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The o — v recrystallization of carbon-supersaturated ferrite alloyed with a-
stabilizer is analysed. The a-stabilizer is redistributed between austenite and
ferrite by recrystallization. A plane front of recrystallization becomes unsta-
ble and is transformed into cellular or dendrite one. The perturbation meth-
od, which is developed by W. W. Mullins and R. F. Sekerka for crystallizing
alloys, is used in the analysis. A sinusoidal perturbation with infinitesimal
amplitude is introduced into a plane front of recrystallization. The rate of
movement of each element of the interphase surface is calculated by means of
the diffusion flow of carbon from the austenite and by the flow of a-stabilizer
into the ferrite. The velocities are equated, and an expression for the change
of perturbation amplitude is obtained. The most significant factors influenc-
ing on the stability of the a — y plane front of recrystallization are as follow:
the difference in concentrations of a-stabilizer in ferrite and austenite at the
interface, the average velocity of front, the diffusion coefficient of the a-
stabilizer in ferrite, the coefficient of the interface tension. All factors de-
pend on temperature. Therefore, the significance of factors can vary with
temperature changes. The example of Fe—Si—C alloys shows the correspond-
ence of the theoretical and experimental results of the study. The possibility
of applying the obtained results to describing the a. — y + carbide cooperative
transformation in ferritic iron alloys with carbide-forming elements during
carburizing is shown.
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ITpoanasizoBano o — y-mepeKpucragisaniro npu nepecuueHHi Kap6onom de-
pury, Jerosasoro o-crabimizaTopom. IIpu mepexpucrasisaiii a-crabdimizaTop
Iepepo3noIiAeThCA MisK aycTeHiTOM i (hepuTOoM, HIACKHI (POHT IIEPEKpPUC-
Tajisallii BTpavae cTifikicTh i TpaHchopMyeThCs B KOMipuacTuit abo JeHIPUT-
Hui. [Ipu amanisi O6ysi0 BUKopucTaHo MeTony 30ypeHb, AKy O0yJi0o po3pobJieHO
W. W. Mullins, R. F. Sekerka aaa cromis, 1o Kpucranisyorbesa. Ha miaackui
(GpoHT mepeKkpucrajiisamii O0yjg0 HaKJameHO CHUHYycOoimajlbHe 30ypeHHS 3 He-
CKiHueHHO MaJio0 amMIIiTyo10. IIIBUAKICTE TIEpPEMIiIIIEHHSA KOKHOTO eJIeMEHTY
Mixk(dasHoI moBepxHi oOuncaoBaaca uepesd nu@ysiiiuuii motik Kapbony 3 ay-
CTEeHiTy Ta uepes MOoTiK a-crabdinisaTopa y ¢epurt. IIIBuakocTi 6y10 3piBHAHO i
oJlepiKaHo BUPAa3 IJsd 3MiHUM aMILTiTyau 30ypeHHA. BeramoBieHo Hal3HAUYIITL
YMHHUKH, 1[0 BILIMBAIOTH HA CTiMKicTh myiackoro (OPOHTY o — Y-IIepeKpucTa-
Jisarrii, a came: piskHHUIISI KOHIIEHTPAILill a-cTabisizaTopa y pepuri it aycremiTi
Ha Mimk(asHill Mexi, cepeHsa MIBUAKICTL mepeMillleHHs PPoOHTY, KoedilieHT
nudysii a-crabimizaTopa y ¢epuri, koepimieuT HaTATY MisK(dasHOI MOBEPXHi.
Bci ynnHUKY 3aneaTh Bij TeMIiepaTypu; ToMy 3 ii 3MiHOIO 3HAYMMICTh YMH-
HUKiB MosKke aMmiHoBaTtucsa. Ha npukiani cromis cucremu Fe—Si—C mokasaHo
BiITIOBIAHICTE TEOPETUUYHUX Ta €KCIIEPUMEHTAJIbLHUX Pe3yJIbTATiB JOCIiIKEeH-
Hsa. I[IokazaHO MOMKJIMBICTE 3aCTOCYBAaHHSA OJleP:KaHUX PE3yJIbTATIiB AJI OIUCY
KOOIIEPATUBHOTO IIEPETBOPEHHS oL — ¥ + Kap0i mpu HaBYTIJIebOBYBaHHI (hepu-
THUX CTOIIB 3aJIiza 3 Kap6iJ0yTBOPIOBAJIbHUMY €JIEMEHTAMMU.

