
1. Introduction

“Thin slab casting”, “Hot direct rolling” and “Hot charge

rolling” are becoming more common in steel processing for

the production of hot rolled flat or long products. These

technologies have already proved to bring significant cost

reductions. Although the thin slab casting and direct rolling

(TSDR) have been successfully applied to the production of

different steel grades, the use of this technology for higher

steel grades, such as HSLA steels, is actually less. In this

case, the adequate refinement of the austenite microstruc-

ture and particularly its microstructural homogeneity are

very important factors in order to achieve high levels of

strength and toughness.

The TSDR technology shows significant differences

compared to conventional rolling processes. The metallur-

gical differences are mainly related to the coarse grain size

(�1 mm) and the high supersaturation level of microalloy-

ing elements in as-cast austenite, in comparison to the as-

reheated material (�250 mm).1–4) Secondly, there are differ-

ences in the processing parameters. For example, the total

number of rolling passes during TSDR is smaller, but usu-

ally the strains applied in the initial stands are higher.3)

Ferrite grain refinement is considered the only procedure

that brings a simultaneous improvement in the strength and

toughness of ferritic microstructures. This microstructural

refinement is usually obtained through an austenite condi-

tioning prior to transformation by applying thermomechani-

cal treatments. In the case of the TSDR the aforementioned

process and microstructural singularities introduce some

additional complexities in the thermomechanical treatment

in comparison to conventional routes. If the parameters in-

volved in the process, such as the initial hot rolling temper-

ature, reduction grade in each stand, interstand times,

chemical composition of the steel (mainly Nb and C con-

tents) and total reduction during rolling, are not adequately

combined important microstructural heterogeneities1,5–7)

can appear in the final product. When this occurs, it is pos-

sible to find wide zones within the ferrite–pearlite matrix

that appear elongated in the rolling direction and made up

of hard phases. Although they usually correspond to isolat-

ed features, their volume fraction can be high enough to

significantly impair toughness.8) The shape of these mi-

crostructural heterogeneities suggest that their origin might

be related to the presence of some coarse austenite grains,

probably inherited from the as-cast microstructure, that

have remained unrecrystallized after the rolling process and

become hard phases during subsequent cooling. As widely

ISIJ International, Vol. 44 (2004), No. 8, pp. 1416–1425

© 2004 ISIJ 1416

Modeling of Austenite Grain Size Distribution in Nb Microalloyed

Steels Processed by Thin Slab Casting and Direct Rolling (TSDR)

Route

P. URANGA, A. I. FERNÁNDEZ, B. LÓPEZ and J. M. RODRIGUEZ-IBABE

CEIT and Tecnun (Univ. of Navarra), Po M. Lardizábal, 15, 20018 Donostia-San Sebastián, Basque Country, Spain.

E-mail: jmribabe@ceit.es

(Received on February 12, 2004; accepted in final form on May 7, 2004 )

A mathematical model has been developed to predict the austenite microstructure evolution of Nb mi-

croalloyed steels during “Thin slab casting” and “Hot direct rolling” (TSDR) processing. The model is based

on empirical equations specifically derived for the microstructural and processing features typical in these

new technologies. Its main novelty is that it works with austenite grain size distributions instead of the typi-

cal mean values as used in conventional models to represent the microstructure. This fact is particularly im-

portant in working with as-cast austenite due to the wide range of grain sizes present in this microstructure.

In the model the different softening and hardening mechanisms that can operate during hot working in

austenite are considered: static, dynamic and metadynamic recrystallization, grain growth after recrystalliza-

tion and Nb(C, N) strain induced precipitation. The model uses the initial austenite grain size distribution as

input and provides the size distribution of recrystallized and unrecrystallized grains at the entry of any rolling

pass. A validation of the model has been carried out in the laboratory by multipass torsion tests. The model

is capable of predicting any heterogeneities that may appear in the final microstructure after this kind of pro-

cessing and that are not well predicted by using conventional models based on mean values. Additionally, it

can calculate the deformation history, in terms of the strain accumulated in the austenite, and stress behav-

ior, in terms of the mean flow stress (MFS) corresponding to each deformation pass.

KEY WORDS: thin slab direct rolling (TSDR); Nb microalloyed steels; microstructural modeling; grain size

distribution; microstructural heterogeneity.



reported6,8–12) in the case of TSDR Nb microalloyed

processed steels the final austenite microstructure might be

ineffectively refined, creating a mixed ferrite structure with

a wide range of grain sizes after transformation. 

There are several factors that can affect the refinement of

the as-cast microstructure in TSDR processes. On the one

hand, the lower total strain applied on this route and on the

other hand, the coarse as-cast austenite microstructure, can

produce a retardation of static recrystallization kinetics dur-

ing the first and second interstands of the direct rolling se-

quence compared to the conventional process.2,4) This delay

in recrystallization can give rise to partial recrystallized mi-

crostructures at the entrance of the following stand.

