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Abstract. The authors studied the crystallization process of the Fe—W system, which is the basis of heat-resistant high-speed steel used in plasma arc
surfacing on the surface of rolls and various cutting tools. The structure of this material consists of two components: cellular and dendritic. Histogram
of the structural elements distribution shows the presence of a single maximum. The most probable size takes a value in the range of 10 — 15 um.
The paper considers the morphological instability of crystallization front (the Mullins-Sekerka instability). The model includes the equations of convec-
tive thermal conductivity and diffusion. The Stefan conditions for temperature were set at interface of the phases. Linear analysis of this instability is
carried out for two cases: when the convective term in the equations of thermal conductivity and diffusion can be neglected; when convection prevails
over diffusion processes. In all cases, it was assumed that the value (1 -k ) was close to zero, which corresponds to a concentration of the alloying
element approximately equal to or exceeding the eutectic one, and a short-wave approximation was also used. In the first case, the analytical view
of dependence of the wavelength, which accounts for the maximum rate of interface disturbances growth, coincides with generally accepted concepts.
In the second case, the value of this wavelength is directly proportional to square root of the interphase boundary velocity. The limits of applicability
of these approximations for various mechanisms of crystal growth were determined. In the case of normal growth, both approximations provide
an adequate explanation for the formation of structural elements up to 5 um in size at a crystallization front velocity of about 2 m/s. For the case
of growth due to screw dislocations, the wavelength value corresponding to the fastest-growing perturbation mode in the first case coincides with
experimental data at a crystallization front velocity of the order of 107 m/s, whereas in the convective approximation such a coincidence is observed
at 10~ m/s. Further development of the model consists in simultaneous consideration of the convective and diffusion components. The results obtained
will serve as a material for the research of the Mullins-Sekerka instability for two interface boundaries.

Keywords: Fe — W system, the Mullins—Sekerka morphological instability, equation of thermal conductivity, mobile boundaries of phase transformations
Acknowledgements: The research was supported by the Russian Science Foundation (grant No. 23-19-00186), https:/rscf.ru/project/23-19-00186/.

For citation: Nevskii S.A., Bashchenko L.P., Gromov V.E., Peregudov O.A., Gostevskaya A.N., Volodin T.V. Formation of the gradient of structural-
phase states of high-speed steel during surfacing. Part 2. The role of the Mullins-Sekerka instability in formation of crystallization structures.

Lzvestiya. Ferrous Metallurgy. 2024;67(2):185-194. https://doi.org/10.17073/0368-0797-2024-2-185-194

© S. A. Nevskii, L. P. Bashchenko, V. E. Gromov, O. A. Peregudov, A. N. Gostevskaya, T. V. Volodin, 2024 185


https://doi.org/10.17073/0368-0797-2024-2-185-194
https://fermet.misis.ru/index.php/jour/search/?subject=Fe - W system
https://fermet.misis.ru/index.php/jour/search/?subject=the Mullins-Sekerka morphological instability
https://fermet.misis.ru/index.php/jour/search/?subject=equation of thermal conductivity
https://fermet.misis.ru/index.php/jour/search/?subject=mobile boundaries of phase transformations
https://rscf.ru/project/23-19-00186/
https://doi.org/10.17073/0368-0797-2024-2-185-194
mailto:nevskiy.sergei%40yandex.ru?subject=

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(2):185-194.
Hesckuil C.A.,, bawenko JLII. u dp. PopmupoBaHue rpaJjieHTa CTPYKTYPHO-(HA30BbIX COCTOSTHUM OBICTPOPEXKYIIEH CTaIu IPY HAJIABKE ...