Karouori caoBa: ¢depuTHi cTOmM, HABYIJIENbOBYBAHHS, (POHT O — y-Iepe-
Kpucrajisailii, KOMipKoBa CTPYKTypa, MeToa 30y PeHb.

IIpoananusupoBana o — y-IIEPEKPUCTAINIAINSA IIPU IIEPECHIIIEHNN YIJIEPO-
oM (heppuTa, JJETUPOBAHHOTO O-cTabuimsaTopom. Ilpu nepekpucraiinsanuu
o-CTabMIM3aTOp IepepaciIpeneiaeTca MeKIYy ayCTeHUTOM U (eppuToM, IIJI0C-
KU (OPOHT IIEPEKPUCTAINIAIUY TePSAET YCTOMNUNBOCTh U TPAaHCHOPMUPYETCA
B AYEMCTHIN Mau JeHApuTHLI. [Ipu aHa M3e ObLI MCIOJIL30BAH METO BO3MY-
II[eHn, KOTOPRIi OblI paspadoran W. W. Mullins, R. F. Sekerka gasa xpu-
CTAJIINBYIONMUXCA ciiaBoB. Ha miocKkuii (pOHT HmepeKpHuCcTaLIN3auu ObLIO
HAJOKEeHO CUHYCOUMIaJIbHOEe BO3MYINeHNEe ¢ 0€CKOHEUHO MAJOM aMILJIUTYIOM.
CKopoCTh IlepeMelleHusI KaKAOT0 dJeMeHTa MeX(ha3HON IIOBEePXHOCTU BBI-
YUCAANACh Uepesd TUPDY3MOHHBIN MOTOK YIJIepola M3 ayCTeHUTa W Uepes IIo-
TOK a-crabuamsaropa B ¢deppur. CKopocTu ObIIM HPUPABHEHBI U THOJYUEHO
BBIDa’KeHUe I U3MEeHEeHUs aMIJIUTYAbl BOBMYIIIeHUA. Y CTaHOBJIEHBI HAMb0-
Jee 3HauMMbIe (HAKTOPBI, BAUAMOIIME HA YCTOMUYMWBOCTH IIJIOCKOTO (POHTA
0. — y-IIePEKPUCTAIN3AUY, & UMEHHO: PA3HOCTh KOHIEHTPAIIUN O-CTa0MIIN-
3aTopa B ()eppuTe U ayCTeHUTe Ha Me:K(asHOIl rpaHuIle, CPeaHsasd CKOPOCTh
nepeMelreHuss PpoHTa, KoahduiiueHT nuddysuu o-cradbuausaropa B dheppu-
Te, KOA(PUITUEHT HATAKEeHNA MeK(pasHoi moBepxHocTu. Bee hakTOpHI 3aBU-
CAT OT TeMIEePaTyPhI; IIOITOMY € €€ U3MeHEeHeM 3HaUNMOCTEb (PaKTOPOB MOKET
usMeHAThCsI. Ha npumepe cniaBoB cuctembl Fe—Si—C moxasaHo cOOTBeTCTBUE
TEOPEeTHUUECKUX U dKCIePUMEHTAJIbHBLIX Pe3yJbTaToOB mccienoBanmua. Ilokasa-
HA BO3MOXKHOCTH IIPUMEHEHUS IIOJYUYEHHBIX PEe3yJabTaTOB [Jis ONMMCAHUA KO-
OIIEPATUBHOIO IIPEBPAIIEHUA O — ¥ + KapOu Ipyu HayTJIEPOKUBAHUY (DEPPUT-
HBIX CILJIABOB sKeJjie3a ¢ KapOouao00pasyouiuMy 3JIeMeHTaMU.