Depending on the steel composition and rolling schedule,

this incomplete recrystallization can remain during the en-

tire rolling schedule, leading to heterogeneities in the final

microstructure.1,5–7) It should be pointed out that Nb mi-

croalloyed steel grades are more sensitive to this behavior,

as a consequence of the solute drag effect of Nb and the

precipitation of Nb(C, N) particles during rolling, both

mechanisms able to significantly retard, and in some cases

avoid, static recrystallization during the initial rolling

stages.

In the last few years, much more attention has been paid

to developing mathematical models to predict the final mi-

crostructure of a product based on the processing condi-

tions. The aim of these models is to optimize the different

variables in order to obtain as good a combination of

strength-toughness properties in the as-rolled materials.

Modeling has been also applied to TSDR processes, in

some cases based on previously developed empirical equa-

tions for conventional rolling conditions3,13–16) and in others

incorporating specific equations obtained taking into ac-

count TSDR singularities.1,3)

In a previous study1) a mathematical model was devel-

oped for Nb microalloyed steels processed by the TSDR

route. The model considers the influence of coarse austenite

grain sizes and high supersaturation levels of microalloying

elements on the recrystallization and precipitation kinet-

ics.4,17–19) A particularity of the model is that, taking into

account the wide range of austenite grains sizes present in

the initial as-cast microstructure,1) it incorporates the initial

austenite grain size distribution as input, instead of the

mean value, and provides the size distribution of recrystal-

lized and unrecrystallized grains at the entry of any rolling

pass as outputs. Additionally, the following mechanisms in-

teracting simultaneously are considered during hot rolling

simulation: static recrystallization, grain growth during the

interpass time and Nb(C, N) strain induced precipitation.

With the introduction of these particularities, the model rea-

sonably predicts, for a given chemical composition, pro-

cessing conditions where an important fraction of coarse

unrecrystallized austenite grains remains in the final mi-

crostructure prior to transformation.

However, as mentioned before, in the first rolling stands

high strains are applied and this may cause dynamic recrys-

tallization to start during deformation in TSDR processes.

In fact, dynamic recrystallization has been proposed as one

of the procedures that may be used to refine the as-cast mi-

crostructure during thin slab hot working.3,20,21) Taking this

into account, the previous model has been implemented by

incorporating the effect of dynamic recrystallization and

subsequent metadynamic softening during the interpass

time.22) The new model considers the initial austenite grain

size distribution present in the TSDR technology and evalu-

ates the interaction of the different softening mechanisms,

static, dynamic and metadynamic recrystallization, with the

strain induced precipitation of Nb carbonitrides, to predict

the austenite grain size distribution after each rolling se-

quence. Laboratory simulations have been performed to test

the austenite grain size distributions calculated by the

model. 

2. Model Development

2.1. Basis of Microstructural Model

The evolution of the austenite microstructure during

rolling was modeled by equations based on mean grain size

values and constant deformation parameters (strain per

pass, strain-rate and temperature). For a specific deforma-

tion sequence, the model was applied for each deformation

pass, calculating the microstructure at the entrance of the

subsequent pass. The model is organized following a tree-

structure, the depth being equal to the number of passes and

each level is divided into two branches, the recrystallized

and the unrecrystallized zones, respectively. These areas are

treated independently for subsequent deformation, this

method being reported in the literature as the law of mix-

tures.19,23–26) This introduces the complexity of managing an

increasing number of different structures throughout the de-

formation process. For the recrystallized volume fraction,

X, it is assumed that the residual deformation is zero, while

for the unrecrystallized fraction all the strain imparted in

the previous pass is retained. Recrystallized and unrecrys-

tallized zones are characterized by the values of the mean

recrystallized, dr, and unrecrystallized, du, grain sizes, re-

spectively. As mentioned above, the possibility of dynamic

recrystallization occurring during deformation was intro-

duced now with respect to the previous model (detailed in

Ref. 1)). This means that, apart from static recrystallization,

metadynamic recrystallization must be also considered in

modeling softening events after deformation. 

Independently of the softening mechanism involved, par-

tially recrystallized microstructures are characterized by the

recrystallizing grain size, dr. Theory predicts that if site sat-

uration holds, there are no shape changes, the distribution

of recrystallizing grains remains stable during recrystalliza-

tion and no grain coarsening takes place, the evolution of

the mean recrystallizing grain size dr with time can be fair-

ly described by the following relationship27):

dr�dREX ·X 1/3 ..............................(1)

where dREX represents the final recrystallized grain size cal-

culated for the corresponding post-dynamic softening

mechanism, static (dSRX) or metadynamic (dMDRX) recrystal-

lization, or a combination of both. Nevertheless, it has been

reported that from a practical point of view Eq. (1) results

appropriate to describe the evolution of dr in a simple man-

ner, even if theoretical conditions do not hold exactly.19,27)

