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Abstract. Transformation kinetics 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 parent
austenite and cooling rates were determined. 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. Under consideration is the
deformation influence on both the nucleation and growth of the ferrite grains. The model is
first to evaluate the variation of nucleation barriers owing to the hydrostatic component of
internal stresses at austenite grain boundaries. The modeling results significantly dependent
on this issue comply well with experimental data on the Kkinetics of ferritic-pearlitic
transformation and final ferrite grain size in the considered steels.
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1. Introduction

Finish stages of industrial hot rolling of microalloyed HSLA steels are often implemented at
appropriately low temperatures so that deformation-induced precipitation of carbo-nitrides
hinders the austenite recrystallization [1]. Thus, retained strain accumulates that affects
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
structural component of high strength steels, its appearance in the initial transformation stage
significantly influences the following formation of bainite that essentially determines the
material properties [2].

There are several works [3-8] devoted to experimental study and modeling of the pre-
deformation effect on the austenite to ferrite transformation in continuous cooling. It is
accepted that this effect accelerates the transformation as displayed by the increase of its start
and finish temperatures. It is also accepted as well that deformation leads to a certain
reduction in ferrite grain size. Literature data on the considered effect are surveyed in [6] that
also formulates the model allowing for the accelerating influence of austenite deformation on
the ferrite growth rate in plain carbon steel. The nucleation kinetics as such was not analyzed
in this work. Instead, ferrite embryos were assumed to appear at austenite grain boundaries as
soon as certain overcooling is reached. The density of the embryos was evaluated in terms of
measured grain size in the transformed structures. An important result of this study is that the
main factor accelerating the transformation is a reduction of the required overcooling rather
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than the increased growth rate or a change in the nucleation site density. It is worth noting as
well that the diminished characteristic overcooling is hardly due to 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 corresponding energy barriers around their average value. The authors believe
that such variations may appear in the deformed austenite as far as interaction of its
constitutive grains results in strong residual stress singularities at grain ribs [11] and hence
apexes. Owing to a volumetric effect of the y—a transformation in steel, hydrostatic
components of the internal stresses will affect the nucleation whereas alternate signs of them
naturally comply with the general "static disorder" concept [9,10]. Specifically, in comparison
to undeformed austenite, the transformation starts at lesser overcooling because of 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 first to
model the considered effect and to verify it.

In this work, the experimental study of the austenite transformation leading to ferrite-
pearlite structures is performed on several industrial steels with and without the austenite pre-
deformation. Based on the obtained results and additional measurements of ferrite grain sizes,
a physically motivated model is formulated for the ferrite transformation with allowance for
the effects of deformation and concurrent recovery of austenite.

2. Materials and experimental methods

Chemical compositions of seven investigated steels produced at PJSC Severstal are shown in
Table 1. To analyze the effect of pre-deformation on austenite transformation under
continuous cooling, the Pocket Jaw unit of thermomechanical simulator Gleeble 3800 has
been applied according to a scheme in Fig. 1a. After cooling to temperature T, test samples
are held for 5 s (or compressed with strain rate 1 s™ to true strain & = 0.4 and held for 5 s), and
cooled with various rates (1, 3, 10, 30 u 100°C/s) to room temperature. Austenitizing
temperatures T, (Table 2) are selected so that holding time t,= 60 s would not lead to
excessive grain growth. To avoid deformation-induced ferrite transformation [12],
deformation temperatures T, are above AF corresponding to para-equilibrium of ferrite and
austenite according to Thermo-Calc calculations [13]. No transformation during the
deformation of austenite has been verified by dilatometry data. Besides, with a slow cooling
(1°C/s) in the ferrite temperature range (Fig. 1b), thin ferrite layers along prior austenite grain
boundaries (PAGB) have been formed and then revealed by etching in a 3% water solution of
picric acid at 80°C. Quenching temperatures T, were selected to get a ferrite volume fraction
of about 10%. The ferrite-pearlite microstructures have been revealed using Nital reactive at
room temperature. Planar sections were prepared by standard metallographic procedures and

then investigated on optical microscope Axio Observer "Carl Zeiss" equipped with a
computerized image analysis system. Presuming equiaxed shapes of both PAG and ferrite

grains, respective average volumetric diameters D and D, have been derived from their
planar counterparts.
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Table 1. Chemical compositions (mass.%) of the investigated steels

