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austenite on the kinetics of ferritic transformation
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The kinetics of transformation of undeformed and deformed austenite during continuous cooling has been investigated on
several industrial steels. Dimensions of both prior austenite grains and ferrite grains in ferrite-pearlite structures obtained
for various states of the parent austenite and cooling rates have been determined. At low cooling rates, no notable effect
of austenite deformation on the temperature of the onset of ferritic transformation has been found. This effect gains in
significance at higher cooling rates that is seemingly due to a weaker recovery of the deformed austenite. Similarly, the
deformation of austenite influences the temperature of the transformation finish, although in this case the effect of the cooling
rate on the increase of this temperature is lesser. As expected, the pre-deformation of the austenite shifts the transformation
range to higher temperatures. Based on the obtained experimental data, a physically motivated model is formulated for
the ferritic transformation with allowance for the effects of deformation and concurrent recovery of austenite. To predict
properly the nucleation rate, the variation of nucleation barriers at the austenite grain boundaries is considered, which is due
to the hydrostatic component of the deformation-induced internal stresses. The present model is first to allow for this effect
exponentially increasing the nucleation rate. The simulated kinetics of the ferritic-pearlitic transformation in the investigated
steels satisfactorily comply with the experiments. Experimental verification of the ferrite grain sizes predicted for both
undeformed and deformed austenite is satisfactory as well. The relative errors of these predictions averaged over all considered
steels, are 10.8 and 13.2%, respectively.
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Ha psame mpoMbIlIIEHHBIX CTaleil MCCTeoBaHa KMHETUKA IpeBpalljeHusA Hele(OpMUPOBAHHOIO U fedOpMUPOBAHHOTO
ayCTeHMTA IIPY HeIPepbIBHOM OX/IaxjeHnu. OlnpefesieHsl pa3Mepbl KaK MICXOIHBIX 3epeH ayCTeHNTa, TaK U 3epeH deppura
B (eppUTHO-IIEPIUTHBIX CTPYKTYpaX, HOJTYyYeHHBIX I PasINYHBIX COCTOSHWIT ayCTEHWUTa M CKOPOCTENl OX/IaXKIEHMA.
ITpy HUBKMX CKOPOCTAX OXIAXJEHUA He OOHApy>XEHO 3aMeTHOrO B/IMAHUA HedopMalyy ayCTeHMUTa Ha IOBBILICHIE
TeMIIepaTypbl Hadasa peppUTHOro IpeBpaleHnsa. OToT 3G eKT YyCUIMBACTCA ¢ POCTOM CKOPOCTU OXJTaX[eHNA, YTO, BU-
IVIMO, CBA3aHO C YMeHbIICHVEM CTeIleHV BO3Bpara JieOpMIPOBAHHOIO ayCTeHUTA. AHAJIOTMYHO fepopMauysa ayCTeHUTa
B/IVAET HA TeMIlepaTypy KOHIIA IIpeBpallleHNs, XOTA B 9TOM ciIy4ae 9(pdekT pocTa CKOPOCTH OXTXJEHNA Ha IOBBIIIE-
HIfe JaHHOI TeMIepaTyphl BbIpakeH crmabee. Kak oxmpmamoch, mpefBapuTenbHasA AedopManusa aycCTEHUTA CMeITaeT
IMaIa30H IpeBpallleHNsA B CTOPOHY Oojiee BBICOKUX TeMIlepaTyp. Ha ocHOBe IONTy4eHHBIX SKCIePUMEHTAIbHBIX JJAHHBIX
chopmynupoBaHa ¢u3MYECKM MOTUBMPOBaHHAsA MOfieNb (eppUTHOrO IpeBpalleHnsa ¢ ydetoM 3ddekros gedopmanuu
U BO3Bpara aycTeHmra. I aJeKBaTHOrO ydeTa BIMAHMA JedopMaluyl Ha CKOPOCTb 3apoX[eHus 3epeH deppura
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PaccMOTpEHO U3MEHEeHNe SHEPreTUIeCKUX 6apbepoB 3apoKAeHMA GeppuTa Ha IPaHNI[AX 3epeH ayCTeHUTa, 00yCIOBIeHHOe
TU/IPOCTATUYECKOI COCTAaB/AIIICH MHAYLMPOBAHHBIX AedopMalyell BHYTPEHHUX HANpsDKEHMII Ha STUX TpaHMIIAX.
Hacrosmas Mopenpb BIiepBble YUUTBIBAeT AaHHBIN 9((eKT, MPUBOAAIMINIT K S9KCIOHEHI[UATBHOMY YBEINYEHUIO CKOPOCTH
3apOoXK/ieHNs. Pe3ynbTaThl MOIeMMPOBAHNUA KMHETUKN (epPUTHO-IIEPIUTHOTO MpeBpalleHNs B UCCTEAYEMbIX CTA/IAX XOPO-
IO COTMIACYIOTCS C SKCIEPUMMEHTOM. TOYHOCTD MpefickasaHus pasMepoB 3epHa deppuTa Kak IA HelepOopMUPOBAHHOTO,
TaKk u A feopMMPOBAHHOTO ayCTEHNTA, TAaKXKe SABACTCA YAOBICTBOPUTETbHON. OTHOCUTEIbHBIE MOTPEITHOCTY STUX
IpeNCcKasaHuil, yCpeHEHHbIE IT0 BCEM PACCMATPUBAEMBIM CTA/IAM, COCTaBAAIT 10.8 1 13.2%, COOTBETCTBEHHO.

