of concentrated energy flows, e.g.
low energy high current electron beams on high-entropy
alloys with different chemical formulae, has been the
subject of many research works [1-5]. These works have
demonstrated that multiple irradiations of CrFeCoNiMo
and CoCrFeNiMo, alloys by an electron beam with an
energy density of 4 J/cm” and a pulse time of 1.5 ps induces
the formation of a fusion zone. Moreover, its thickness
expands with the increasing number of pulses [1,2]. The
structure of this zone comprises crystals with an average
size of 109 nm. Several authors [3-5] revealed that high-
entropy alloys (HEAs) synthesized in selective electron-
beam melting are characterized by high mechanical
properties, which are possible due to the formation of
micro-and nanodimensional structures and phases. One of

5 pm

Grain size

Grain size (um)

C

the most probable mechanisms responsible for their forming
is thought to be various hydrodynamic instabilities, e.g. the
Mullins-Sekerka instability [6], thermocapillary instability
[7,8] and the Kelvin-Helmholtz instability [9,10]. An
assumption was made [11,12] that micro-and nanostructure
phase states develop in multicomponent alloys owing to the
evolving combination of thermal, concentration-evaporation
and thermoelectric instabilities. This study investigates the
effect of an electron beam with the energy density from 10 to
30J/cm?and a pulse time of 200 ps on the AICoCrFeNi high-
entropy alloy (chemical composition, mass.%: 15.64 Al
7.78 Co, 8.87 Cr, 22.31 Fe, 44.57 Ni). A principal method
to analyze the structure of a material surface was selected
scanning electron microscopy. Fig. 1 provides findings of
an SEM-analysis carried out on the surface irradiated by
an electron beam with an energy density of 30 J/cm?. It is
apparent from this figure that a cellular structure ranging
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Fig. 1. Structure of a high-entropy alloy irradiated by an electron beam with an energy density of 30 J/cm? (SEM-image of the irradiated
surface (a), SEM-image of the fracture surface (arrows show the direction of electron beam irradiation) (b), histogram of the grain size
distribution of the irradiated surface (c), cross-section TEM-image of the irradiated surface(d)).
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from 225.83 to 618.87 nm was formed on the treated surface.
The dimensional distribution of cells displays one maximum
in the range from 300 to 350 nm.

The cross-section of the samples (Fig. 1) was analyzed,
and a conclusion was drawn that the modified layer is a
product of the electron-beam treatment. The thickness of this
layer depends on the height of the crystallization columns
and increases with the growing energy density of an electron
beam.

2. Results and Discussion

As discussed above, the formation of micro-and nano-
dimensional structure and phase states on the surface during
electron-beam treatment is induced by the combination of
thermal-capillary, concentration-capillary and thermoelectric
instabilities. We assume that this instability arises when
an electron beam is applied to high-entropy alloys. The
significant role of thermoelectric convection for the
formation of a cellular crystallization structure is traced in
the thickness of the molten layer ~1-20 pm. As stated in
previous studies [13,14], thermoelectric effects fail to be
neutralized totally by the thermocapillary convection if a
concentrated flow of energy is supplied from above. When
determining the thermoelectric coefficient, we proceed
from the assumption that the convective flow, intensifying
the thermoelectric effect, is of significant importance for the
transfer of charge in the liquid state [12].

The dispersion equation, proposed earlier in [12], is
used to determine conditions under which the combined
instability is most likely to develop:

R, -R,—Ry R, =0, (1)
40’02k,

R, =0)2((0)+2(ov)2 +oof) Y

R; = 00, [8[1—:—1)(2(0(0V + o +mf)+

2

where R, R, R, R, — capillary, thermocapillary,
thermoelectric and vapour part of dispersion equation
respectively, w =0,G /pv — thermocapillary frequence,
w =vk* — viscosity frequency, w’=ok’-egE})/p —
capillary frequence, w =p G,/pvk — vapour-capillary
frequency, wy=¢E}/pv — thermoelectric frequency,

k =K +(@/v), ky=\k*+(0/7), 8=Pr/(1=Pr), Pr=v/x —

Prandtl number, o, — surface tension at a temperature of
material melting T , o, — temperature coeflicient of the
surface tension, p — density, v — kinematic viscosity, x —
temperature conductivity, G, — gradient of temperature,
where ¢ — dielectric permittivity, e, — electric constant,
E, — electric field strength on the stable horizontal surface
of a liquid. Provided that Pr «1 the Eq. (1) is written:
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Substituting z :% and w=w (z’~1), the Eq. (2) is stated:

