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THE ANALYSIS OF MORPHOLOGICAL
STABILITY OF A RECRYSTALLIZATION FRONT

A generalization of theoretical information about the patterns of trans-formation of
a conversion front during phase reactions is carried out. The theory of concentra-
tion supercooling based on diffusional redistribution of alloy components in a melt
near crystallization boundary is considered. Transformation mechanisms of flat
front of crystallization with structure change into cellular and dendritic are stud-
ied. Regulations of the interfacial boundary instability during the phase transition
are considered. The effect of alloying elements on the morphology of the transfor-
mation front is analysed. The conditions of the morphological stability of the re-
crystallization front in the high-alloyed iron alloys during chemical-thermal treat-
ment are considered. As established, the transformation of the conversion front is
carried out under the action of concentration gradients. This is caused by the redis-
tribution of the base alloying elements ahead of the recrystallization front.

Keywords: recrystallization front, phase transformations, front transformation, in-
terphase boundary, concentration gradients, chemical-thermal treatment.

Analysis of the Theory for Transformation
of a Phase Conversion Front

The profile of the transformation front is an important characteristic of
the crystal growth process and depends on the thermophysical condi-
tions at the front, concentration of the alloying elements and impuri-
ties. Transformation of the flat transformation front into cellular and
then into dendritic is one of the most fundamental and important so-
lidification phenomena [1, 2], which determines the structural perfec-
tion of a material.

Regularities of morphology change of the crystallization front at
slow velocities of the front motion (~10"-10~* m/s) have been inten-
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sively studied since the early 1950s by W. Tiller, B. Chalmers, J. Ruter.
They created a theory of concentration supercooling based on concepts
of diffusion redistribution of alloy components in a melt near melt—
crystal interface [3]. This theory was later developed within the linear
stability model of Mullins and Sekerka [4, 5], and by Coriell and Sekerka
[6—8] that was later generalized to the nonlinear domain by Davis [9].
The authors have established that the cellular structure of the inter-
phase boundary arises in the case when the interphase surface becomes
unstable to wave distortions. This model was developed for flat and
spherical cases, as well as for the formation of a cellular front in the
process of directional crystallization, which determines the segregation
of impurities and dislocation structure of the crystal. As shown latter,
the cellular structure in binary alloys could be formed due to the con-
vective mechanism of heat and mass transfer near this boundary at low
crystallization rates [10]. The mass transfer is thermogravitation con-
vection at the melt—crystal interface. The paper [10] made it clear under
what control parameters a cellular front is formed, both under convec-
tion conditions at the melt—crystal interface and without it. Trivedi and
Kurz [11-13] extended the Mullins—Sekerka model for high velocities of
boundary movement (~10® m/s) and higher without going beyond the
heat-diffusion mechanism for the redistribution of components of the
binary alloy near the melt—crystal interface. The theory of Mullins and
Sekerka was confirmed in many experimental works and numerical deci-
sion of the corresponding diffusion problem (see, for example, Refs.
[14-20]).

The cellular structure was studied at high drawing velocities in
[21]. It was shown that the solidifying surface becomes flat when the
certain high speed value is reached: ~3-10*V, for the succinonitrile-argon
system (here, V, denotes a critical solidification velocity). Such flat
front rebuilding was predicted as a particular consequence of a linear
analysis of the stability of Mullins and Sekerka [4] and is called absolute
stability. For a better understanding of this phenomenon, it is necessary
to model directional solidification at an atomic scale, which was done in
Ref. [22]. The kinetic modelling of directional solidification on an atom-
ic scale was performed by the Monte Carlo method for the lattice liquid
model. The presence of vacancies in the melt, which contributes to the
components diffuse, was taken into account.

The authors of Ref. [23] give an analysis of linear morphological
stability for the full range of crystallization rates: from low velocities
in the diffusion-limited regime to ultra-high velocities of the front
movement, when a diffusionless (chemically non-selective) regime is
performed.

It was shown in [24] that the growth of a two-phase zone as the
heterojunction zone from crystal to melt during crystallization of met-
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als and alloys is due to the reaction of the system to supercooling for
the fastest transition to a quasi-equilibrium state. Intensive deposition
of atoms at the interface between the liquid and solid phases leads to a
rapid decrease in the supercooling at the interface. The emergence of a
macrorough boundary of the cellular—dendritic structure is necessary to
isolate a large amount of latent heat of crystallization [25]. The deter-
mining role in the appearance of such cellular—-dendrite forms has the
established balance between the force morphologically destabilizing the
front (proportional to gradient of the impurity-element concentration)
and the force stabilizing the front (proportional to the surface energy of
crystal-liquid interface). The morphological (in)stability of the initial
solidification front is reached, if one of the forces prevails. Therefore,
the growth of the two-phase zone passes through the stage of the mor-
phological instability of the microrough front to the appearance of sta-
ble macroscopic branched forms of the cellular—dendrite structure.