KaroueBbie cioBa: (eppuUTHBIE CILIABBLI, HayrJjepoKuBaHue, (GPOHT o —> Y-
TIePEeKPUCTALINBAIINN, TUEUCTAS CTPYKTYPa, METOI BOSMYIIeHUH.
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1.INTRODUCTION

Various phase transformations can occur during carburization or de-
carburization in a gas atmosphere in iron alloys with a-stabilizers,
such as a <> v recrystallization, release of special carbides, intermetal-
lides, melting, and crystallization. The ferrite converts to austenite
(o —y recrystallization) by carburization at a temperature below
910°C. In this case, ferrite and austenite are separated by a plane in-
terfacial surface (Fig. 1, a). The transformation of alloyed ferrite with

Fig. 1. Structure of the transformation front during carburization: a—Fe; b—
Fe-17% Cr; ¢, d—Fe—24% Cr. Carburizing temperature: a—850°C; b—
1050°C; ¢, d—1200°C. Carburizing time: a, b—1 hour, ¢—0.5 hours, d—2
hours.
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the a-stabilizer (Me) is accompanied by redistribution of ferrite-
stabilizing component between the phases and the loss of stability of
the plane front (Fig. 1, b).

If two or more phase transformations occur simultaneously, multi-
phase reactions are possible [1]. For example, a natural y-MgC compo-
site can be formed during carburization in ferritic iron alloys alloyed
by the type of high-speed steels. This represents austenite reinforced
with special carbide fibres. The fibres are direct perpendicularly to the
carburized surface. The composite has high indexes of the hardness,
heat resistance and wear resistance. However, if the alloy has a compo-
nent that does not directly participate in the formation of the compo-
site structure, then such structural transformations as transformation
of the plane transformation front into a cellular one and then into a
cellular-dendritic one are possible. In this case, carbide fibres lose one-
pointedness, which leads to reduced wear resistance (Fig. 1, ¢, d). This
explains the interest in the reasons for the loss of stability of the plane
transformation front during the reaction diffusion of carbon into al-
loyed ferrite.

The transformation of the o — y plane front of recrystallization into
cellular and then to cellular-dendritic ones has been studied by the au-
thors [2—5]. In these studies, the instability of a plane front was due to
the supersaturation of ferrite by carbon at some distance from the
front. The equilibrium carbon concentration in ferrite (*X2/") corre-
sponding to o — y recrystallization varies with the concentration of the
a-stabilizer X" along the ab line on the diagram (Fig. 2). The super-
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Fig. 2. Schematic cross-section of the isothermal phase diagram of the Fe—C a-

stabilizer for the temperature below o <>y polymorphic transformation of the

pure iron.
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saturation was explained by the different diffusion mobility of Me and
carbon (C) in ferrite and, correspondingly, by a higher gradient of the
equilibrium concentration of carbon in comparison with the true one.
The described effect was called concentration supersaturation by anal-
ogy with the concentration supercooling during crystallization of al-
loys [6]. However, this approach meets objections. Usually, the loss of
stability of a plane front is observed when the concentration of carbon
in the ferrite is equal to the maximum solubility.

The concentration of the a-stabilizer in the ferrite increases and,
when the steady-state process is reached, it becomes equal ? X" by re-
crystallization. The concentration of carbon also increases. Neverthe-
less, for forming a zone supersaturated with carbon before the front,
its diffusion is required in the direction of increasing of the chemical
potential, which is impossible. Consequently, the concept of ‘concen-
tration supersaturation’ in this case is not applicable. Thus, the loss of
stability of the o — y plane front of recrystallization is a diffusion
problem.

Objective of this paper is a study of the o. — y front recrystallization
stability in carburized ferritic iron alloys.

2. THEORETICAL METHODOLOGY

The velocity of advance of the o <>y recrystallization front is deter-
mined by the diffusion flux of carbon that supplied to the interfacial
surface or removed from it. Diffusion processes in the solid phase de-
pend little on time. So, the investigated phase transition (because of
reactive diffusion) can be regarded as series of successive quasi-
stationary states. The velocity of advance of the front v,, and the con-
centration profiles of the components are assumed constant in each of
them. The concentrations (molar fractions) of the component % in the
phase f; at the boundary with the phase f, X/"/’* correspond to thermo-
dynamic equilibrium. The concentration of the a-stabilizer in the
growing phase is equal to its concentration in the initial alloy
(ng/ﬂ _ 0X£1) .