The effective size of unrecrystallized grains, du, can be de-

scribed with the help of the following expression proposed

by Anelli23):
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du�1.06D0 exp(�e)(1�X)1/3 ..................(2)

where e is the applied strain in each pass and X is the total

recrystallized volume fraction: static (XSRX), metadynamic

(XMDRX) or the sum of both. This equation takes into ac-

count both the flattening and the elongation of the original

grains due to the applied deformation. Equations (1) and

(2) were previously evaluated as a good procedure to pre-

dict the recrystallized and unrecrystallized grain size of

coarse grained austenite microstructures, respectively.19)

In classical models, it is widely accepted that in the de-

formation range below the critical strain for the onset of dy-

namic recrystallization, e�e c, the operating postdynamic

softening mechanism is classical static recrystallization,

while when e�e c, dynamic recrystallization starts and post-

dynamic softening is governed by metadynamic recrys-

tallization mechanisms.3,15,28) However, some recent

works29,30) have shown that, for the case of Nb microalloyed

steels, the characteristics of the metadynamic recrystalliza-

tion kinetics (large effect of strain-rate and independence

upon strain) are only achieved after some minimum strain,

eT, is reached. In some specific conditions (coarse initial

grain sizes) this strain value can be significantly larger than

e c. For example, a relationship of eT�2.2e c was found in a

previous study30) carried out on a 805 mm sized Nb microal-

loyed steel. The origin of this singularity deals with the fact

that metadynamic recrystallization only involves the growth

of previously nucleated dynamic grains. If these grains are

small in comparison to the original grains (as it occurs in

TSDR processes), it is logical that a minimum fraction of

dynamic recrystallized grains is required to obtain a com-

plete softening by subsequent metadynamic recrystalliza-

tion. This fraction has been observed to be close to

30–35% when the strain reaches the value of eT.31,32)

Consequently, there should be a transition between the

strain range where static recrystallization operates as the

main post-dynamic softening mechanism (e�e c) and the

point when metadynamic recrystallization intervenes

(e�eT). In the interval between both strains metadynamic

recrystallization will start, but the completion of softening

will require the activation of classical static recrystalliza-

tion mechanisms in the remaining deformed zones.30)

These different softening mechanisms have been intro-

duced into the model. The characteristic strains, e c and eT,

both related to the peak strain, ep, are evaluated using the

following relationships derived in previous papers22,30): 

...........................................(3)

e c�0.77ep ................................(4)

eT�2.2e c .................................(5)

where [Nb] and [Ti] represent the niobium and titanium

concentrations in solution in wt%, D0 the initial austenite

grain size and Z is the Zener–Hollomon parameter calculat-

ed using an activation energy Qdef�325 kJ/mol.22) De-

pending on the relation between the applied strain and the

characteristic strains e c and eT, the proper expressions for

the recrystallized fraction, the time for 50% recrystalliza-

tion, t0.5, and the mean recrystallized grain size during in-

terstand time are selected. The equations used in the model

are indicated in Table 1. The parameter t0.5 is used to deter-

mine the recrystallization kinetics by means of the usual

Avrami type equation employed4):

X�1�exp(�0.693(t/t0.5)
n) ...................(6)

where t is the time after deformation and n is a constant,

which usually takes values between 1 and 2.4,28)

Three different regions of post-deformation softening be-

havior have been distinguished as a function of the applied

strain:

Range I (e�e c): For strains lower than the critical

strain, softening is due to classical static recrystallization

mechanisms. In this range the Eqs. (a) and (b) of Table 1

are considered. These relationships were determined in a

previous paper using a wide range of initial grain sizes (20–

1 100 mm).4) D0 represents the initial austenite grain size, e

and ė are the applied strain and strain-rate, respectively, and

T is the deformation temperature in Kelvin. For Nb steels

the kinetics of static recrystallization (XSRX) is well de-

scribed by the Avrami equation with an exponent n equal to

1.4)

εp

Nb] Ti])}

1.78
� �

� �
�3 7 10

1 20 0 02
3

0
0 147 0 155.
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. .D Z
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Table 1. Post-dynamic softening equations in the different deformation ranges for the kinetics of recrystallization process and the

mean recrystallized grain size.



Range III (e�eT): For strains higher than the transition

strain, eT, metadynamic recrystallization operates. The Eq.

(c) in Table 1, previously derived for Nb steels with initial

coarse grain size,30) is used to calculate t0.5MDRX. The evolu-

tion of the recrystallized fraction, XMDRX, obeys to the

Avrami type Eq. (6) with an exponent n equal to 1. The

mean metadynamically recrystallized grain size has been

evaluated using the Eq. (d) (Table 1) proposed by

Roucoules et al.32) for Nb microalloyed steels.