Steels | C Mn Si Cr Ni Mo Nb V 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 0.23 131 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

Temperature Temperature

T t, T, t,

Td SO SO £=0,0.4 Td

Tq
1-100 °C/s
5°Cl/s 5°C/s ~400°C/s
a) Time b) Time

Fig. 1. Schemes of experiments on Gleeble 3800 to investigate the phase transformation of
undeformed and deformed austenite under different cooling conditions (a) and to form ferrite
layers along PAGB (b)

Table 2. Characteristic temperatures of steel treatments and respective average diameters of
PAG

Steels T,,°C A, °C Ty, °C T,,°C D,, um

S1 1000 878 900 880 35

S2 950 838 900 798 55

S3 950 817 950 770 20

S4 950 824 900 802 24
S5 1000 811 850 765 22

S6 950 778 850 720 29

S7 1200 858 900 820 131
3. Experimental results

Two examples of microstructures used to determine PAG sizes are shown in Fig. 2.
According to Table 2, these sizes vary in a wide range of 20 to 131 um. Among 35 couples of
transformed microstructures (7 steels and 5 cooling rates) corresponding to both undeformed
and deformed austenite, the present work considers 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 S4 structures of this type were also obtained at a rate 30°C/s (Fig. 3).
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Fig. 2. Microstructures of steels S1 (a) and S7 (b) used to quantify dimensions of PAGB

According to Figs. 4a,c,e, at low cooling rates (1 and 3°C/s) there is no notable effect of
austenite deformation on the start temperature T, of ferritic transformation. At the same time,

the deformation effect gains in significance at higher cooling rates that is seemingly due to
weaker recovery of the deformed austenite structure. Similarly, the austenite deformation

influences the temperature T. of the transformation finish although in this case, the cooling

rate effect on the increase of this temperature is lesser. In all, as expected, the pre-deformation
of austenite shifts the transformation range to higher temperatures.

According to obtained results, the transformation of deformed austenite generally leads
to finer ferrite grains. This effect is confirmed by structures of steels S1, S5 and S6 obtained
at a cooling rate 3°C/s (Fig. 3), as well as by Figs. 4b,f. However, in some cases (8 couples of
structures) ferrite grains appearing from deformed austenite at low cooling rates (1 and 3°C/s)
proved to be coarser with respect to no deformation (see e.g. Fig. 4d). It is worth noting that
such deviations are close to the measurement error of about at least 1 um. Possible reasons for
such exclusion will be further discussed in section 4.

When averaged over all analyzed structures, the refinement of ferrite grains due to
austenite deformation becomes notable with increasing cooling rate but remains rather weak.
Thus, average grain sizes corresponding to 1, 3, and 10°C/s are 15.5, 12.2, and 10.3 pm
reduced by only 2, 3 u 10% to no deformation case. Even at the most 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 S6.
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c)

Fig. 3. Ferrite-perlite microstructures (average grain diameters indicated) due to the
transformation of undeformed (left) and deformed (right) austenite at a cooling rate 3°C/s.
Structures (a), (b), and (c) correspond to steels S1, S5 and S6, respectively
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Fig. 4. Dependences of the start (T ) and finish (T ) temperatures of austenite transformation

(left) and of ferrite grain size (right) on the cooling rate for steels S1 (a,b), S4 (c,d),
and S5 (e,f)

4. Model description
The above-considered experimental data have been employed to calibrate the present model
that is an extension of the previous one [14] where the austenite deformation effect was not
considered.

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

NZ() =2 AN, 1), O

Y
where D, is the average diameter of austenite grains and AN, (t) is the density of ferrite

grains nucleated in time t calculated from the moment when ferrite formation becomes
thermodynamically favorable.