®OPMUPOBAHUE FPAAUEHTA CTPYKTYPHO-®A30BbIX COCTOAHUM
EbICTPOPE)KYLI.I,Eﬁ CTANUN NPU HANNABKE.
YACTb 2. POIb HEYCTOMYUBOCTU MANNUH3A—-CEKEPKU
B O6PA3OBAHUU CTPYKTYP KPUCTANNTUZALUUN
C. A. HeBckuii! @, JI. I1. Bamenko?, B. E. T'pomos?, 0. A. [leperyzaos?,
A. H.TocreBckas!, T. B. Bosrogun?!
1 CHOMpCKHii roCy1apCTBEHHbIN HHIYCTPHATLHBIH yHuBepenTeT (Poccns, 654007, Kemeposckas 0611, — Kys6ace, HoBoky3Helik,

yi1. Kupoga, 42)
2 Omckuii rocynapcTBeHHbIi TexHuYecknii yuusepeutet (Poccus, 644050, Omck, np. Mupa, 11)

&3 nevskiy.sergei@yandex.ru

AHHOmﬂl{Uﬂ. I/Isyqu nponecce Kpucrauim3ainuu CUCTEMbL FC*W, KOTOpas JIC)KUT B OCHOBE TETUTOCTOUKOMN 6LICTpOpC)I(yHleﬁ cTanu, HpHMeHSIeMOﬁ

B IPOLECCE MIa3MEHHO-yTOBOI HAIUIABKM HAa MOBEPXHOCTb BAJIKOB M PA3JIMYHBIX PEXKYLIMX HHCTPyMEeHTOB. McciieoBanus CTpyKTypbl IJaHHOTO
Marepuasa MoKas3alid, YTO CTPYKTypa COCTOHMT U3 JIBYyX COCTABIIIONIMX: SMEHCTOM M ICHAPUTHOW. ['mcTorpamma pacrpeneneHust CTPYKTYPHBIX
9JIEMEHTOB MMOKa3bIBACT HAIMYME OJHOr0 Makcumyma. Hanbosee BeposiTHbIN pasmep HaxoauTcs B auanazone 10 — 15 mxm. B paborte paccmarpu-
BaeTcsi MOP(OIOrnuecKasi HeyCTOWYMBOCTh (PPOHTA KpUCcTA/UTH3aKu (HeycToitunBocTh Mamnuza—Cekepkn). Monesb BKIIIoYaeT B ce0st ypas-
HEHMs] KOHBEKTHBHOH TerutonpoBoaHoctu u audysuu. Ha rpanunne pasnena ¢as 3agaBanuce ycnous Credana s remneparypsl. JInHenHbIi
aHaJIN3 JaHHOW HEYCTOMYMBOCTH IPOBOAUTCS UL IBYX CIydaeB: KOTJa KOHBEKTHBHBIM YJICHOM B YPaBHEHHSX TEIUIONPOBOAHOCTH U AU(G Y3un
MO’HO NpeHeOpeyb; Korjia KOHBEKIMs npeodaaaeT Hax audy3uoHHbIMU TTpoLieccamu. Bo Beex ciydasx npeanonaraercs, 4ro senuuuna (1 — k)
OJIH3Ka K HYIIO, 9TO COOTBETCTBYET KOHLICHTPALIUH JIETHPYIOIIETO 3JIEMEHTa, IIPUMEPHO PAaBHOM 3BTEKTUYECKOM MIIM MPEBBIIAIONICH €€, a TaKKe
HCIIONB3YETCsl KOPOTKOBOJIHOBOE MpUOIIKEHHE. B nepBoM ciiyyae aHaJIMTHYECKUI B 3aBUCUMOCTH JUIMHBI BOJIHBI, HA KOTOPYIO MPUXOJUTCS
MaKCHMYM CKOPOCTH POCTa BO3MYILCHHUH MeX(a3HOW I'paHUIIbI, COBNANACT ¢ OOIIEIPHHATHIME IIPEACTaBICHUSAMU. Bo BTopoM cirydae 3HaueHUE
JIAHHOM JUTMHBI BOJIHBI MPSIMO MPONOPLHOHAIBHO KBAJPAaTHOMY KOPHIO M3 CKOPOCTH JBIXKEHMsI Mex(pa3HOW rpaHuibl. OnpeneneHsl rpaHuLbl
MIPUMEHUMOCTH JAaHHBIX NPHUONIMKCHUH JUId Pa3IM4YHBIX MEXaHM3MOB POCTa KpPHCTAJUIOB. B ciryuae HOpMasbHOTO pocTta 00a NMpHOIMKEHUS
JIAIOT A/IeKBaTHOE OOBSICHEHHE 00Pa30BaHUIO CTPYKTYPHBIX JIEMEHTOB pa3MepaMHu JI0 5 MKM HPH CKOPOCTH (DPOHTA KPHCTAIIM3ALMHI MOPsIKa
2 m/c. [lns ciydast pocTa 3a CHeT BUHTOBBIX JAMCIIOKAINI 3HAUYCHNE JUTMHBI BOJIHBI, COOTBETCTBYOLIEH Hanboiee OBICTPOPACTYILEH MOIBI BO3MY-
LIEHHI1 B TIEPBOM CIlyyae, COBMAJAET C SKCIEPHMEHTAIbHBIMU JAHHBIMH TIPU CKOPOCTH (pOHTa KpucTam3aunn nopsaka 1077 m/c, Torna kak
B KOHBEKTUBHOM TIPUOIKEHHH TAKOE CoBNaaenre Habmonaercs npu 1074 m/c. JlanbHeiiiiee pasBuTHe MOJENH 3aKITIOYAETCS B OHOBPEMEHHOM
ydyere KOHBEKTHBHON M anddy3nonHoi cocTapistomux. [lomydyeHHble pe3yabTaTbl MOCIyKaT MaTepUuaioM JUlsi HCCIIEIOBaHuUs HEYCTONUMBOCTH
Mannun3a—CekepKH JJIs IBYX FPaHuIl pa3aea.