Range II (e c�e�eT): In the intermediate deformation

range, between the critical strain and the transition strain,

both softening mechanisms, static and metadynamic recrys-

tallization, are operating simultaneously, and the overall

softening can be calculated by the sum of the individual

components involved. The contribution of each process to

the overall softening is calculated by Eqs. (e) and (f) in

Table 1 for metadynamic and static recrystallization, re-

spectively.30) In these equations the terms Xf
SRX and Xf

MDRX

represent the final recrystallized fraction that can be

achieved by each mechanism. These values are expected to

change with strain and it is assumed that, at strains close to

e c, static recrystallization will be the main contributor,

whilst, as the strain approaches eT, softening will be princi-

pally due to metadynamic recrystallization. To take into ac-

count the effect of strain on the values of Xf
MDRX and Xf

SRX

the Eqs. (g) and (h) are applied. Equations (e)–(h) of Table

1 were shown to reasonably predict the evolution of the re-

crystallized fraction with time when both, static and meta-

dynamic recrystallization mechanisms are operating.30)

More details about this model can be found in Ref. 30). The

calculation of the average recrystallized grain size in this

intermediate deformation range requires the inclusion of

both the statically and metadynamically recrystallizing

grains. The law of mixtures applied for the corresponding

recrystallized fraction was considered (see Eq. (i)20)).

If the time between passes (tip) is long enough for the

completion of static and/or metadynamic recrystallization,

grain growth can take place. The kinetics of grain growth

after recrystallization are described by the following equa-

tion: 

................(7)

where dREX represents the fully recrystallized grain size that

results in the case of only one softening mechanism acts

(dSRX and dMDRX given by Eq. (b) or (d)) or the mixture

value defined by Eq. (i) of Table 1 when both mechanisms

are operating simultaneously, A is a constant that takes dif-

ferent values depending on the material, Qgg the activation

energy for grain growth and tgg is the time remaining after

complete recrystallization is reached, assuming a value of

95% recrystallized fraction for this state, i.e. tgg�

tip�t0.95REX. Although theory would indicate that m≅2, in

practice higher values are found, particularly for short

times.33) In this work, the following parameter values pro-

posed by Hodgson and Gibbs for Nb bearing steels have

been used34): m�4.5, A�4.1 ·1023
mm/s, Qgg�435 kJ/mol.

The model of microstructural evolution also includes the

interaction between recrystallization and strain induced pre-

cipitation. The time for 5% strain induced precipitation of

Nb(C, N) is defined by Eq. (8), based on the Dutta–Sellars

model.35) This model considers classical theory of diffu-

sion-controlled nucleation and the thermodynamics of the

system. Constants of this equation were obtained by fitting

experimental results including microstructural conditions

similar to those found in thin slab casting and direct charg-

ing processes (coarse grain size and high supersaturation

levels).17) For the calculation of the solubility product, the

Eq. (9) proposed by Irvine et al.36) was considered. If dur-

ing the interpass time, precipitation (defined by t0.05p) starts

before recrystallization is complete, the precipitation is as-

sumed to be the controlling mechanism and the recrystal-

lization is stopped, preventing further recrystallization of

that unrecrystallized fraction after subsequent passes. 

.........................(8)

......................(9)

All the previous equations were obtained under isother-

mal conditions. However, in industrial conditions, during

the interpass time the temperature decreases continuously.

To extend the previous isothermal equations to continuous

cooling conditions the additivity rule has been used.37) This

approach was applied for recrystallization, precipitation

and growth kinetics.

2.2. Model Application to Grain Size Distributions

The aim of the model is, not only to predict the mean

grain size values, but also the microstructural hetero-

geneities. Accordingly, the model described in the previous

section has been expanded considering as input the initial

austenite grain size distribution, instead of the mean value.

This structure requires working with volume fractions;

therefore, the first step is to convert the metallographically

measured initial two-dimensional (2-D) austenite grain size

distribution into a three-dimensional one (3-D). This is

done with the help of the method developed by Matsuura

and Itoh38) for any grain size distribution type. 

The resultant 3-D grain size distribution is divided into n

intervals (usually between 10 and 15 for computer calcula-

tion). Each interval i is defined by its mean grain size (cal-

culated assuming a spherical geometry) and the corre-

sponding volume fraction. During hot rolling, the mi-

crostructural evolution of each interval, considered as a ho-

mogeneous material, is calculated independently by apply-

ing the Eqs. (1)–(9) and Eqs. (a)–(i) of Table 1. A schemat-

ic diagram of the model for each discretized interval is

shown in Fig. 1. The following data are obtained for each i

interval: the recrystallized fraction, [X ]i, and grain size,

[dr]i, and the unrecrystallized grain size, [du]i, and the re-

tained strain, [e r]i, in the unrecrystallized fraction. 

At the end of the first interpass, the overall recrystallized

and unrecrystallized microstructures will be defined by the

k
Ts
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sum of all the microstructures that result from the n inter-

vals considered independently, each one weighted by its

corresponding initial volume fraction. 

The results obtained at the end of one interpass period

are considered as the input for the next rolling pass. Each

data is analyzed separately, proceeding as in the first pass

and considering that the unrecrystallized material retains all

the deformation applied in the previous pass, as indicated

by the law of mixtures method.23–26) This procedure is re-

peated all along the rolling sequence.