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

1
N (t) = 1-S, (1)),
2 (1) Dyzay( o (1) )
where a, is the austenite lattice parameter and S, (t) is the PAGB fraction occupied by ferrite

attimet.

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:

Y,.) Vi (8t)o;
] T,Y et _C N°te _QN(AE e _ k C/>k .
k( A1 € C) k™ Tk () Xp{ RgT } Xp( kBTAGYZAQ (TyYAE!S’tC) (3)

In this expression Q,(Y,e) is the activation energy of the Ilattice

rearrangement, Y. :{yc,yMn,ySi,...} represents 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 effective specific energy of

ylo — interface, AG, _, (T,Y,e,¢,t;) is the transformation driving force dependent on strain

degree ¢ of austenite, time t. is counted from the end of deformation, the factor (" (g,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 morphological
features of grain boundaries [11]. Boltzmann's constant and the universal gas constant are

conventionally denoted by kgand R,.
The driving force of austenite transformation
AG (T Ye,&t) =AG, (T,Y,e)+AG., (&.t.) (4)

1 -
involves both term AG/, (T,Y,:) peculiar to undeformed austenite and specific contribution
of deformation

AG«?A& (e.tc) = _0'5b2H5d (e.te), ©)
where b is the Burgers vector magnitude, p is the shear modulus, and p,(e,t;) is the

average dislocation density. Based on the general expression for the dislocation part of work
hardening and allowing for recovery (see Egs. (10)-(11)), we employ:

_ (Ao t))
(6L —{—%M“b ] , ©
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where M =3.1 is the Taylor factor and o =0.15. The temperature dependence of p is
evaluated according to [15]:
T -300

n=p(T)=8.1x10 (0.91— 1810 j(Pa). (7)

The factor " is evaluated according to [9]:

\I’EF =(1+3¢, +ii)(l+§k)73’ (8)
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
S,_,, In y — atransformation, we will consider the driving force dispersion proportional to

(5,_,Ac(e,t.))? and thus obtain [9]:

a8, ,,Ac(e 1))’ )
o KgT ’

where o, are empirical coefficients (k = 1,2). Note that at £, > 0 parameters " <1 and

Y=o

& =& (tc) = Olg,

monotonously diminishes with growing &, . Hence, the higher dispersion of driving force
proportional to (3, _,,Ac(e,t. ))?, the lesser an effective barrier value in Eq. (3) providing an

exponential increase of the nucleation rate.
The weakening of work hardening through recovery is expressed according to [16]:

dAo(ete) 64Ac3(g,2tc)zvd exp(_ U, ]Sinh ( A(e,t Vg, J (10
dt OM o E(T) KgT

where U . and V., respectively, are activation energy and activation volume of the recovery

process that are assumed to be equal 286 ki/mol and 45b° [17]; v, Is the Debye frequency set

to be 2x10% s*, E(T)=2.6u(T)is Young's modulus. To integrate Eq. (10), the initial

condition
Ac(e,t; =0)=0, -0, (11)

9

is used, where o, is the deforming stress of austenite, dependent on strain degree, strain rate,
and temperature according to [17], and o, =c,, is the yield stress of austenite similarly

calculated at its plastic strain of 0.2%.
We consider activation energy Q,, of the diffusional lattice rearrangement equal to that

of the grain boundary self-diffusion estimated as half of the activation energy Q,, of the bulk
self-diffusion. Thus, to simplify the modeling, the known dependence of Q., on chemical
composition Y, according to [18]

Qqp (Yae) =311691—278242(1-exp(-0.394y,.))+88752 Yo+ 22801y, —

_6490yCr +84864yM00.65_38575yNi0.3_7298y\/ +132594be0.263+ (12)
+82128y,,>**(J / mol)

can be utilized by Q (Yae) =0.5Qg; (Y e )-

Ferrite growth. The ferrite growth rate is treated in terms of the "mixed kinetics" [19]
where the movement of y/o — 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.
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The velocity of moving y/a —interface (ferrite growth rate) where the lattice
rearrangement takes place is expressed according to [14]:

v/a(r YAE,S t )__ Y/‘X(T YAE)AG*/HQ(T;YAEIS,tC)
: 13
v/on(T Y E) My/(x exp(—M} ( )

where MY,Q(T,Y;E) is the mobility of the interphase boundary, Q(Y,.) is the effective
activation energy of the lattice rearrangement, and Myo,a is an empirical parameter. The term