Kniouesule cno6a: cucrema xenes3o — Boiabppam, Mopdosaoruueckas HeycToiunBocTh Masinnza—Cekepky, ypaBHEHHE TEIUIONPOBOAHOCTH, TTOABHK-

HbIE rpaHuLbl (Ha30BBIX MPEBPALICHUIT
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the associated structural-phase transformations. The for-
mation of specific structures (cellular or dendritic) during
the action of concentrated energy fluxes is explained by

[ INTRODUCTION

High-speed steels are increasingly used as wear-

resistant coating materials, applied by plasma spraying
onto the working surfaces of mining and metallurgical
equipment subjected to abrasive wear conditions [1].
These steels exhibit high mechanical properties such as
hardness and wear resistance. However, the spraying
process can lead to the formation of structures that cause
cracks and reduce hardness, preventing the full utiliza-
tion of the high-performance characteristics of high-alloy,
heat-resistant alloys [2]. To maintain the high mechanical
properties of the resulting coating, additional heat treat-
ments [3] or adjustments to the spraying parameters [4]
are necessary. Optimal spraying parameters require an
understanding of the material crystallization processes and
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the morphological instability of the crystallization front,
known as Mullins—Sekerka instability [5; 6].

Currently, various authors are studying this instabi-
lity [7—10]. In [7], the instability was examined for
binary alloys. Criteria for absolute and relative stability
of a spherical crystallization nucleus were formulated
for these alloys, and it was demonstrated that as the par-
ticle size increases, the initial concentration in the diluted
binary melt initially suppresses and then enhances
the morphological stability of the particle. The critical
concentration at which this effect begins was also deter-
mined. The work described in [8] focuses on studying
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the influence of an incoming melt flow on the crystal-
lization front of supercooled liquids with a two-phase
layer. It was found that the incoming melt flow plays
a crucial role in the changes in the parameters of the two-
phase layer and its internal structure. The proportion
of the solid phase in this layer and its thickness signifi-
cantly increase, while its permeability and average dis-
tance between dendrites decrease with increasing inten-
sity of the incoming melt flow. In [9], the verification
of results from linear stability analysis using the phase
field method in multi-component melts with a planar
solidification front demonstrated that, despite using a uni-
fied set of equations for linear stability analysis under
various solidification conditions, theoretical differences
between directional and isothermal solidification should
be noted. Specifically, in the case of directional solidifica-
tion, if considering the steady-state solution of the planar
problem, the equilibrium compositions at the interface are
invariant with respect to the choice of the diffusion coef-
ficient matrix, thus allowing the change in concentration
gradients ahead of the interface, which affect instability
behavior, to be easily determined since the interface velo-
city is known [9]. Conversely, in isothermal solidification,
the planar problem does not have a steady-state solution
characterized by a constant system velocity. The growth
rate of the interface and the equilibrium compositions
depend on the choice of the diffusion coefficient matrix
as well as the alloy composition. These characteristics
of phase transition affect the growth of morphological per-
turbations and thus influence the choice of length scales
of the microstructure. In [10], similar investigations were
conducted on a particle with spherical geometry, taking
into account non-stationary terms in the diffusion equa-
tions and a complete representation of the diffusion coef-
ficient matrix. This allowed the establishment that stabi-
lity criteria are not reduced to low velocities as previously
thought [11]. The stability of the growing sphere can be
considered at high perturbation growth rates, which corres-
pond to high supersaturation. The results clearly show that
the threshold values for the destabilization of the grow-
ing sphere interface strongly depend on the growth rate. It
was also found that the degree of spherical harmonics at
which stability is not maintained increases with increas-
ing growth rate. The role of surface tension in the melt is
not sufficiently addressed in the presented works [7 — 11],
while it can significantly shift the values of the wave-
length corresponding to the maximum mode of pertur-
bations [12; 13]. In [12], the dependence of this wave-
length on surface tension and crystal growth mechanism
is established. It is shown that for most binary compo-
sitions considered by the author, the growth mechanism
occurs through screw dislocations, and the dependence
of A on V-2 is practically linear and coincides with
experimental data. Surface tension, according to the data
from [13], has a significant influence on the kinetic coef-
ficient in the growth model through screw dislocations.

