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Abstract

To predict kinetics of static recrystallization with account of recovery and resulting grain size in alloyed
austenite, a quantitative model is developed. Physically motivated, the model relates activation energy of the
process with that of bulk self-diffusion. The known dependence of the latter on chemical composition of
austenite solid solution, established previously, essentially simplifies the modeling. Employed empirical
parameters have been fitted to relevant data covering a wide range of chemical compositions (12 steels) and
sizes of recrystallized austenite grains. The model satisfactorily complies with experiments on steels whose
apparent activation energy of recrystallization varies from 146.1 to 308.1 kJ/mol. It is notable as well that this
performance has been achieved with no direct allowance for the pinning of grain boundaries by solute atoms
(solute drag effect).
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1. INTRODUCTION

An important effect of static recrystallization on the austenite structure of hot rolled steels attracts a persisting
interest [1-7]. To simulate this phenomenon, the Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation is widely
applied. Predictions by related models [1,2,4] satisfactorily comply with experiments at high temperatures in a
wide range of chemical compositions where all alloying elements are completely dissolved in austenite. At the
same time, the KIMA equation hardly enables allowance for the recovery phenomenon that precedes and
accompanies the recrystallization and thus consumes its driving force. Several attempts [5] have been
undertaken to formulate physically based models simultaneously involving the recrystallization and recovery.
Although promising results are achieved in this way, quantitative models of this type should be refined in order
to predict the effect of chemical composition on recrystallization kinetics in austenite of complexly alloyed
steels.

According to physics of diffusional lattice rearrangements at moving boundaries of recrystallized grains, this
energy should be comparable to that of grain boundary self-diffusion. The latter parameter, in turn, correlates
with the energy of bulk self-diffusion (AESD). With allowance for the physically motivated correlation between
AESD and the activation energy of recrystallization, we will presume proportionality of these parameters where
the former depends on chemical composition of steel [7]. This presumption has been previously verified [8] by
successful modeling of the normal grain growth in austenite of complexly alloyed steels.

The present paper formulates a model allowing for interacting processes of recrystallization and recovery.
Empirical parameters of the model have been fitted to literature data as well as our experimental data on
austenite recrystallization kinetics in steels of various compositions.
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2. MODEL DESCRIPTION

We determine first the so-called extended recrystallized volume X, (t) :

rex

Xea 0) =N 2 RE) @

N, - volume density of nuclei, R, (t) - average radius of new grains in time t after they nucleated

rex

To evaluate velocity V™ (t) of moving recrystallized grain boundaries, the following expression is used:

V™ () =Mgg P, (1) €

rex
Mg =Mgg (T,Y,e) - recrystallized grain boundary mobility
T - absolute temperate

Yae ={Yc: Yun: Ysir -3 - Set of average fractions of the sites of substitution and interstitial sublattices
occupied, respectively, by the atoms of substitution alloying elements and carbon

P, (t) - driving pressure (force) of recrystallization

With equation (1) kept in mind and the form-factor of the order of unity included in N, , the extended

recrystallized volume takes the form:

t 3
X (1) = N, ( Mg P, (r)dr] (3)
0
The actual recrystallized volume fraction X(t) is expressed in terms of X, (t) as follows:
X(t) =1-exp (=X, (1)) )
An appropriate estimate for the driving pressure is:
P (t) = 0.50b%p, (t) (5)

p, (t) - dislocation density, |1- shear modulus, b - Burgers vector magnitude

The distribution of dislocations in constitutive grains of a deformed polycrystal is generally non-uniform.
Specifically, their density near grain boundaries significantly exceeds that in grain cores. Accordingly, for the
dislocation density in equation (5) we use:

Pa (1) = i (O (L+ o exp (—ag, X (1)) (6)
pq (t) - average dislocation density calculated with allowance for recovery, o, oy, >0 - empirical

parameters

Based on the general dependence for the dislocation contribution to work hardening Ac(t), calculated here

with allowance for recovery (see equations (11), (12)), we use expression:

(e Y
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M =3.1 - Taylor factor, o I 0.15

The temperature dependence of the shear modulus is here evaluated according to [5].

As noted above, the model assumes nucleation of recrystallized grains at initial grain boundaries of austenite.
Thus, according to [5], the volume density of such nuclei takes the form;

_a, P2 (t=0)

rex = rex

N rex
D

(8)

v0

D, - average diameter of initial austenite grains, o, - empirical parameter

With a:ex including the geometrical factor of the order of unity in equation (8), we estimate the average grain
size in the recrystallized structure as follows:

Dy = Ny, ©)

rex rex

When considering recrystallized grains, mobility of their boundaries is treated like that in the normal grain
growth [9]:

R R,T

g

3o 50 of 0

o and SZX - activation energy and entropy of the grain growth, M * - empirical parameter,
GG AE GG AE 0

R, - gas constant

According to [8], activation entropy proportional to the corresponding energy will be treated with fitting

parameter Bgg, i-€. Seg (Yae) =Bos Qe (Yaz)- Present model presumes that QZa (Yae ) = 0tgnQsp (Yae ), Where

rex

Qs (Yae) is AESD in solid solution of complexly alloyed austenite calculated according to [7] and o is an

empirical parameter.