Y, differs from Y, by the carbon content; the former contains y. (effective concentration

of carbon in the moving y/a — interface) whereas in the latter the carbon concentration Y, is
equal to its average value in austenite. Following [14], the activation energy of growth is
evaluated by Q. (Y,z)=0.5Qy, (Y.:), Where y_ is the average value between Y, and y'nt

Ye, is equilibrium (para-equilibrium) carbon concentration in ferrite and y'm is its interfacial

concentration on the austenite side.
To simplify the self-consistent calculations of the carbon effective interfacial
concentration the transformation driving force in (12) is expressed by [19]:

(T Y6 te) ~ ocG(x'nt X )+AGHa(s,tC), (14)

'Y*)OL

where X. and x

int

are, respectively, equilibrium (para-equilibrium) and interfacial carbon
molar fractlons (relation between site and molar fractions of carbon is given by:
Yo =X /(L1-X;)) and o >0 is an empirical coefficient. When evaluating the rate of ferrite
growth, controlled by the carbon displacement from a moving interphase boundary, an
approximation of spherical grain is used:
D.(T.Y,.) (X =)

R ¢ %)

o

y/a (T YAE)

(15)

where D, (T,Y,.) is the bulk diffusion coefficient of carbon in austenite averaged in the range
[Xc; I”t] R, is the grain radius. The effects of alloying on this diffusion coefficient have been

allowed for according to [20]. Effective interface concentration x'nt varying in the range
[xc,xC ]is found by numerical solution of transcendent equation:

D.(T,Y,.) (X —X) M
R (Xlnt_X )_ ylo

o

(T, Yae) (a6 (X =% ) +AGL, (e,1.)). (16)

Then, with obtained x'nt the rate of ferrite grain growth is calculated using (15).

Additional components of the model. Following [14], volume increments dv, and
dv, of ferrite grains nucleated in the first and second modes, respectively, are calculated with
allowance for the grain "hard collisions". The ferrite nucleation is completed at the time t,,
where this phase covers all the area of austenite boundaries: S_(t,)=1. Next, rapid

increments dS_ along austenite boundaries are also determined according to [14]. Besides,
this paper describes the calculation of employed thermodynamic parameters (driving
force AG?, (T,Y,.) of transformation of undeformed austenite and equilibrium carbon

T
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concentrations (ycy,yca) in both phases) dependent on temperature and chemical

composition.
The average volumetric diameter of ferrite grains that is an important characteristic of
ferrite-pearlite structures is expressed according to [21]:

2% 1/3
D, =1.5x| ==« | | (17)
3N

o

where X_ is the volume fraction of ferrite, N_ = N,(t, )+ N,(t,) is the number of grains per
unit volume. A model used for the pearlitic transformation is described in [14] as well.

5. Model calibration, modeling results, and their discussion
Empirical parameters of the present model have been determined in [14], except for o, and

a., reflecting the accelerating effect of austenite deformation. The latter two parameters are

found with allowance for an accumulated database on the transformation kinetics of deformed
austenite in the considered steels as well as on ferrite grain sizes in corresponding structures.
A set of the 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 the
authors' model/software AusEvol Pro [22] that enables quantification of microstructure
evolution both during hot deformation of austenite and during its transformation in cooling
where main structural constituents (ferrite, perlite, bainite, and martensite) are specifically
allowed for. The previous version [14] of this model has been modified to simulate the ferrite
transformation with allowance for the austenite deformation effect.