Thus, when constructing mathematical models of crystal-
lization of materials under plasma exposure and formu-
lating stability criteria for the interface between the melt
and crystal, in addition to concentration supercooling, it
is necessary to take into account the role of surface ten-
sion and crystal growth mechanisms. As indicated in [14],
the instability of Mullins—Sekerka should be studied in
several stages: / — determine the nature of perturbations
of the interface and assess the influence of its curvature on
the liquidus temperature; 2 — calculate the temperature and
concentration fields in the solid and liquid phases; 3 — find
the dependencies of the growth rate of perturbations from
conditions at the phase transition boundary. In this study,
attention is given to the first and third stages of research,
assuming a cylindrical shape of the crystallization front.
To verify the obtained results, investigations of the struc-
ture of coatings made of high-speed steels after surfacing
were conducted using scanning electron microscopy.

[l MATERIALS AND METHODS

Plasma coating of high-speed steel R18Yu was per-
formed in reverse polarity within a nitrogen protective and
alloying environment using non-conductive additive pow-
der wire, as established in [15]. The chemical composi-
tion of the steel (wt. %) includes C 0.87; Cr 4.41; W 17.00;
Mo 0.10; V 1.50; Ti 0.35; Al 1.15; N 0.06. This composi-
tion ensured optimal conditions for wetting the surface
of the product with the deposited metal and defect-free
formation of the deposited layer. Samples were taken from
the upper parts of the deposited layer and subsequently
sectioned on an electric spark cutting machine using kero-
sene for metallographic studies. The samples were then
mechanically leveled using fine emery paper and diamond
paste, followed by etching of the deformed layer and lev-
eling by an electrolytic method. Studies were conducted
using a KYKY-EM6900 scanning electron microscope
with a thermionic tungsten cathode equipped with a micro-
probe attachment. The operating parameters were an acce-
lerating voltage of 20 kV, an emission current of 150 pA,
and a filament saturation point of 2.4 A. The working dis-
tance between the sample and the objective lens was set
at 15 mm. The sizes of the structural elements were deter-
mined using the random sectioning method [16].

[ RESULTS OF THE EXPERIMENT

Fig. 1 illustrates the microstructure of the surface layer
of the plasma-coated high-speed steel, revealing two mor-
phological components: cellular and dendritic. The grain
sizes range from 3 to 45 um, with the most common sizes
between 10 to 15 pm, (Fig. 1, b).

The analysis of the histogram (Fig. 1, b) highlights that
the instability of the crystallization front exhibits a single
peak, corresponding to the wavelength that matches
the most probable grain size. The presence of two distinct
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Fig. 1. Microstructure of high—speed steel coating after surfacing (a)
(electron microscopic image) and histogram of grain size distribution (b)

Puc. 1. MuKpoCTpyKTypa IOKPBITUS U3 OBICTPOPEXKYILIEH cTanu
ocJie HaruIaBKy (a) (3JIEKTPOHHO-MHUKPOCKOIIMYECKOE H300paKeHHUE)
U THCTOTpaMMa pacipesesieHus 3epeH no pasmepy (b)

morphological components indicates two types of insta-
bilities: “soft”, associated with the cellular structure, and
“hard” linked to the dendritic structure.