The model allows also the calculation of the deformation

history. The average retained strain is determined after

every interpass time as the sum of the strains retained at

each unrecrystallized fraction calculated by the model: 

......................(10)

where k is the total amount of final unrecrystallized frac-

tions generated by the model.

3. Model Validation

The equations previously described were derived for

mean austenite grain size values: therefore, before applica-

tion of the model to industrial rolling conditions its valida-

tion for grain size distributions is necessary. Validation of

the model was carried out with laboratory torsion tests

using a Nb microalloyed steel with a composition (wt%):

0.1% C, 1.4% Mn, 0.035% Nb, 0.0053% N. Several situa-

tions were considered, taking into account the different

post-deformation softening and hardening mechanisms that

can operate during hot working.

3.1. Static Recrystallization 

In the first validation step, hot working conditions where

static recrystallization operates as the only post-dynamic

softening mechanism were studied. Continuous torsion

tests, carried out at isothermal conditions, were used to

check the model predictions on statically recrystallized mi-

crostructures. The specimens were reheated at 1 400°C for

15 min, leading to the austenite grain size distribution

shown in Fig. 2, which is comparable to those observed in

industrial thin slabs.1) After reheating, the specimens were

cooled at 1°C/s to the deformation temperature of 1 100°C,

and deformed applying a strain of e�0.3 at a strain-rate of

ė�1 s�1. The selected temperature was high enough to

guarantee the absence of interaction with strain induced

precipitation and the amount of strain was well below e c,

the critical strain for the onset of dynamic recrystallization,

so, only static recrystallization was involved. After defor-

mation, the specimens were held at the deformation tem-

perature for delay times varying from 10 to 100 s and then

water-quenched in order to follow the evolution of the mi-

crostructure during static recrystallization. For each condi-

tion the recrystallized and unrecrystallized fractions and the

corresponding grain size distributions were quantified met-

allographically. 

Under these conditions, the predictions of the model

agree to a large extent with the experimental measurements

for the values of recrystallized volume fraction and size dis-

tributions of unrecrystallized grains. However, it fails to

predict the recrystallized grain size distributions, as can be

observed in Fig. 3 (open symbols), where experimental

measurements are compared with model predictions for a

100 s holding time, corresponding to a complete recrystal-

lization state. The approach initially used, where each i in-

terval has a mean recrystallized grain size value determined

from Eqs. (1) and (b) to build the overall recrystallized

grain size distribution, is inaccurate. As Fig. 3 denotes, the

predicted distribution is limited to the 50–400 mm size

range, while experimental values spread up to 700 mm. In

order to overcome the limitation, for each i interval, a grain

size distribution of recrystallized grains must be considered

instead of a one mean value. To build these individual dis-

tributions, the following two aspects were taken into ac-

count:

– The grain size distributions of recrystallized microstruc-

tures can be properly described by log-normal distribu-

tions.39)

– Experience shows that for the case of recrystallized mi-

ε εr r� �

�i

k

i iX

1

1∑ ⋅( ) [ ]
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Fig. 1. Schematic diagram of the model for

each discretized interval.

Fig. 2. Initial austenite grain size dis-

tribution determined in a Nb

steel after reheating at 1 400°C

during 15 min (torsion speci-

men).

Fig. 3. Comparison between experi-

mental metallographic measure-

ments and model predictions for

the austenite grain size distribu-

tion (T�1 100°C, e�0.3, ė�

1 s�1, deformed and then held

100 s), applying: mean recrys-

tallized grain size (Eq. (b) of

Table 1) for each initial interval

(open symbols) and a log-nor-

mal distribution to each recrys-

tallized grain size fraction

(closed symbols).



crostructures the maximum/mean grain size ratio stays

between 3 and 4.40)

Consequently, a log-normal distribution of recrystallized

grains was derived from each initial grain size interval.

These log-normal distributions were built using a mean

value equal to the one calculated from Eq. (b) and a maxi-

mum grain size 3 times larger than the mean one. Stage I of

Fig. 4 shows this procedure schematically. Once this modi-

fication is introduced in the model, the overall recrystal-

lized microstructure is obtained again by the composition

of all the resultant log-normal grain size distributions of the

n intervals weighted by its corresponding initial volume

fraction (Fig. 4 stage II). Flow chart to determine mi-

crostructural evolution model is shown in Fig. 5. For the

case of unrecrystallized grains, the approach of consider for

each i interval a unique mean unrecrystallized grain size

applying Eq. (2) is enough. Consequently, the overall unre-

crystallized grain size distribution will be defined by the

composition of the results of the n intervals, each one

weighted by its corresponding initial volume fraction.