Input a =0.364 nm, § . =0.02, 5,=0.016 and o, = 0.028 J/m’ [14] (see Eq. (9))

have resulted in o, =1.82 x10°, o, = 2.92x10°%. Other conditions being equal, these results

mean that the nucleation rate of ferrite grains in the second mode (at ribs of grains) increases
stronger concerning the first mode (at grain apexes). This complies with the appearance of
local hydrostatic stresses in deformed austenite just at grain ribs [11] whereas stresses around
grain apexes want further analysis.

Figure 5 enables a comparison of calculated kinetics of the ferritic-pearlitic
transformation to respective experimental data for several investigated steels. The modeling
results comply satisfactorily with experiments. Experimental verification of predicted ferrite
grain sizes obtained from both undeformed and deformed austenite is satisfactory as well
(Fig. 6). Relative errors of these predictions averaged over all considered steels are,
respectively, 10.8 and 13.2%.

It is worth noting that the simulated refinement of ferrite grains due to the pre-
deformation of austenite is rather modest. Moreover, predicted grain sizes corresponding to
relevant experiments sometimes exceed those in the case of undeformed austenite. A
plausible explanation of such results is that the pre-deformation may both increase the number
of embryonic grains and accelerate their growth because of higher transformation
temperatures. Accordingly, the number of available nucleation sites for the second mode (see
Eq. (2)) is faster exhausted that leads to coarser final grains.

Figure 7 displays TTT diagrams of austenite transformation in steel DP-600 (0.08C,
1.7Mn, 0.2Cr, 0.2Mo) calculated with program AusEvol Pro [22] for both deformed (true
strain 0.4, strain rate 1 s™) and undeformed states at the PAG size of 50 pm. At the cooling
mode shown in this figure, final structure parameters predicted with and without the austenite
deformation are listed in Table 3. Apparently, in the considered case the deformation effect on
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the transformation significantly change both the steel structure and mechanical properties.
According to these results, an integral model of austenite transformation undoubtedly should
allow for the austenite pre-deformation.
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steels S3 (a), S5 (b), S6 (c), and S7 (d)
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Table 3. Microstructure parameters and mechanical properties calculated regardless of
austenite deformation (e = 0) and with allowance for the latter

Volume fraction Ferrite Yield Tensile | Elongation
Ferrite Pearlite | Martensite | grain size, | stress, stress, (A5), %
pm MPa MPa
e=0 0.88 0.01 0.11 8.0 611 677 28
e=04 0.96 0.02 0.02 6.8 397 466 32

6. Conclusions

Transformation kinetics of both undeformed and deformed (true strain 0.4) austenite have
been investigated with the Pocket Jaw unit of thermomechanical simulator Gleeble 3800 for
seven industrial steels at various rates of continuous cooling (1, 3, 10, 30, and 100°C/s).
Besides, to evaluate the deformation effect, sizes of ferrite grains and PAG have been
determined for 24 couples (undeformed/deformed austenite) of ferrite-pearlite structures at
various cooling rates and parent austenite states. It is shown that the pre-deformation
generally elevates the transformation start temperature. This effect is not notable at low
cooling rates but gains in significance for the higher rates due to weaker recovery of the
deformed austenite structure. In all, austenite deformation shifts the transformation range to
higher temperatures.

When averaged over all analyzed structures, refinement of ferrite grains due to austenite
deformation becomes more notable with increasing cooling rates but remains rather weak.
Thus, average grain sizes corresponding to 1, 3, and 10°C/s are reduced only by 2, 3, and 10%
to no deformation case. Even at the most cooling rate of 10°C/s an apparent decrease in grain
size is comparable to the measurement error.

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 on both the nucleation and growth of ferrite grains. To predict properly
the nucleation rate, the variation of nucleation barriers at 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. Simulated kinetics of the ferritic-pearlitic transformation in the investigated
steels satisfactorily comply with experiments. Experimental verification of ferrite grain sizes
predicted for both undeformed and deformed austenite is satisfactory as well. Relative errors
of these predictions averaged over all considered steels are 10.8 and 13.2%, respectively.
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