(€ +22 -1)C, +(2C, + (2 +22+3)(2* - 1)), - 3)

=22 +1)C, ~ (2417 (C*+ (2 +1) ~ 4z) =,

where C=w /w, C,=w Pr/20, C,=0, /2w, C,=w,/20,
As proposed earlier [12], such solutions are selected, which
meet the condition Re(w)>0 and Re(z)>0. In these cases,
the growth rate of perturbations a=Re(w) >0. The data for
calculations is given in Table 1.

The values of specific heat of fusion and evaporation
in the first approximation are determined according to the
mixture rule: X = Z;aixi, where a, — volume percentage
of an i-component in the alloy, x, — specific heat of fusion
(specific heat of evaporation) for an i-component of
the alloy. The temperature gradient is found as in [12]:
G,=((q—q,,)/x), where g=E /t — energy density of an
electron beam, E, — surface energy density of an electron
beam, g, — evaporation-conditioned surface energy density,
k — thermal conductivity of a liquid metal. The role of
evaporation for the power density [15] is calculated as follows:

oo =10° ((Aom I 2k T, m)exp((Ayy, [ ky)(1/ T, ~1/T,,))),
where A — work function of an atom escaping from the
melt, k, — Boltzmann constant, m — atomic mass, T,, —
evaporation temperature.

The role of evaporation in the formation of nanostructures
was calculated according to the previously proposed heat
model [16], which considers this phase transformation. Fig. 2
provides the data on the temperature distribution over time
at various depths from the irradiated surface at 30 J/cm?.

It can be apparent from the data in this figure that
the temperature on the irradiated surface is equal to the
temperature of evaporation for this value of the energy
density, whereas no evaporation is observed for any other
values of the energy density below 30 J/cm?. Therefore, for
E <30 ]/cm® we consider _=0.

Further, it is necessary to find the minimum wavelength,
which initiates the combined instability. For this purpose, the
solution (3) is determined in z° = —1%£iC+®. As a result,
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Table 1. Thermal physical properties of AICoCrFeNi systems [17-20].

Symbol / dimension AlCoCrFeNi Property
T, K 1768 Melting temperature
T, K 2100 Evaporation temperature
p, kg/m’ 7000 Solid phase density
pp, kg/m’? 6890 Liquid phase density
py> kg/m’ 6700 Vapor phase density
v, 1077m?/s 6.56 Viscosity
x> 10°m?*/s 1.5 Thermal diffusivity
o0, N/m 1.55 Surface tension
0 107°N/(m-K) -0.1 Temperature coefficient of surface tension
Ks, W/(m-K) 11 Thermal conductivity of solid phase
K, W/(m-K) 281 Thermal conductivity of liquid phase
Ky, W/(m-K) 290 Thermal conductivity of vapor phase
L, kJ/kg 309 Specific heat of melting
Ly, KJ/kg 6892 Specific heat of evaporation
The numerical solution of the dispersion Eq. (3) showed that
T.K. T, the maximum value of the perturbation growth rate under
these conditions falls on the wavelengths of 380 and 530 nm
1800+ (Fig. 3a, curve 1 and 2). Considering thermoelectric effects,
1600- T, the wavelength attributed to the origination of instability is
225nm (Fig. 3 a, curve 3) for an evaporation pressure of 10°Pa
1400 and a thermoelectric coefficient of 4.3 V/K; this outcome is in
1200 line with experimental data.
The maximum growth rate is recorded for a wavelength
1000 of 430 nm; it differs slightly from the SEM data of the
cellular structure. As mentioned above, the presented
800 . . . .
results are obtained in the low-frequency approximation by
600 finding a solution to Eq. (3). We turn to the discussion of
numerical solutions to full dispersion Eq. (1). This equation
400‘ | | ‘ ‘ kt o Ms is a cumbersome algebraic equation of the 16™ degree with
0 100 200 300 400 500 600