As it was indicated previously, the results obtained at the

end of one interpass period are considered as the input for

the next rolling pass. Each data (recrystallized and unre-

crystallized grain size distribution) is analyzed separately,

proceeding as in the first pass (see Fig. 1) and considering

that the unrecrystallized material retains all the deformation

applied in the previous pass.41) The flow chart of the main

model is shown in Fig. 5.

Figure 3 (closed symbols) shows that, after the modifica-

tion of recrystallized microstructure for each i interval by a

log-normal distribution and the subsequent composition,

the predictions of the model for the recrystallized grain size

distribution significantly improve. In order to check the va-

lidity of the model for partially recrystallized microstruc-

tures, two intermediate recrystallization stages correspond-

ing to 10 and 25 s holding times were also studied. Model

predictions and experimental results are compared in Fig. 6

in terms of the accumulated area fractions, the latter evalu-

ates the contribution of coarse grains better.42) A reasonable

prediction is obtained for both recrystallized and unrecrys-

tallized grain size distributions. 

3.2. Metadynamic Recrystallization 

In a second validation step, hot working conditions

where dynamic recrystallization and subsequent metady-

namic softening mechanisms might activate were studied.

A continuous torsion test was performed applying a strain

value of 0.93 at 1 080°C (soaking temperature 1 400°C,

strain-rate 5 s�1). This strain is larger than the e c critical

strain for the onset of dynamic recrystallization, but far

enough from eT (values of e c�0.81 and eT�1.85 were cal-

culated for the selected testing conditions by using equa-

tions 3–5). After deformation the sample was continuously

cooled at 5°C/s up to 1 000°C and then water quenched.

Due to the impossibility of distinguishing between recrys-

tallized and unrecrystallized grains, the resulting austenite

grain size distribution was quantified without making any

distinction between the different types of grains.

In Fig. 7 the experimental grain size distribution has

been compared to those predicted by the model taking into

account two different modeling approaches. If the classical

approach is considered (open symbols), i.e. assuming that
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Fig. 4. Determination of the recrystal-

lized grain size distribution

after each pass through the

composition of all log-normal

distributions.
Fig. 5. Flow chart to determine mi-

crostructural evolution model in

TSDR route.
Fig. 6. Comparison between experi-

mental metallographic mea-

surements and model predic-

tions for austenite grain size

distributions for isothermal tor-

sion tests (T�1 100°C, e�0.3,

ė�1 s�1). Two delay times

after applied deformation have

been considered: t�10 s and

25 s.



once the strain reaches the critical e c value, the subsequent

post-dynamic softening and grain size are governed exclu-

sively by the equations corresponding to metadynamic re-

crystallization, the model predicts smaller grain sizes than

those measured metallographically. This result can be ex-

plained by the fact that metadynamically recrystallized

grain sizes are smaller than statically recrystallized ones

(comparing Eq. (b) and Eq. (d)). In contrast, if the modifi-

cations mentioned in Sec. 2.1 for applied strains belonging

to range II (e c�e�eT) are considered, the prediction signif-

icantly improves, as shown in Fig. 7 (closed symbols). As

can be observed in the figure, the agreement between the

model and the experimental results is reasonable for all the

grain size range. The model predicts that in this case the

material recrystallizes almost completely, being the recrys-

tallized fractions corresponding to each mechanism of

XSRX�0.86 and XMDRX�0.12, respectively. The previous re-

sults denote that the classical approach (open symbols)

would lead to significant errors in predicting the evolution

of grain size after deformation for this coarse initial grain

austenite.

3.3. Interaction between Post-dynamic Softening and

Strain Induced Precipitation

Finally, deformation conditions where interaction be-

tween softening mechanisms and strain induced precipita-

tion phenomena can take place were investigated. Double

pass torsion tests were used for this validation step. The de-

formation schedule is shown schematically in Fig. 8(a). The

torsion specimen was reheated at 1 400°C for 15 min and

then cooled down to 1 100°C and maintained at that tem-

perature for 20 min to simulate the equalization furnace

step in TSDR. After this initial treatment, two deformation

passes were applied during the continuous cooling of the

specimen at a rate of ≈4°C/s. Deformation conditions are

indicated in the figure. Some seconds after deformation the

specimen was quenched for microstructural analysis. The

resulting microstructure is shown in Fig. 8(b). From this

microstructure the experimental grain size distribution was

determined. As before, due to the difficulties of distinguish-

ing between recrystallized and unrecrystallized grains (see

Fig. 8(b)) this distribution was quantified without making

any distinction between either type of grain.

Figure 9 shows the experimental grain size distribution

compared to those predicted by the model assuming two

different conditions: firstly, it is assumed that there is no in-

teraction between recrystallization and precipitation (open

symbols) and secondly, it is supposed that recrystallization

stops once strain induced precipitation has occurred (closed

symbols). From the figure it is clearly evident that the latter

assumption leads to much better predictions.

If precipitation is not taken into account, the model pre-

dicts partial recrystallization after the first pass (Xrex�

47%), but nearly complete recrystallization after the second

pass accompanied by a significant refinement of the mi-

crostructure. This picture is far from the real microstructure

where about 20% of the grains are coarser than 300 mm.