[l FORMULATION OF THE PROBLEM

Let’s examine the stability of the cylindrical crystal-
lization front concerning small harmonic disturbances
(Fig. 2).

For the sake of further calculations’ convenience, we
introduce the following dimensionless variables, as in [12]:

T T C r z
T}=%5 T;=%a Cl=Clra r=—-,z=-—+x,
0 0 0 a a
D
t:X_(z)tr’ Dl :l7 X1 :&’ s :h’
a %o %o Xo
where 7, , T ,C,,r.,z,D,,¥y,, X, are the dimensional

temperatures of the liquid and solid phases, impurity
concentrations in the liquid phase, radial and longitu-
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dinal coordinates, diffusion coefficient of the impurity
in the liquid, thermal diffusivity of the liquid and solid
phases, respectively; T, is the phase transition tempera-
ture (assumed equal to the liquidus temperature); C; is
the initial impurity concentration, a is the initial radius
of the cylindrical nucleus (~1 pm); , is the characteristic
value of the thermal diffusivity coefficient (~10~> m?/s).
Let us express the latent heat of phase transition AH

in dimensionless form & =—— (where ¢, is the heat
C'o

capacity of the substance under study at the phase transi-

tion temperature). We will now formulate the equations

of thermal conductivity and diffusion in dimensionless

form for the solid and liquid phases:

2 2
%_Vﬁle 6_72—}4_1%4_8_72; ;
ot or or ror Oz
or, 0T _ 627;+167;+627; , "
ot o o Trar ar )
2 2
%, o6 _p (G 106, 0G)
ot or or r or Oz

Boundary conditions:

oT. o7,
PR Y A S gV;
Xs a’" Xl 81”
oc, at r=a+&(r, 2);

D, =L =(1-k)CV;
' (1-k)C, )

I, =T; V=V(TC)

C=L1T =T); r—>o0.

Fig. 2. Geometry of the problem of occurrence of cylindrical
crystallization front instability

Puc. 2. 'eomeTpus 3a/1a4¥ 0 BOSHUKHOBCHUHN HEYCTOWYHNBOCTH
LIJITMHIPUYECKOTO ()POHTA KPUCTAIIIU3ALIUNH
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To analyze the stability of the crystallization front, we
express solution (1) as a sum of stationary and disturbed
components:

T, =Ty(r)+T,(r, z,0);
T.; :Tz)s(r)-i_]—;l(rz z, t)a

_ A3)
C, =Cyr)+Cy(r, z,1);
V=V +Vl(r,z1).
For the stationary component, we have:

Ty (1, ¥ )Ty _,,
or’ ro% ) or ’
2

% + l + & % = 0, (4)
or? roX, ) or

% + l + ﬂ & =0.
or’ r D) or

Considering Eq. (3), the boundary conditions for
Eq. (4) will be as follows:

TE)I :]})s;
or,,  or,
L — =gl
Ls or X1 or K
oC, at r=a;
D, = = (1—k)Cy
1 or ( s) 0" s (5)
s aTbS :[0;
or

Cor =1, T, =Tog5 7 > 05

Ty, =T,, r=1,.

The interface perturbation equations will be as follows:

2 2
SRR R e T
t or or ror oz
or, . oT, o’T, 10T, 0°T,
e A e e G
a o X[ v ) ©
2 2
%_VS%_V@:DI@@+16@Cn+ac;n}
r r or oz

Accordingly, boundary conditions (2) will be as fol-
lows:

I, =T;
saTgl I%_SVS';
b or : at r=a;

7
Dl%:(l_ks)(l/scll—i_coﬂ/l); @
r

Cp=0; Ty =0; r >,
T,=0;r—0.