KimroueBble c1oBa: aycTeHNT, fedopmanus, peppuTt, IpeBpalieHne, MOJe/IpOBaHueE.

1. Introduction

Finish stages of industrial hot rolling of microalloyed
HSLA steels are often implemented at appropriately low
temperatures, so that the deformation induced precipitation
of carbo-nitrides hinders recrystallization of austenite [1].
Thus, retained strain accumulates that affects the fractions
and morphologies of specific structural constituents
produced by the phase transformation in subsequent
accelerated cooling as well as the final mechanical properties
of steel. Related quantitative models should allow for
the austenite deformation effect on the formation of all
transformation products, including ferrite. Although the
latter is not the main structure component of high strength
steels, its appearance at the initial transformation stage
significantly influences the subsequent formation of bainite
that essentially determines the material properties [2].

There are a number of works [3-8] devoted to the
experimental study and modeling of the pre-deformation
effect on the transformation of austenite to ferrite in
continuous cooling. It is accepted that this effect accelerates
the transformation as displayed by an increase in its start
and finish temperatures. It is also accepted as well that the
deformation leads to a certain reduction in the grain size
of ferrite. The relevant data evidence that the main factor
accelerating the transformation is a less required overcooling.
It is also worth noting that the latter is hardly due to a higher
dislocation density in deformed austenite, since the respective
increase in its specific energy is insufficient.

According to [9,10], the rate of any nucleation process
exponentially increases with a variation of the corresponding
energy barriers around their average value. The authors
believe that such variations may appear in deformed austenite
as far as the interaction of its constitutive grains results in
strong stress singularities at grain ribs [11] and apexes.
Owing to the volumetric effect of the y— a transformation in
steel, the hydrostatic components of the internal stresses will
affect the nucleation whereas their alternate signs naturally

Table 1. Chemical compositions (wt.%) of the investigated steels.

comply with the general concept of “static disorder” [9,10].
Specifically, in comparison with undeformed austenite, the
transformation starts at lower overcooling due to positive
(tensile) hydrostatic stresses in some local domains, although
the process is delayed in other local domains where the
hydrostatic component is negative. The present paper is the
first to model the considered effect and to verity it.

Based on the obtained results, a physically motivated
model is formulated for the ferritic transformation with
allowance for the effects of deformation and the concurrent
recovery of austenite.