Assuming thermodynamic equilibrium on the interphase boundary,
there should be a jump in the concentrations of the alloy components
on the boundary between ferrite and austenite. Its value can be deter-
mined by the isothermal section of the Fe—Me—C phase diagram at the
carburization temperature (Fig. 2).

The concentrations of the components Me and C(k) in ferrite on a
plane boundary with austenite X" and in austenite with ferrite
PX'* are related by means of the expression:

(pX;:/v _ minX:/Y )/( maXX;:/v _ miHX:/Y) _
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_ (pX]Z/a _ minX];//a )/( maxX’;//a _ minX;//oc)’ (1)

where ™NX /T, max /v min /e max /e gre the minimum and maxi-
mum component concentrations at the interface (in Fig. 2, points a, b,
¢, d, respectively).

The perturbation method proposed by W.W. Mullins and R.F.
Sekerka [7] for the crystallization of alloys was used for determining
the criterion for the stability of the o — y plane front of recrystalliza-
tion. The method consists in applying a sinusoidal perturbation with
infinitesimal amplitude o¢(x, 1) = ¥(t)sin wx to a plane front of recrys-
tallization. If the perturbation amplitude increases at some frequency
o, the plane crystallization front is considered unstable.

2.1. Basic Equations

The problem was considered in a coordinate system with a beginning on a
moving interface. The x-axis is directed along the front of the recrystal-
lization, z-axis is perpendicular. The advance of the front is due to the
supply of carbon from the austenite to it and the removal of the o-
stabilizer into ferrite. It is required to solve the following differential
equations to determine responsible for fluxes of the concentration fields
Cin the austenite and Me in the ferrite at the disturbed interface:

*X! X! 0X{
2C + 2C + Uaz c _ O, (2)
ox 0z D} oz
azXl?/Ie + 62X1(\X’Ie + Ual} achVl[e
ox* 0z  D§. o0z

=0, (3)

where v,, is the velocity of displacement of the front of recrystallization
averaged over the wavelength of the perturbation; D} is the coefficient
of carbon diffusion in austenite; Dy is coefficient of diffusion of the a-
stabilizer in ferrite; X/ is equilibrium carbon concentration in austen-
ite; X}, is equilibrium concentration of the a-stabilizer in ferrite.

The boundary conditions of the problem are formulated below.

2.2. Boundary Conditions

The concentrations of components at the interphase boundary can be
represented as follow:

X = PXY* + aysinox, (4)

X = PXH + by sin ox, (5)
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where, according to (1), X% =""XV+ K(maxxg/“ — miﬂxg/“),
ooX;;Ie _ minXI}\//[/ea
maxXI}\/,I/e(x _ mlnX;\//I/ea
The coefficients a and b will be determined in the course of the solu-
tion.

There is a periodically varying Laplace pressure in each of the coexist-
ing phases when a sinusoidal perturbation is imposed on the interface:

X = X+ K ("X - "X, and K =

Pl =o(l/r, +1/1,), (6)

where o is the coefficient of surface tension; r, and r, are the main radii
of curvature of the interface.

The equilibrium concentrations of the components are changed at
the interphase boundary.

According to Hillert [8], these changes can be determined by con-
structing a common tangent plane to the surfaces of the thermodynam-
ic potentials G* and G". As a result, we obtain the relation:

PV
RT

= h(XY* - PXY )+ q( Xyl = PXT). (7

Here, P’ = oo’y sinox is the capillary pressure in austenite, V" is the
austenite volume, T is temperature, R is the gas constant, and
el “ W\ O°G”
6X2 ’ q = (lez,/I/e - PXMC/) 8X2

C Xcszg/“ Me XMe:pr/{/ev

Taking into account (4) and (5), we obtain:

h= (pXé/“ _ ng/v)

2Y7Y
_ o v, B gb’ 8)
hRT h

where V! is the molar volume of austenite.