Analyzing linear stability requires knowledge of the
analytical form of the unperturbed temperature gra-
dients included in equation (6). To obtain them, we need
to solve the boundary value problem (4), (5). Let’s present
the solutions to this problem in the form:

Ioaexp[w] E(VJE[V]
T s s s .[VS j
+ Ei| —=r|;

A V.a X
E S
(2] ®

1 V V V
TOS=TO+0—aexp[ S"j Ei[S—rOJ—Ei[ S"j ;
Ls s s Ls
V.r
D/
V.a(k, —1)Ei Va + D, exp Jsa
A A Dl Dl

Let us proceed to solve the boundary value problem (6)
and (7) for perturbations of temperature, concentration,
and velocity of the crystallization front. We will seek its
solution in the following form:

Vsa(l—ks)Ei(
Cy =1+

T (r, 2, 0) = T, (r) exp(ot + k2);
T,(r,z,t) =T,,(r) exp(ot + kz);

9
Cy(r,z,t)=C,,(r) exp(ot + kz); ©)
V=V, (r)exp(ot + kz),
where ® = 0, +iw,; k =k, +ik,.
Then, equations (6) will take the form:
d’T, V. \dT, k* — Vv
_2’”l+ l_l__s _’"l+uTml:_—m ];
dr vy ) dr X X1
d’T, V. \drT, K- 4
_2"12_,_ l+_A _m2+uTm2 =—-"G,; (10)
dr roy ) dr Ls s
d’c, (1. V. deJrD,kz—ooC A
a* \r D) dr D, " D C

Accordingly, the boundary conditions (7) take the form
(where the prime denotes the derivative with respect
to the radial coordinate):

T,,(a) =T,,(a);
XsT;n2(a)’ - Xlel(a)’ = SVm((J),
D,C,(a) = (k, - 1)[V§Cm(a) + COle(a)];

C,=0,T,=0r—>00; T,=0,7r—>0.

(1D
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As in equation [1], the amplitude of interphase boun-
dary velocity disturbances as a function of maximum tem-
perature and concentration disturbances is as follows:

V.(@)=0T, (a) +vC, (a), (12)

oV oV
where 0 =—; y=—.
T oC
[ DiSPERSION EQUATION OF PERTURBATIONS
OF PHASE TRANSITION BOUNDARY

Equations (10) are degenerate inhomogeneous hyper-
geometric equations whose solutions are Kummer func-
tions. Obtaining and analyzing the dispersion equation,
which includes these functions, is a complex and non-
trivial task. Therefore, we will limit ourselves to consi-
dering special cases. In the first case, we neglect the con-
vective term in equation (1). Then, stationary solutions
are as follows:

aln( ]([ —sV)
by
Ty =T

00 T ;
Xi
aln(Zle
Tos =Ty +X—; (13)

(k, —I)Kaln(gj

(1-k,)aV, ln£b1]+D,‘

Cy =1+

Accordingly, equation (10) are as follows:

d’T,, 1dT,
A
IR
d’T, dr,
$loa Lz _ g2y o, (14)
dr rodr
d’c, 1dC,
= S C,
dr rodr
where S2 =2 k% §2 =2 2 5222 _p2,
Xs Dl
Solutions (14) are as follows:
T = A1y (Sy7) + 4K (Sr);
T, = A1, (S,r) + A, K, (S,7); (15)

C,, = As1y(Ssr) + 4K (S7).

Substituting equations (15) into boundary condi-
tions (11) and subsequent transformations, taking into
account equation (12), lead to the following dispersion
equation:
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[Ko(Sla)Il ($,a)S,
1,(S,a)

X [(1 — k) Ko (S5

+(1=k;)eyCy, K (S5a)

%o + 1, K, (S,a)S, —ebK, (S, a)j

a)(Cory+V,) - D1K1(53G)S3:| +

K,(S,a)0=0. (16)

At an impurity concentration approximately equal
to the eutectic, the value (1 — k) is close to zero, there-
fore, these terms in dependence (16) can be neglected. As
a result, we have:

I(S
1(8,a) Sy, + 101 d
1,(S,a) KO(Sla)

The value of 0, as in [1], is considered equal to
Ao
ATK — o
on the crystal growth mechanism; I'= oI’ ; ' is the ratio
of the product of surface tension and phase transition tem-
perature to the volumetric latent energy of phase transfor-

mation; o = 1/(aT))).
In the case of short waves, where S, , > 1, the appro-
ximate values of the Bessel functions can be represented as