2. Materials and experimental methods

The chemical compositions of theinvestigated steels produced
at PJSC Severstal are shown in Table 1. To analyze the effect
of pre-deformation on the transformation of austenite
under continuous cooling, a thermomechanical simulator
Gleeble 3800 has been employed. Austenitizing temperatures
and holding time are selected to avoid excessive grain
growth. After rapid cooling to the deformation temperature,
the test samples are hold for 5 s or compressed at a strain rate
of 1 57! to the true strain € =0.4 and hold for 5 s. Then various
cooling rates (1, 3, 10, 30 u 100°C/s) to room temperature
are applied. To prevent the dynamic transformation of
austenite to ferrite [12], the deformation temperatures are
above A" corresponding to the para-equilibrium of ferrite
and austenite according to Thermo-Calc calculations [13].
No transformation during deformation of austenite has
been verified by dilatometry data. Besides, with slow cooling
(1°C/s) in the ferrite temperature range, thin ferrite layers
along prior austenite grain boundaries (PAGB) have been
formed and then have been revealed by etching in a 3% water
solution of picric acid at 80°C. Quenching temperatures
were selected to get a ferrite volume fraction of about 10%.
The ferrite-pearlite microstructures have been revealed
at room temperature with Nital etchant. Planar sections
were prepared by standard metallographic procedures and

Steel C Mn Si Cr Ni Mo Nb \Y% Ti
S1 0.06 0.17 0.01 0.02 0.03 0.004 0.002 0.002 0.001
S2 0.13 0.40 0.02 0.04 0.04 0.004 0.002 0.002 0.001
S3 0.18 0.70 0.20 0.03 0.05 0.003 0.002 0.010 0.001
S4 0.20 0.40 0.19 0.03 0.03 0.004 0.002 0.004 0.002
S5 0.11 1.55 0.66 0.03 0.03 0.003 0.003 0.005 0.003
S6 0.23 1.31 0.05 0.03 0.03 0.007 0.003 0.005 0.003
S7 0.10 0.56 0.55 0.21 0.25 0.120 0.022 0.065 0.004
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then investigated on an Axio Observer “Carl Zeiss” optical
microscope equipped with a computerized image analysis
system. Presuming equiaxed shapes of both PAG and ferrite
grains, the respective average volumetric diameters D, and
D_ have been derived from their planar counterparts.

3. Experimental results

According to the performed measurements, the dimensions
of the PAGs range from 20 to 131 um. Among 35 couples
of microstructures transformed from both undeformed and
deformed austenite, we consider only 24 couples of ferrite-
pearlite structures. Most of them were obtained at cooling
rates 1, 3 and 10°C/s. For steels S1, S2 and $4, structures of
this type were also obtained at a rate of 30°C/s.

At low cooling rates (1 and 3°C/s), no notable effect of
austenite deformation on the temperature of the onset of
ferritic transformation is found. At the same time, this effect
gains in significance at higher cooling rates that is seemingly
due to a weaker recovery of deformed austenite. Similarly,
the austenite deformation influences the temperature of the
transformation finish, although in this case the effect of the
cooling rate effect on the increase in this temperature is less.
In all, as expected, the pre-deformation of austenite shifts the
transformation range to higher temperatures.

According to the obtained results, the transformation
of deformed austenite generally leads to finer ferrite grains.
Note that the refinement of ferrite grains due to austenite
deformation intensifies with the increasing cooling rate, but
remains rather weak. Thus, the average grain sizes at rates 1,
3 and 10°C/s are 15.5, 12.2 and 10.3 pm, decreasing by only
2, 3 1 10%. Even at a maximum cooling rate of 10°C/s, the
apparent refinement is comparable to the measurement error.
The maximum relative reduction of grain size reaches about
20% in steels S1, S2 and Sé6.

4. Model description

The above-considered data are employed to calibrate the
present model that is an extension of the previous one [14],
where the effect of austenite deformation was not considered.

4.1. Ferrite nucleation

In any state of austenite (undeformed or deformed), polygonal
ferrite is presumed to nucleate at PAGB in two modes. In the
first mode, the nucleation sites are the apexes of austenite
grains, in the second, their linear junctions (ribs) serve as
nuclei of ferrite. On considering 5 apexes per austenite grain
and allowing their gradual occupation in time, the volume
density N)(t) of nucleation sites takes on the form [14]:

(1)

where Dy is the average grain diameter and AN,(?) is the
density of grains nucleated in time f, calculated from
the moment when the formation of ferrite becomes
thermodynamically favorable.