2.3. The Investigation of the Basic Equations

The formulation of Eqgs. (2) and (3) corresponding to conditions (4) and
(5) on the interphase surface has the form:

Xi(x,2) = " XY + K(maxXé/“ - minXg/"‘)exp (—%2) +

C

9

+yla+K ( max Xy min x 1/ )UDL:} sin(ox) exp(—0y2),
C
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o
Me

X (%,2) = "X, + APX exp (— ;‘“’ 2] +
(10)
{b +APX D“ }sm(cox) exp(—my,2),

Me

where

ApXu Y o— mmXa/y _ mlan/u + K maxXa/y _ minX&g _ maxXlw\/,I/ea + minXlw\/lI/ea)’

2

av 2

2Dy 2DY

C ’ (’OMe

The gradients of concentrations on the interphase surface are as fol-

low:
oX! ’
C — K(maxXé/a _ mlan/a) _
0z o Dy

- 0 [a + K(maxxg/“ - m‘“XW) D‘”’ }}x sin(ox) —

C

— K(maxX(};/a _ mng/a) 1;5 , (11)

2
XO.
0 Me - APX;I;Y Vs — Oy, b+ APX;I;Y i e sin(wx) —
0z | Dy Dy,
2= e ¢ (12)

(Terms above the first order in ¥ are not taken into account.)

The equality condition of the velocities of the displacement of each
surface element calculated through the C inflow from the austenite
and through the outflow of Me to the ferrite is introduced in the for-
mulation of equations (2) and (3) to calculate the coefficients a and b:

Di__(oX{) ___ Di (3Xu) g3
Xé/u —Xg/y 0z 2=¢ Xl?d{ey _Xlr/l/ea 0z z=¢

The change in the concentrations of the components in ferrite and
austenite under the influence of the Laplace pressure of one sign is ap-
proximately equal in value. Therefore, we accept:

v(x) =-
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/o a/y o, APYWYO _
XU - XU~ APXL® =
— minXé/a _ minXg/y + K(maxXé/u _ minXé/tx _ maxXéx/y + minXg/y)’

o/y v/o o A PY Y
XMe _XMe ~A XMe ’

. 2 D'o2cV
b= APXI\O/‘I;“/ {K(maxxg/a _ mng/a)|:vav _ (’)Cvav:| ~ ¢ cW "0V, _

D} hRT

2

-1
—APXE [ ]'; - wcv,w]} (—Déch”X&J % - D&emMeAPXéaj :

Me

Using data of Ref. [7], we obtain the following expression for the
given rate of change of the perturbation amplitude:

2
’ D¢
L — B szy APXI(\X/I;Y [ UL;U ] _ O)Me;)av _ (DMeb , (14)
X A XMe D DMe

Me

where y' = %
dr
The growth or damping of the perturbation y depends on the sign of

expression (14).

3. DISCUSSION OF THE RESULTS

The growth or damping of the perturbation depends on the sign of the
expression in square brackets. The first term of this expression con-
tains the parameters that responsible for the diffusion redistribution
of Me in the ferrite ahead of the recrystallization front. Its sign is al-
ways positive. The dependence on o is close to linear.

The difference in the concentrations of Me between ferrite and aus-

tenite on a planar interfacial surface "X%" — “X; depends on the ini-

tial concentration Me in the alloy and the coordinates of the node
points a, b, ¢, d on the diagram (Eq. (1), Fig. 2). The second term char-
acterizes the counteraction of surface tension to the curvature of the
front of recrystallization. Its frequency dependence is close to cubic.
Thus, the surface factor is more significant in the case of short-wave
perturbations, while the diffusion factor is more significant for long-
wavelength perturbations. The total dependence is extreme.

The alloys of the Fe—Si—C system were chosen for the experimental
comparison with the theoretical results. The structure of diffusion
layers was considered in [2—-4]. While o — v recrystallization is not
complicated by the presence of other phases, except for austenite and



22 0.V.MOVCHAN and K. O. CHERNOIVANENKO

ferrite, the following values of the parameters required to obtain the
numerical value of Eq. (14) were accepted: °DS = 4.4-10° m?/s, Q% =
=2.02-10° J/mol, °D} = 7-107° m®/s, @} =1.59-10° J/mol [9], the con-
centration coordinates of the points a, b, ¢, d were found in [10]. The
velocity of the advancing front of recrystallization v,, averaged along
the wavelength of the perturbation was determined experimentally us-
ing the following dependence of the width of the growing phase on
time: L = const-t'/?, whence v,, = L/21.

The microstructure of the front of recrystallization of carburized
Fe—Si alloys is shown on Fig. 3. An increase in the mole fraction of Si in
the initial ferrite to 0.027 leads to a loss of stability of the plane front
of recrystallization and the formation of a cellular structure.