The paper [26] describes the multiphase model for predicting
cellular—dendrite transformation during solidification of binary alloys.
A mechanism of cellular structure formation associated with the occur-
rence of dislocations along the grain boundaries is known, for instance,
in the case when metals are irradiated with pulsed electron streams and
subsequent deformation [27]. The paper [28] is devoted to the study of
formation of cellular structures from a melt in binary systems. It has
been experimentally proved that there is the mechanism for the forma-
tion of a cellular structure associated with concentration supercooling
(diffusional redistribution of the alloy components at the melt—crystal
interface) in addition to the dislocation mechanism. The surface tension
anisotropy and growth kinetics also influence on cells formation during
directional crystallization [29].

According to the results of a theoretical analysis in [30], a mathe-
matical model of the process of structure change of metal alloys was
developed. The model was created for Fe-0.5% C alloy in the surface
layer of the order of several microns. The diffusion processes of redis-
tribution of components at the interface were taken into account.

The authors of Ref. [31] obtained experimental results, which allow
showing a close relationship between kinetics and morphology develop-
ment of dendritic structure in the studied alloys with the magnitude of
diffusion supercooling in the two-phase zone. At the same time, these
results show that cellular model of the two-phase zone reflects correctly
a nature of diffusion (liquation) processes determining the evolution of
dendrite structure in the elementary volume of the two-phase zone.

A physical model of convective heat and mass transfer in a melt
near the crystallization front has been developed in [32, 33] due to the
thermocapillary and concentration-capillary mechanisms acting on the
melt—crystal interface.
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The authors of Ref. [34] obtained criteria for the formation of co-
lumnar and equiaxial grains by the process of dendritic crystallization.
It is shown that natural convection in a melt reduces local temperature
gradients. Thus, the convection extends a supercooling zone ahead of
the crystallization front and leads to increasing the potential for the
growth of equiaxial grains.

A fundamental problem in the process of formation of eutectic
structures is the question of a nature of morphological instability of the
simplest spatially periodic stationary states that lead to such a diverse
dynamics [35]. The variety of shapes and sizes of the resulting phase
structures is determined by nonequilibrium processes near a boundary
of the phase transition. Article [36] gives a comprehensive review of the
current state of solidification studies. Authors [36] consider the stabil-
ity of the interface during formation of three-dimensional dendrite
structures by directed growth of a dendrite vertex and the formation of
lateral branches, the stability of the interphase boundary in cellular
crystallization, as well as a morphological instability and the oscillation
of the interphase boundary during formation of eutectic structures. The
most popular theory that describes the process of crystallization of eu-
tectic melts with formation of periodic structures is the Jackson-Hunt
theory [37]. However, it does not explain the reasons of periodic struc-
tures formation, and it cannot overcome difficulties in selecting the
decision of considered equations.

Many researchers believe that the main reason for appearance of
periodic structures is instability of the interphase boundary in the pro-
cess of phase transition. There are many theoretical calculations that
give qualitative correspondences of one or another mathematical model
of directional crystallization with observable structures since the classi-
cal paper [4].

As a rule, the presence of alloying elements leads to changes in
macro- and microstructures of a eutectic and to appearance of fan-like
structures that called colonial ones. As firstly shown by Weart and
Mack [38], the appearance of fan-shaped colonial structures is associ-
ated with the curvature of flat crystallization front and its transforma-
tion into a cellular one. The appearance of the cellular front during
single-phase solidification of binary alloys is due to a redistribution of
alloying elements between the phases.

Boiling and Tiller [39] attempted to relate size of the cells to veloc-
ity of the crystallization front on basis of the diffusion equation deci-
sion. However, it was not possible to achieve a good correspondence
with the experimental data. The authors explained this by a great sen-
sitivity of the calculated data to initial assumptions. The more advanced
models have been built using numerical methods by now. If thermody-
namic equilibrium was assumed in [39] at the interphase boundary, the
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authors of [40] constructed a nonequilibrium model of cellular structure
growth. The same authors [41] used combined numerical methods to pro-
vide the required level of accuracy. The authors of [42] obtained a good
agreement with their own experimental data in Al-4.5% Cu system.
They took into account diffusion in the solid phase and convective flow.

The authors of Refs. [43, 44] observed the phenomenon of flat front
transformation into cellular front at a—y-recrystallization of carbur-
ized Fe—Si alloys. The effect of concentration supersaturation of ferrite
by carbon explained that. It was analogous to concentration supercool-
ing during crystallization of alloys.