Six, —€0=0. (17)

(where A=6—V is a coefficient depending
OAT

exp(S,a)

15(S,a) = I,(S,a) =

and
Ky(Sya) =
Then, equation (17) is as follows

S,x, T8, %, —€0=0. (18)

We assume that &, =0 and ®, =0, then S, = }kzz + ﬂ,
X
/ . 512

S, = k22 + &. Let us substitute as follows: o, = DS ,
As /

V2 D D
ky =—_Y. Then, SlzE Y+L, Szzﬂ y+ 0
D; D, X 1 As

. oD .
Provided that ¥ > —" and at § ~ Y the maximum growth

Ls
rate will be observed at the wavelength

_ 2n(Xl +Xs) (
e\

» 1+AT).

19)

Thus, it can be concluded that equation (19) comp-
letely coincides with the dependency obtained in [12].
This allows us to infer that in the short-wave approxi-
mation, considering only diffusion terms, the problem
of finding the wavelength at which the growth rate maxi-
mum occurs simplifies for cylindrical geometry to a prob-
lem on a plane.



I1ZVESTIYA. FERROUS METALLURGY. 2024;67(2):185-194.
Nevskii S.A., Bashchenko L.P, etc. Formation of the gradient of structural-phase states of high-speed steel during surfacing ...

In the second case, we neglect the diffusion term in
equation (6). Then the equation takes the form:

oy, o,

V511G =0,
ot or

L _y 9T _yg —o, (20)
ot S oor }

Cu_y %y o,
ot or

Substitution of solutions (22) into boundary condi-
tions (11), subsequent transformations taking into ac-
count (12) lead to the following dispersion equation:

dT dT
o Bp, =0 227 0
dr V, dr v
JC (21)
n_Oc
ar V.

The solutions are as follows:

or or
T,=4exp|—|; T,=4,¢exp| — |;
ml 1 p(V J 2 ?) P[V J

s s

(22)
or
C, =A4,exp [7j

N

Substituting solutions (22) into boundary condi-
tions (11), subsequent transformations taking into ac-
count (12), lead to the following dispersion equation:

[M—e@(%— (k, =17, + cm}—

—ve(k, —1)C,0 =0. (23)
Also, as in the previous case, in equation (23) we
neglect the terms that contain (k, — 1). As a result, we get

(Xs - XI)CO

—£0=0. (24)

s

The maximum growth rate of disturbances is observed
at a wavelength

o 2mEV Al — 1) (+TA)
- N2 ‘

N

(25)

During normal crystal growth, the crystallization front
velocity is directly proportional to the degree of under-
cooling ¥ = hAT [12; 13] (where A is the proportionality
coefficient; AT is undercooling). Then A = A. According
to model [13], the dimensional value of the coefficient 4
is determined as

p, = PO 26)

AIRT
where M is the molar weight; R is the universal gas con-
stant; Al is the disturbance amplitude of the interface
(approximately 0.1 nm); T, is the liquidus temperature;
B is the coefficient that accounts for the difference between
the mean free path of molecules in the liquid phase and
the period of the crystalline lattice, as well as the sym-
metry of the molecules (for symmetric molecules f§ ~ 10).

According to the data from the Table in equation (26), it
follows that with an initial nucleus size of 1 um, the value
of the coefficient /_is 0.558 m/(s'K).

The transition to dimensional variables in equation

(19) gives
2 +
kr _ TE(XIr er) [1+ hr &\J
&h Xo
c

@7

The crystallization front velocity is determined based
on the data from reference [14] as follows V,, = %,
knowing the undercooling, we determine /2 . Reference [14]
indicates that Aa=10%m, and At=4.4118 ns, then
V,=227m/sand h = 0.757 m/(aK) for an undercooling

of 3 K. The coefficient I', is determined as I, M _
¥ AHp
=1.71-10% K-m. Calculation according to equation (27)
shows that in the case when 4 is 0.558 m/(s-K),
A =10.382 um. With 2 = 0.757 m/(s-K), calculation accord-
ing to equation (27) leads to A =0.291 pum. Calculation
based on equation (25) shows that for = 0.558 m/(s'K),
A =0.324 um, and for 2 = 0.757 m/(s"K), A = 0.242 um.
Comparison of the obtained results with the grain sizes
in Fig. 1, b shows that both convective and diffusive
approximations provide an explanation for grain size
formation through the mechanism of normal growth