Fig. 2. Temperature distribution vs. time throughout the depth for
the energy density E =30 J/cm>.

certain corrections for the frequency of capillary waves are
obtained, which depend on thermal, evaporation-capillary
and thermoelectric effects.

cC, C
2 =-1%iC-2+234C,. 4)
2 2
Turning to (4) from z to w, it is obtained:
Pr o Pr
w=—20,— 2L PB4 (5)
4 4 2

Thermophysical constant variables and parameters of the
electron beam were substituted, and it was concluded that the
instability arises at A>203 um for E =30 J/cm? and without
evaporation thermoelectric effects. The numerical solution
of Eq. (3) shows that the thermocapillary instability arises at
A>210 pum. Given the evaporation pressure equals 10° Pa, the
instability begins with a wavelength of A=43 um; numerical
calculations confirm this. The instability for wavelengths
ranging from 220 to 300 nm, which are equated to the sizes
of crystallization cells under the experimental study, was
initiated atan evaporation pressure of4.5-10" Paand 2-10"' Pa.

respect to z, so we omit it here. The study considers only
such roots of Eq. (1), which meet the condition Re(w)>0
and Re(z )>0, Re(z,)>0. As numerical solution shows, the
equation has two roots. In both cases, the instability arises at
A>220 nm, and the maximum growth rate is registered for a
wavelength of 430 nm (Fig. 3b, curve 1); this is in line with
the experimental data and solutions of Eq. (3).

This fact allows one to conclude that the low-frequency
approximation is adequate (3). If evaporation is not taken
into account, the wavelength at which the maximum growth
rate is observed is the same as at an evaporative pressure of
~10" Pa. This allows us to conclude that the thermoelectric
instability prevails over the evaporative-capillary instability
in this range of vapour recoil pressures. The most noticeable
effect of evaporation becomes at an evaporative pressure of
~10" Pa (Fig. 3b, curve 2). The maximum growth rate, in this
case, will be observed at a value of A_ =450 nm.

Fig.4 demonstrates the correlation between the
wavelength with the maximum growth rate and the energy
density varying from 10 to 30 J/cm? This figure shows that
the growing energy density E_brings about a decrease in the
wavelength according to the power-law \ =583.16-E*'*
(correlation coefficient 0.999); therefore, the most likely
expected sizes of the cellular crystallization structure will be
reduced. This correlation allows optimizing the processing
conditions of high-entropy alloys by low energy high current
electron beams.
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Fig. 3. (Color online) The growth rate of perturbations on the melt surface vs wavelength under the application of an electron beam with
an energy density of 30 J/cm? taking into account evaporation (curve 1 and 2) and evaporation and thermoelectric effects (curve 3) (a);
The dependence of the growth rate of the melt surface perturbations on the wavelength, taking into account evaporation and thermoelectric
effects, obtained by numerically solving the dispersion Eq. (1). Curve 1 corresponds to the value of evaporative pressure of 10° Pa, and

curve 2 — 10'° Pa (b).
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Fig. 4. Wavelength with the maximum growth rate vs energy density
of the electron beam.

Still, it necessitates the research into the role of the
concentration of alloying elements for the surface tension of
the alloy under study and the determination of the diffusion
coeflicients in these alloys.

3. Conclusion

The study establishes that thermoelectric phenomena
significantly affect the initial stage of thermocapillary flow
instability in a high-entropy alloy melt irradiated by electron
beams. The critical outcome of the study is that evaporation-
capillary instability is possible only for the energy density of
30 J/cm? and higher. The correlations between the growth
rate of perturbations at the plasma-melt boundary and the
wavelengths display one maximum only, which is recorded
in the submicro- and nanometer range for the thermoelectric
coefficient y>4 V/K. Due to the obtained results, the
mechanism responsible for forming surface micro-and

nanostructures represents the combination of thermal,
evaporation-capillary and thermoelectric instabilities. They
can be relevant for determining the optimal conditions
of electron-beam processing high-entropy alloys to form
micro-and nanostructures. The further development of the
model can be related to the consideration of concentration-
capillary effects.
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