The above-mentioned works mainly deal with the crystallization of
melts. There are no enough publications devoted to transformation of
the flat conversion front during the recrystallization [45]. That is why
an additional research is needed.

Formation of a Recrystallization
Front in High-Alloyed Iron Alloys during Decarburization

The transformation of recrystallization front into cellular and transfor-
mation of columnar ferrite grains into branched dendrites is observed
during decarburization of the experimental alloy T1 with ~2% of carbon
by mass (Fig. 1). Decarburization of the investigated alloy was carried
out for 1.5 hours at 1050°C in the first stage and 2 hours at 1200°C in
the second stage in a wet hydrogen atmosphere in laboratory installa-
tion. Analysis of the isothermal section of Fe-W-C phase diagram at
the processing temperature (Fig. 2) suggested that the cause of a—y-
front instability relates to the interphase redistribution of the basic al-
loying element (tungsten) in accordance with the equilibrium conditions.
Diffusion ferritization of surface layer in the investigated alloys is accom-

Fig. 1. Recrystallization
front during decarburi-
zation of the experimen-
tal T1 + 2% C alloy (sca-
ling x50)
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Fig. 2. Chart of the isothermal cross-section for Fe—W-C ternary state diagram at
1200°C [46], where M is a metal and L is a liquid

panied by interphase redistribution of tungsten atoms between the parent
phases and the growing o-phase. As a result, a chemical inhomogeneity
is formed that reflects on the nature of the transition zone structure.

The transformation of recrystallization front is due to various equi-
librium concentrations of tungsten at the interphase boundary, primar-
ily in austenite and the growing a-phase, as well as in carbide. Tungsten
is a-stabilizer, so its equilibrium content in the ferrite will be greater
than in austenite. Thus, carbon depletion of experimental alloy in the
three-phase equilibrium region (ferrite—austenite-M,C carbide) leads to
increasing in the difference between the equilibrium concentrations of
tungsten in these phases (Fig. 2). Consequently, y + M,C—a-transfor-
mation is accompanied by redistribution of tungsten between the phases
during decarburization of the alloy.

Formation of a Recrystallization
Front in High-Alloyed Iron Alloys during Carburization

Concentration gradients arising during the three-phase (ferrite—auste-
nite—carbide) transformation process cause diffusion redistribution of
the alloying elements ahead of the recrystallization front by diffusion
saturation with carbon in the T1 + 2% C alloy. It renders a significant
effect on the nature of the formed structures. Concentration supersatu-
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Fig. 3. Microstructure
of the diffusion layer
of the T1 + 2% C alloy
after carburization at
1180°C (scaling x250)

ration zone forms before the conversion front. It is similar to the con-
centration supercooling during crystallization (first observed by Weart
and Mack [38]). The flat o —y-transformation front turns into a cellular
one in the presence of concentration supersaturation zone while losing
its stability (Fig. 3). The main alloying element (tungsten) is pushed
into the cavities between the protuberances at the front. Random protu-
berances are formed at the front under more preferable conditions. They
germinate into ferrite. Tungsten enriches the cavity by tangential dif-
fusion of it. Herewith, ferrite is even more stabilized.

Conclusions

Within the framework of this work, we analysed theoretical informa-
tion dealing with morphological stability of the conversion front during
phase reactions. Factors affecting stability of flat front of crystalliza-
tion and recrystallization are revealed. The transformation of the re-
crystallization front into cellular and dendritic during chemical-thermal
treatment is considered. The concentration gradient of the main alloy-
ing element exists ahead the y— a-transformation front at steady growth
of a ferrite layer during the decarburization of iron alloys alloyed by the
principle of high-speed steels. This is due to the thermodynamic feature
of the isothermal section of the Fe—W-C state diagram. It causes the
redistribution of components ahead front of recrystallization. A similar
situation is observed in high-alloyed iron alloys during carburizing. The
a—y-flat front of recrystallization turns into a cellular one in case of
the presence of a concentration saturation zone, which occurs during
the three-phase transformation (ferrite —» austenite+carbide). In this case,
the diffusion change in composition does not lead to a change in content
of alloying elements in the alloy.
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HamionanbHa MeTtanyprifina akagemisa YKpaiHu,
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AHAJII3A MOP®OJIOTTYHOI CTABIJIBHOCTH
®POHTY ITEPEKPUCTAJII3AIIIL