In the second mode, the ferrite nucleation at ribs of the
austenite grains is considered. The propagation of ferrite
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along the ribs and facets is treated so that the current density
of the related nucleation sites is expressed by [14]:

%)= — (-
Nz(t)—D2 1-=S, @), )

T

where a_ is the austenite lattice parameter and S (¢) is the
PAGB fraction occupied by ferrite at time ¢.

Since the ferrite nucleation is a thermo-activated lattice
rearrangement, the austenite deformation effect on the
considered modes (k=1,2) at current time t at absolute
temperature T is revealed in terms of the classical nucleation
theory [14] modified as proposed in [9]. The resulting

nucleation rate is:

In this expression, Q(Y,,) is the activation energy of the
lattice rearrangement, Y, ={y. V., Vsp---jrepresents a
set of average fractions of the sites of substitution and
interstitial sublattices occupied, respectively, by the atoms
of substitution alloying elements and carbon. Parameter o,
expresses the effective specific energy of the y/a-interface,
AGYM(T, Y,.&t) is the transformation driving force
dependent on the strain degree e of austenite, time ¢ is
counted from the end of deformation, factor ¥[*(e,t) is
equal to unity in case of no pre-deformation and allows
for variation of nucleation barriers in deformed austenite
due to alternate signs of internal hydrostatic stresses at the
boundaries [11]. Boltzmann’s constant and universal gas
constant are conventionally denoted by k, and R .

The transformation driving force AGVM(T, Y, 6t)=

J(T,Y 56, t,t ) =
¢ 3)
QN (YAE)

14

vy (et )o;
k,TAG?, (T,Y,,,&1,)

Yoo

= CkN,f(t)exp[—

=AG3M(T,YAE)+AGjﬂ(s,tC) involves both the term
AG(;M(T, Y,,) peculiar to undeformed austenite and
the specific contribution of deformation AGjﬂ(s, t)=

-0.5b°up (e, t.), where b is the Burgers vector magnitude,
wis the shear modulus and p (e, t,) is the average dislocation
density. Based on the general expression for the dislocation
part of the work hardening and allowing for recovery (see
Eq. (6)), we employ:

Pa( (4)
where M=3.1 is the Taylor factor and a =0.15. The
temperature dependence of p=p(T) is evaluated
according to [15]. Factor ¥;"is expressed according to [9]:
W= (1438 +§))(1+&,) 7, where § is proportional to the
driving force variation due to hydrostatic stresses induced in
the interaction of deformed austenite grains. With allowance
for the relative volume change § | in the transformation,
we consider the driving force dispersion proportional to
((SYMAG(S, t.))* and thus obtain [9]:

o, (8, ,,Ac(e,t))

>

Y=o

ok, T
where a, are empirical coefficients (k=1,2). At § >0
parameter W<l and monotonously diminishes with
growing . Hence, the higher the dispersion of the driving

force proportional to (6YMA0(8, t.))* the lower the effective

g =& (t)=a, 5)



Vasilyev et al. / Letters on Materials 11 (1), 2021 pp. 90-94

barrier value in Eq. (3) providing an exponential increase in
the nucleation rate.

The weakening of work hardening due to recovery is
expressed according to [16]:

dAc(et,)
dt (6)
2
_ 64Acs3(s,2tc) Ve exp U || A0® 1V |
IM o’ E(T) .7 kT

where U_and V_, respectively, are the activation energy and
the volume of the recovery process that are assumed to be
equal to 286 k]/mol and 45b° [15]; v, is the Debye frequency
setto be2x10" s, E(T) =2.6p(T) is the Young’s modulus. To
integrate Eq. (6), the initial condition Ao(e, . =0)=0,— 0, is
used, where o, is the deforming stress of austenite, dependent
on the strain degree, strain rate and temperature according
to [17], and 0,50, is the yield stress of austenite similarly
calculated at its plastic strain of 0.2%.

We consider the activation energy Q, of the diffusional
lattice rearrangement equal to the activation energy of the
grain boundary self-diffusion estimated as a half of activation
energy Q_ of the bulk self-diffusion. To simplify modeling,
the known dependence of Q, on the chemical composition
Y,, according to [18],

Qy(Y,;) =311691—-278242(1—exp(—0.394y,.))+

+88752y,,. """ +22801y, —6490y,, +
+84864y,, " —38575y,,*° —7298y, +
+132594y,,.*** +82128y,."*" (J/mol).