The calculations using (14) showed the following. The rate of move-
ment of the plane front of recrystallization is significantly affected to
its stability considering constant values of temperature-dependent fac-
tors such as the coordinates of the node points on the state diagram, the
diffusion coefficient, the surface tension coefficient. The rate of move-
ment of the front decreases with time according to a parabolic law.

According to (14), the recrystallization front becomes unstable at
"X =0.027 after the rate of its progress has slowed down to v,, =
=0.215 mm/h (Fig. 4). According to the determination of the Stefan
problem, the rate of advance of the recrystallization front decreases
with time in accordance with the expression v,, = const-t /2. Thus, the
obtained results allow determining the distance (on which the front
loses stability) from the saturating surface.

The stability of the plane front oo — y of recrystallization depends on
several factors. The most significant of which are the difference in the

Fig. 3. Microstructure of the carburized alloy Fe—Si: a— "X =0.016, b—
Xg =0.027 . T=850°C; time 1 hour.
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concentrations of Me between ferrite and austenite at the interface,
the average velocity of front, the diffusion coefficient of Me in the fer-
rite, and the coefficient of the interfacial surface tension.

Each of factors depends on the carburization temperature according
to different laws. Therefore, their ranking by significance may vary
with a change in temperature. It is possible to estimate which of the
factors most significantly affects to the structure of the carburized
layer under given processing conditions.

4. RESEARCH OF THE o —» y+ CARBIDE TRANSFORMATION

As already mentioned, the formation of austenite and carbide is possi-
ble at the same time during the carburization of ferritic iron alloys
with carbide-forming elements. The reaction o — y + carbide is realized
in the case when the composition of the carburized Fe—Me alloy passes
the ferrite vertex of the conodal triangle o + y + carbide on the isother-
mal section of the Fe—Me—C phase diagram. The concentration gradi-
ent of Me appears in a supersaturated ferrite between austenite and
carbide. The gradient ensures its redistribution between these phases
during their growth with a constant inflow of carbon. Austenite and
carbide grow cooperatively forming colonies like eutectoid (represent-
ing a natural composite [1]). The concentration of Me in the colonies is
equal to the concentration in the initial ferrite over the entire depth of
the carburized layer.

The alloy can be additionally alloyed with a Me, component in order

r
% . 10*5’ S—l
0 — I~
. 2
-2 \
-4 *
-6
0 1 2 3 - 105n mt

Fig. 4. Calculated frequency dependence of the rate of change of the perturba-
tion amplitude; 1 —v,,=0.215 mm/h, 2—v,,=0.220 mm/h.
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to change the properties of the composite matrix, for example, heat
resistance or corrosion resistance. If Me, does not form isomorphous
carbides with Me and it is slightly soluble in carbide reinforcing the
composite, Me, will be redistribute between the growing phases and
initial ferrite. This process is similar to a — y recrystallization. This
process is much more complicated that requiring studying the redis-
tribution of Me, between three phases. It is the subject of investiga-
tion. However, the presented model can be used as a basic model.

5. CONCLUSIONS

The investigations of the stability of the transformation front during
o — v single-phase recrystallization in carburized ferritic alloys of iron
are carried out in this work.

The perturbation method (W. W. Mullins, R. F. Sekerka) was chosen
to determine the criterion for the stability of the o — y plane front of
recrystallization. It consists in depositing a sinusoidal perturbation
with infinitesimal amplitude onto the plane front of recrystallization
during the crystallization of alloys.

In this paper, we obtained results that allow us to determine the dis-
tance from the saturating surface on which the recrystallization front
o — v loses stability. We identified several factors that influence on the
stability of the plane front. The most significant of which are the differ-
ence in the concentrations of the a-stabilizer between ferrite and austen-
ite at the interface, the average velocity of front displacement, the dif-
fusion coefficient of the a-stabilizer in ferrite, and the coefficient of
tension of the interfacial surface. The results reported in this paper
permit us to estimate the most significant factors, which affect the
structure of the carburized layer under given processing conditions.

The data received give opportunities to study the cooperative trans-
formation (oo — y + carbide) during carburization.
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