BukonaHo ysarajJbHeHHA TeopeTMUHOI iHdopmalii 11010 3aKOHOMipHOCTel IepeTBo-
PeHHA KOHBepciiHoro (GpoHTY mpu (hasoBUX peakiiax. Po3riasHyTo Teopito KOHIeH-
TPAIiHOTO IIePEeOXO0JOAKEeHHI, OCHOBOIO AKOIr0 € AU(y3ifHUN epeposIofiJ KOMIIO-
HEHTiB CTOIlYy B pO3Tomi mob6nsy MexKi Kpucratiszanii. BuBuaioTbca MexaHi3sMu TpaHC-
dopmartii mirackoro (POHTYy KpucTasiisallii Ta mepekpucrasisamii B KoMipKoBH# i
IeHAPUTHU. Po3rifgHyTO MUTAHHSA HeCTiiKocTu MisK(as3oBOi MexKi B mpoiieci daso-
BUX IepeTBopeHb. [IpoBeseHO aHANi3y BILIMBY JIeI'YBaJbHUX €J€MEHTiB Ha MOPQdoJo-
rito GpoHTy mepeTBOpeHHA. Po3ryiaHyTo yMoBu Mopdosoriunoi crabiibHOCTH QPOHTY
mepeKpucTaIisallii y BUCOKOJIerOBaHUX 3aJIi3HUX CTONAX B IIPOILECi XeMiKO-TepMiuHOTO
obpob6aeHHs. BeraHoBieHO, 1110 TpaHcdopMallid GPOHTY MepeTBOPEHHS 3AiMCHIOETHCA
i niero KOHIEHTPAIiMHNUX I'PAfi€HTiB, CHPUUYMHEHUX IePEePO3IIOAiJIOoM OCHOBHUX Jie-
I'yBaJIbHUX €JIeMeHTiB momepeny (GpoHTY ImepeKpucTasisairii.

Karouosi cmoBa: GpoHT mepekpucraiisailii, ¢asoBi mepeTBopeHHs, TpaHchopMalis
¢poHTy, MixkdasoBa MexKa, KOHIIEHTPAIINHI I'PagieHTH, XeMiKo-TepMiuHe 00pO0JIeHHs.
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HanumonanpHada meTamypruuyeckasa akageMus Y KDawHBbI,
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49600 Ouemnp, YKpamHa

AHAJIN3 MOP®OJIOTUYECKOU CTABUJILHOCTU
®POHTA IIEPEKPUCTAJIJIIN3AIIN

BrinosineHo 06001IeHIEe TEOPETUUECKO MHMDOPMAINY 0 3aKOHOMEPHOCTAX IIpeBpailiie-
HUSA KOHBEPCUOHHOTO (hpoHTa Ipu (ha3oBHIX peaKIusax. PaccMoTpeHa Teopus KOHIIEH-
TPAIMOHHOTO MEePeOoXJIaKAeHUsI, OCHOBOI KOTOporo sABjasercs Auddy3noHHOE Iepe-
pacipefesieHre KOMIIOHEHTOB CIIJIaBa B pacIljiaBe BOIM3U TPAHUIBI KPUCTAIIUBAINU.
M3yuenbl MexaHU3MBI TpaHCHOPMAIIUU ILJIOCKOTO (DPOHTA KPUCTAIIM3AINU U IIepe-
KPUCTAIN3AINY B SUYEUCTHIH U AeHAPUTHBI. PaccMOTpeHbl BOIPOCHI HEYCTOHUYMNBOC-
T MeKdasHoIl rpaHUIlBl B mporecce Ga3oBoro nepexona. IIpoBoauTCcA aHAINU3 BIMA-
HUA JIETUPYIOINX 9JIeMEeHTOB Ha Mop(doJioruio hpoHTa IpeBpalieHus. PaccmaTpuBaooTes
ycaoBus MOPGOJOTUYECKOI CTa0MIbHOCTU (DPOHTA IMEPEKPUCTANLIU3AIUN B BHICOKO-
JIETUPOBAHHBIX JKEJE3HBIX CIJIaBaX B IIPOIlecCe XUMHKO-TEPMHUUECKOH 00paboTKU.
YcranoBieHo, uTO TpaHchopmalusa GPOHTA IPeBPAIlleHUs OCYIIECTBIAETCA O] Jeii-
CTBUEM KOHIIEHTPAIIMOHHBIX I'PAJNEeHTOB, BEI3BBAHHBIX IIepepacipeieileHneM OCHOBHBIX
JIETUPYIOIIUX 3JIEMEHTOB BIiepeu (hPOHTA MEePEeKPUCTAINSAIINN.

Karouessie caoBa: GpPOHT IepeKpucTalLIn3anuu, (pasoBblie IIpeBpalleHus, TpaHchop-
Manusa GppoHTa, MexK(asHasa IpaHUIla, KOHIEHTPAIlOHHbIe IPAfNEeHThl, XUMUKO-TeP-
MuyecKas o6paboTKa.
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