Characteristics of the Fe—W system

XapaKTepHCTHKH CHCTEMBI KeJie30 — BoIb(pam

Properties of material Symbol | Value
Liquidus point, K T, 1806
Specific heat of melting, kJ/kg AH 270
Density, kg/m? P 6980
Diffusion coefficient, m?/s . 108
Specific heat capacity, J/(kg-K) < 611
g}}::;:ji 2(jisffusivity of the liquid % 6.8:10-6
g}}ll:;ili 2(jlsffusnflty of the solid % 6.9:10-6
Surface tension, N/m Y 1.788
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up to 5 um, although the maximum is found at sizes
of 10 — 15 pm. This suggests that under these conditions,
the normal growth model is not adequate. Let us con-
sider the growth mechanism through screw dislocations.
The crystallization front velocity in this case is directly
proportional to the square of the undercooling. In this case
A =2.JhV, [12], equation (19) will take the form:

" :M(nz nr).

N

Returning to the dimensional variables in equa-
tion (28), we obtain

}\‘ :n(Xlr+Xsr) [1+2 hV F_rj

ﬁhV %o

rosr

(28)

29)
o

For the growth mechanism through screw dislocations,
the value of the kinetic coefficient /2 _is determined as

. [3(1+2g”2)D,r(AHM)2 0
’ AngRTyV,

2
where g =2n*n’ exp[—%}; n is the number of mole-

cular layers [16]; V, is the molar volume.

For metallic materials, when n~6, g~5.99-107.
The value of the kinetic coefficient 4 , calculated from
the table data for the growth model through screw disloca-
tions, is 433 m/(sK?). The value of the wavelength, calcu-
lated using equation (30) with this value of 2 _and a crys-
tallization front velocity of about 1077 m/s, is 14.8 um,
which coincides with the most probable grain size values
in Fig. 1, 5. In the convective approximation, calcula-
tion using equation (25) shows that the wavelength takes
values of the order of 10* pum. This suggests a predomi-
nance of diffusion processes at these crystallization front
velocities. When the crystallization velocity is increased
by three orders of magnitude, A = 14.9 um, which matches
the experimental data. Thus, the convective approxima-
tion is significant for crystallization velocities greater
than 10~* m/s. Based on the above, it can be concluded
that the Mullins—Sekerka instability provides an adequate
explanation for the formation of cellular structures with
sizesofabout 10 pmat V. < 1 m/sandundercooling degrees
of about ~10~° K. When a volumetric heat source acts on
the surface of the irradiated material, as shown in [17; 18],
obtained using the phase-field method, the transformation
front velocity can range from 1077 to 10° m/s, depending
on the power density of the source and the characteris-
tics of the medium. These works [19; 20] indicate that
the action of this source leads to the occurrence of large
temperature gradients in the surface layers of the mate-
rial and, as a result, to the emergence of thermocapillary
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effects. This allows us to conclude that to build a crystalli-
zation model, in addition to the Mullins—Sekerka morpho-
logical instability, it is necessary to take into account other
instabilities (thermocapillary and concentration-capillary)
that occur in the molten material. Analysis of the disper-
sion equations obtained in [21; 22] for these instabilities
showed that for the Fe—W system under consideration,
the wavelength corresponding to the maximum distur-
bances is 12 um, which also coincides with experimental
data.

[ ConcLusions

The theoretical study conducted on the formation
of cellular structures during the crystallization process
of the iron-tungsten system, by analyzing the dispersion
equation characterizing the morphological instability
of the crystallization front (the Mullins—Sekerka instabi-
lity), revealed that the mechanism of normal crystal
growth provides an adequate explanation for the forma-
tion of cells with sizes up to 5 um when the convective
term can be neglected. Additionally, the growth mecha-
nism through screw dislocations leads to A =14.8 um,
coinciding with experimental data under the condition
that the crystallization front velocity is less than 1 m/s and
the undercooling degree is about ~10~° K. Further deve-
lopment of the presented model involves incorporating
thermocapillary and concentration-capillary effects.
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