(7)

can be utilized by Q (Y, ,)=0.5Q (Y, ).

4.2. Additional components of the model

The ferrite growth rate is treated in terms of “mixed
kinetics” [14,19] where the movement of the y/a-interface
is controlled by both its mobility and the rate of carbon
displacement from the interface to the volume of austenite
grain. The growth rate in the general case is determined by
the most hindering factor of the two.

Following [14], volume increments dv, and dv, of ferrite
nucleated in the first and second modes, respectively, are
calculated with allowance for the grain “hard collisions”. The
ferrite nucleation is completed at time ¢,, where this phase
covers the entire area of the austenite boundaries: S (£,)=1.
Next, rapid increments dS_along the austenite boundaries
are also determined according to [14]. Besides, this paper
describes the calculation of the employed thermodynamic
parameters (driving force AGgM( ,Y,,) of transformation of
undeformed austenite and equilibrium carbon concentrations
Ve Ve, ) in both phases) dependent on the temperature and
cheymlcal composition.

The average volumetric diameter of ferrite grains that
is an important characteristic of ferrite-pearlite structures
is expressed according to [21]:D_=1.5x(2X_/3N )", where
X is the volume fraction of ferrite, N =N (¢,)+N,(t,) is
the number of grains per unit volume. The model used for
pearlitic transformation is also described in [14].
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5. Model calibration, modeling
results and their discussion

The empirical parameters of the model, except for o, and a, ar
determined in [14]. The mentioned two values are found w1th
allowance for the accumulated database on the transformation
kinetics of deformed austenite, as well as on the size of ferrite
grains in the corresponding structures. The set of considered
parameters is optimized to minimize the difference between the
model and experimental curves for the transformation kinetics
as well as between the predicted and measured sizes of ferrite
grains. The problem is solved with allowance for 24 kinetic curves
and corresponding data on the grain sizes. The calculations have
been implemented with authors’ model/software AusEvol Pro
[22] that enables quantification of the microstructure evolution
both during hot deformation of austenite and during its
transformation in cooling, where the main structural constituents
(ferrite, perlite, bainite and martensite) are specifically allowed
for. The previous version of this model [14] has been modified
to simulate the ferritic transformation with allowance for the
austenite deformation effect.

Input a=0364 nm, 9§ =002, 0=0016 and
0,=0.028 ]/m2 [14] (see Eq. (5)) resulted in a, =1.82x107,
a, =2.92x10° Other conditions being equal, these results
mean that the rate of nucleation of ferrite grains in the second
mode (at ribs of grains) increases stronger with respect to the
first mode (at grain apexes). This complies with the appearance
of hydrostatic stresses just at the grain ribs [11], whereas the
stresses around grain apexes require further analysis.

Fig. 1 enables comparing the calculated kinetics of ferritic-
pearlitic transformation with the respective experimental data
for several investigated steels. Evidently, the modeling results
comply satisfactorily with the experiments. Verification of the
predicted ferrite grain sizes obtained from both undeformed
and deformed austenite is satisfactory as well. The relative
errors of these predictions, averaged over all considered
steels, are, respectively, 10.8 and 13.2%.

6. Conclusions

Based on the obtained experimental data, a physically motivated
model is formulated for the ferrite transformation with allowance
for the effects of deformation and concurrent recovery of austenite
both on the nucleation and on the growth of ferrite grains. To
predict properly the nucleation rate, the variation of nucleation
barriers at the austenite grain boundaries is considered, which
is due to the hydrostatic component of deformation-induced
internal stresses. The present model is first to allow for this effect
exponentially increasing the nucleation rate. The simulated
kinetics of the ferritic-pearlitic transformation in the investigated
steels satisfactorily comply with the experiments. Experimental
verification of the ferrite grain sizes predicted for both
undeformed and deformed austenite is satisfactory as well. The
relative errors of these predictions, averaged over all considered
steels, are 10.8 and 13.2%, respectively.
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Fig. 1. Austenite transformation kinetics by the model (lines) and experiments (symbols) for steels S3 (a), S5 (b), S6 (c) and S7 (d).
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