On the other hand, the proposed model (closed symbols

in Fig. 9) considering precipitation–recrystallization inter-

actions accurately predicts the presence of these coarse
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Fig. 8. (a) Scheme of the deformation

schedule used for the third val-

idation step (recrystallization-

strain induced precipitation in-

teraction); (b) microstructure

after quenching at 975°C.

Fig. 9. Comparison between experi-

mental measurements and

model predictions for the

austenite grain size distributions

corresponding to the mi-

crostructure shown in Fig. 8.

Closed and open symbols corre-

spond respectively to consider-

ing or not interaction between

precipitation and recrystalliza-

tion.

Fig. 7. Comparison between experi-

mental measurements and

model predictions of the austen-

ite grain size distribution in the

metadynamic recrystallization

range. Open symbols: post-dy-

namic softening only governed

by metadynamic recrystalliza-

tion. Closed symbols: both clas-

sical static and metadynamic re-

crystallization mechanisms in-

volved.



grains. In this case the model predicts that after the first

pass, precipitation takes place at the end of the interpass in-

terval (t0.05p�7 s), at this moment the unrecrystallized frac-

tion is close to Xunrex�53%. It is assumed that this strain in-

duced precipitation will mainly occur on unrecrystallized

zones, further recrystallization of these zones is completely

avoided after a subsequent pass. This explains the existence

of an important fraction of coarse grains inherited from the

initial coarse austenite that do not recrystallize during the

process and remain in the final microstructure. After the

second pass, the zones that have recrystallized during the

previous interpass interval (47%) start recrystallizing again

until precipitation takes place stopping the process. The

model predicts an increasing of the unrecrystallized frac-

tion up to about 70% due to the effect of precipitation after

this second pass. Precipitation was confirmed by the analy-

sis carried out by TEM using carbon replicas extracted

from a specimen quenched after deformation. Small

Nb(C, N) precipitates were identified, with a mean size of

10 nm, typical of strain induced precipitates.43,44)

4. Applications of the Model to Multipass Rolling

Conditions

Finally, the applicability of the model to industrial rolling

type sequences was investigated in order to completely vali-

date it. Thermomechanical simulation was carried out in

the laboratory with multipass torsion tests following the de-

formation schedule shown schematically in Fig. 10. The

pass strains and interpass times used in this schedule are in

the range of those employed in typical direct rolling

processes, although it must be pointed out that in real in-

dustrial conditions the strain-rates can be significantly high-

er, with them being limited in the laboratory. Three samples

were water-quenched at different stages during deformation

for microstructural analysis; those denoted as C1 and C3

correspond to specimens quenched after the first and the

third interpass times respectively, and C6 immediately after

the sixth pass. 

4.1. Austenite Grain Size Distribution 

In Fig. 11 the microstructures that come about after

quenching in the three different stages mentioned are

shown. Figure 12 illustrates the grain size distributions cal-

culated by the model compared to the experimental ones. It

must be pointed out that as in previous analyses, experi-

mental measurements have been performed without distin-

guishing between recrystallized and unrecrystallized areas.

For the C1 sample the model predicts a completely recrys-

tallized microstructure as is observed experimentally in Fig.

11(a). After the third interpass time (C3) the model predicts

partial recrystallization (about a 66% recrystallized frac-

tion) due to the interaction with precipitation. In the case of

such high recrystallized fractions it is very difficult to dis-

tinguish in the microstructure what is recrystallized from

what is not. However after the sixth pass, the austenite pan-

cacking is clearly evident in Fig. 11(c). The model also pre-

dicts for this case a completely unrecrystallized microstruc-

ture. From Fig. 12 it can be also observed that the grain size

distributions predicted by the model have a very good

agreement with those experimentally measured.

The application of a mean grain size based model, as re-

ported in Refs. 14) and 17), to the deformation sequence of

Fig. 10 would lead to austenite grain size values of 109 and

32 mm for C1 and C3 quenching stages, respectively. These

values are comparable to the mean values of 131 and 42 mm

obtained for the model distributions in Fig. 12 at both

stages; however, this figure clearly shows that in the mi-

crostructure there are grains significantly larger than these

mean values. The advantage of the model proposed here is

that it offers the possibility of modeling independently the

microstructural evolution of all grain size ranges, and it is

able to effectively predict the degree of microstructure ho-

mogeneity.

The microstructural heterogeneities present in the austen-

ite prior to transformation can have a significant influence

on the mechanical properties of processed materials, mainly

on toughness. It is well established that the only microstruc-

tural parameter which can simultaneously improve strength

and toughness is a reduction of the ferrite grain size, but to

have a small ferrite grain is not enough to guarantee that a

good combination of strength and toughness will be ob-

tained. Several authors have analyzed the influence of the

microstructure surrounding potential microcrack initiators

(such as coarse non-metallic particles, cementites. . .) on the

toughness, for some carbon steels.45,46) They have observed

that cleavage fracture is directly related to the combination

of microcracks and coarse microstructures. In the case of

low carbon steels the ferrite grain size controls the propaga-
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Fig. 10. Scheme of the deformation

schedule applied for multi-

pass rolling type simulation

(ė�5 s�1). C1, C3 and C6

represent the quenching

stages.