According to [9], the recovery responsible for the material softening is ascribed first to gradual annihilation of
dislocations, i.e. reduction of their density. This effect is expressed by:

2
ot 9MaZE(T) R,T kT

U..and V. - activation energy and activation volume of the recovery process, V,- Debye

frequency set to be 2 x 1012 s, E(T) =2.6(T) - Young modulus, Kj - Boltzmann constant
To integrate equation (11), the following initial condition is used:
Ac(t=0)=c-0, (12)

¢ - deforming stress of austenite, dependent on temperature and plastic strain rate according to [7]

G, =0, - yield stress of austenite similarly calculated at its plastic strain of 0.2%
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3. MODEL CALIBRATION AND DISCUSSION OF MODELING RESULTS

Model parameters were found while assuming that atoms of all alloying elements are completely dissolved in
austenite. All the parameters are fitted to wide experimental data on austenite recrystallization in a wide range
(12 steels) of chemical composition listed in Table 1. The table involves both the authors’ results (steels S8-
S10) and literature data [1-4,6].

Table 1 Chemical composition (wt%) of steels employed in model calibration

Steel C Mn Si Cr Ni Mo Nb Vv Ti Ref.
SO 0.17 0.74 0.01 - - - - - - [3]
S00 0.05 1.88 0.04 - - 0.49 0.048 - - [6]
S1 0.11 0.55 0.26 - - - - - -

S2 0.53 0.71 0.21 - - - - - -

S3 0.42 0.79 0.27 - - 0.18 - - -

sS4 0.44 0.79 0.23 - - 0.38 - - - [1,2,4]
S5 0.11 1.32 0.24 - - - 0.070 - -

S6 0.12 1.10 0.24 - - - - 0.07 -

S7 0.15 1.25 0.27 - - - - - 0.017

S8 0.08 1.47 0.20 - - 0.19 0.042 0.06 0.010

S9 0.04 1.90 0.25 0.11 0.45 0.31 0.051 0.02 0.020 own
S10 0.11 0.36 0.23 0.39 1.91 0.31 0.011 0.01 - results

*

To determine an important parameter o equation (9) for the recrystallized grain size has been fitted to

rex ’
experimental data on steels SO [3] and SO0 [6]. The resulting oc:ex =8.6 x 10* m2 N2 satisfactorily complies

with these data covering practically significant ranges of temperature and strain degree of austenite. Other
parameters have been fitted to wide data on austenite recrystallization kinetics in steels S1-S10 at relatively
high temperatures where atoms of all alloying elements are in solid solution. Parameters of equation (10) for

the boundary mobility are a.gs =0.64, Bgs =4.33 x 104 Kt and M, =5.4 x 10'"* m3 s N1, Besides, U,,. =

248000 J/mol and V,,, =35b?are used for the recovery activation energy and activation volume, respectively.

Kinetics of austenite recrystallization in steels S1-S10, as well as corresponding experimental data are
represented in Figure 1a-h evidencing that derived parameters provide good prediction power of the model in
a wide range of temperature (900+1150 °C), chemical composition (Table 1), initial grain size (30+190 um)
and deformation conditions (¢ = 0.20+0.35; de/dt = 0.5+3.6 s1).

rex

Note that obtained o =0.64 confirms, as expected, that effective activation energy Qg (Y,:) for migration

of recrystallized grain boundaries is comparable to that for the grain boundary self-diffusion. The range of
chemical composition where the model displays good performance corresponds to a significant variation of

e (Yae) between 146.1 kd/mol (S2) and 308.1 kJ/mol (S9). It is remarkable as well that the considered

activation energy suggests a novel approach to the grain boundary mobility depending on the chemical
composition of austenite, provided alloying elements are completely dissolved. Specifically, unlike the classical
model of «solute drag effect» [10] or the later «statistical solute-pinning theory» [11], the present model enables
reasonable predictions with no explicit allowance for any pinning by solute atoms. This is rather surprising
insofar as the considered steels contain high amounts of Mn, Mo and Nb to which the solute drag is commonly
ascribed [6].
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Figure 1 Comparison of simulated recrystallization kinetic curves (a-g) for steels S1-S10 at different

temperatures, sizes of the initial austenite grain (Dyo) and deformation parameters (g, de/dt) to experimental
data (symbols), and comparison of model predictions to actual recrystallized fractions (h) (<6> is a magnitude
of the average relative error)
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4, CONCLUSIONS

A physically motivated model is formulated to predict the static recrystallization kinetics of austenite and the
resulting grain size in complexly alloyed steels. The model simultaneously treats the interrelated phenomena
of recrystallization and recovery. It is presumed that activation energy of the process is proportional to the
activation energy of bulk self-diffusion, the latter being dependent on chemical composition of solid solution
according to the previously established empirical expression.

Empirical parameters of the model were fitted to an extensive database on the kinetics of austenite
recrystallization for 12 steels with a wide range of chemical composition in the case of complete dissolution of
alloying elements including microalloying ones.

As shown in this work, the proposed model of austenite recrystallization complies well with experiments on
numerous steels in a wide range of temperature, chemical composition, initial grain size and deformation
conditions. The process activation energy in the considered range of chemical compositions vary by more than
two times (146.1 to 308.1 kJ/mol). An interesting property of the model is that good correspondence to
experimental data is achieved with no explicit allowance for the boundary pinning by dissolved atoms although
the treated steels contain Mn, Mo and Nb to which the pronounced solute drag effect is commonly ascribed.
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