Fig. 11. Micrographs obtained on C1, C3 and C6 quenched samples in Fig. 10.



tion of the microcracks through the matrix, the smaller the

ferrite grain size the higher the minimum stress required for

the crack to traverse the ferrite–ferrite grain boundary. As a

consequence, a fine ferrite microstructure is very important

in order to stop the cleavage process. However, it has been

suggested that, independently of the mean ferrite grain size,

toughness is controlled by the larger grain sizes in the dis-

tribution, according to the “weakest link” model.47) Con-

sequently, the possibility of predicting the overall grain size

distribution in the austenite and subsequent ferrite mi-

crostructures can be very relevant from the point of view of

modeling mechanical behavior, in order to get more accu-

rate predictions of the mechanical properties.

4.2 Mean Flow Stress Validation 

The validations of austenite grain size distributions have

been done in the previous section, but the amount of accu-

mulated strain value calculated by the model has not been

checked. An indirect procedure to do that is to consider the

mean flow stress values (MFS) relative to each deformation

pass. This parameter is directly related to the rolling load

and depends on the deformation history, being independent

of the austenite grain size.

As it was mentioned previously, the model allows the

calculation of the deformation history using Eq. (10), lead-

ing in the case of the schedule of Fig. 10 to a total average

retained strain value of ē r�0.78. In the analyzed schedule

the accumulation of strain can only be attributed to the re-

tardation of recrystallization produced by strain induced

precipitates, as solute drag mechanism is not strong enough

for this. 

The experimental determination of flow stress data from

torsion testing is relatively straightforward. The MFS for

each pass is determined from the area under the s–e curve

normalized by the strain as follows:

..........................(11)

On the other hand, several methods have been proposed

to calculate the mean flow stress as a function of composi-

tion and deformation parameters.48,49) One of these is the

Misaka equation,49) which has often been employed to spec-

ify the MFS for C–Mn steels during hot strip rolling. Based

on this equation a new modified Misaka equation that takes

into account the effect of different alloying elements, such

as Mn, Nb and Ti, was developed by Minami et al.50) This

relationship is displayed in Eq. (12).50) It introduces

strengthening factors for the different alloying elements

present in solution in the austenite.

.........................................(12)

MFS depends also on deformation parameters, i.e. the

amount of strain and strain-rate, both variables included in

Eq. (12). When deformation is retained in the austenite, this

must be taken into account for the calculations with the

modified Misaka equation. Here the accumulated strains

predicted by the microstructural model are introduced, in

this case for the deformation sequence shown in Fig. 10.

The mean flow stresses obtained from the experimental

stress-strain curves were plotted against the inverse ab-

solute temperature in Fig. 13. In the same chart MFS val-

ues, calculated using the modified Misaka equation, Eq.
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Fig. 12. Comparison of experimental measurements and model predictions for

austenite grain size distributions at C1, C3 and C6 quenching stages in

Fig. 10.

Fig. 13. Comparison between experimen-

tal mean flow stress values corre-

sponding to the schedule shown

in Fig. 10 and those predicted by

the model, plotted as function of

inverse absolute temperature.



(12) with the accumulated strain determined from Eq. (10),

are also included for comparison. The agreement between

both sets of values is fairly good. 

Therefore, it can be observed that the proposed model is

able to accurately predict the effect of the accumulation of

strain between passes on the mean flow stress, reflected by

the slope change after the third pass. Strain starts accumu-

lating after this pass, due to strain induced precipitation in

the unrecrystallized regions. Before the sixth pass, the unre-

crystallized fraction reaches 100% due to massive precipi-

tation.

5. Conclusions

(1) A model to predict the microstructural evolution

during hot rolling of coarse grain sized austenite has been

developed considering that post-dynamic softening can in-

volve static and metadynamic recrystallization mecha-

nisms, as well as the possible interaction of these softening

events with strain induced precipitation during interstand

intervals.

(2) The main particularity of the model is that it works

with austenite grain size distributions instead of mean grain

size values. It takes as input the initial austenite grain size

distribution and gives as outputs the size distributions of re-

crystallized and unrecrystallized grains present at the entry

of any rolling pass. This means accurate predictions about

possible heterogeneities present in the final austenite mi-

crostructure before transformation.

(3) The model has been implemented to obtain the

mean flow stress values corresponding to each deformation

pass, taking into account composition and deformation his-

tory. Such determined mean flow stress values are in very

good agreement with experimental ones, denoting that the

model is able to correctly predict the effect of the accumu-

lation of strain between passes on stress behavior.
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