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During the continuous-casting process, retarded cooling of the strand surface below oscillation
marks and surface depressions results in the formation of coarse austenite grains. These coarse
grains have proven to dramatically reduce the ductility of steel within the second ductility
trough, and thus increase the risk of surface crack formation. In addition to the thermal history
the composition of the steel, in particular the content of carbon and precipitation-forming
elements, plays a decisive role in the development of the austenite grain size. The present work
addresses the development and validation of an experimental and numerical model for pre-
dicting the austenite grain size in the continuous-casting process. In a first step, the previous
austenite grain size on the surface of slabs was determined by metallographic examinations for
several slabs with various carbon content. Next, a solidification experiment was adjusted in
order to simulate the cooling conditions in the mold of a slab caster, but also to suppress the
precipitation of nitrides and carbo-nitrides by subsequent accelerated cooling. Thus, it was
possible to study the influence of steel composition on austenite grain growth at temperatures
close to the solidus temperature, unaffected by precipitates. The results of both the plant and
laboratory experiments point to a maximum austenite grain size with a carbon content of
approximately 0.17 mass pct.

The parameters of a grain size prediction model were fitted to the results of the experiment.
The resultant model was coupled with a precipitation model and then applied to the slab casting
process. The measured and calculated grain size values at the surface and immediately below the
surface of the slabs agree very closely. The model was finally applied to calculate the grain
growth in the center of a virtual oscillation mark under simplified assumptions. Although only
the surface temperature in the mold diverges significantly from the original solution, the dif-
ference of the initial cooling conditions results in an increase of the final grain size by up to
40 pct.
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I. INTRODUCTION

THE formation of transverse surface cracks has been
a vital topic since the very early days of continuous
casting. Reviews on the numerous publications can be
found in references.[1–3] Based on the differentiation
between a first and second brittle temperature range for
steels at elevated temperature, the formation of trans-
verse cracks is commonly attributed to an overcritical
deformation in the second ductility trough. The second
ductility trough is caused by the formation of precipi-
tates, phases, or segregates along austenite grain bound-
aries. In addition to some alloying and microalloying
elements, process related factors, such as deep oscilla-
tion marks or surface depressions[4–6] on the strand
surface associated with coarse austenite grain size[7,8]

also worsen crack susceptibility.

The formation of transverse cracks may, however,
also result from the formation of subsurface internal
cracks below oscillation marks in or immediately below
the mold, and the further propagation of the crack to
the surface in the secondary cooling zone or during
straightening.[9,10] This mechanism is not yet fully
understood; the development of a laboratory simulation
experiment is the aim of ongoing research.[11]

The conventional method for the characterization of
the hot ductility of steel is the determination of the
reduction of area (RA, pct) from hot tensile tests. A low
RA indicates a higher crack susceptibility of the tested
steel grade at the testing temperature. Depending on the
testing conditions, a RA of more than 40 pct indicates a
low crack susceptibility.[3] However, the definition of a
clear deformation limit in order to prevent crack
formation is rather difficult. The RA can be converted
to strain-to-fracture or the critical strain ec by

ec ¼ ln
100

100�RA

� �
½1�

Assuming a critical RA of 40 pct, and inserting this
value in Eq. [1] results in a calculated critical strain of
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more than 50 pct. This is an unrealistic limit, since the
total surface strain will not exceed 5 pct under common
continuous-casting conditions.[6] Tensile tests on
notched specimen in order to simulate the effect of
oscillation marks yield a critical strain that falls below
10 pct depending on steel composition, the thermal
cycle before testing, and the depth of the notch.[4–6]

Transverse cracks will therefore most probably form on
the bottom of deep oscillation marks and surface
depressions.

Besides the notch effect and the associated stress
concentration on the bottom of the oscillation mark, the
reduced heat transfer in this area will result in the
formation of coarse austenite grains. An increasing
austenite grain size has a remarkable influence on the
ductility in the second ductility trough, since the specific
grain boundary area decreases while the precipitate
density increases.[12] Cracks may also propagate easier
by fewer sliding triple points[3] and the critical strain for
the onset of dynamic recrystallization increases.[13,14]

According to Mintz et al.,[3] the minimum RA in the
second ductility trough is reciprocal to the square root
of the austenite grain diameter with decreasing influence
of grain diameters above 300 lm. Other authors, like
Ohmori and Kunitake,[15] found the elongation to be
reciprocal to the grain diameter for grain diameters
above 100 lm.

Since the fundamental work of Yasumoto et al. and
Maehara et al.[4,16,17] the main influencing parameters
on austenite grain growth are known: steel composition,
the starting temperature for austenite grain growth,
and the cooling rate during and after solidification.
For cooling rates between 0.1 �C/s and 1.5 �C/s,
Miettinen[18] fitted the experimental results of Yasumoto
et al.[17] using the following equation:

�D ¼ 21�Tc � 3152� eT
�

1þ eT
�

" #
� 25; 088 ½2�

In Eq. [2], T c denotes the highest temperature of a

totally austenitic structure in �C, T
�
is the local cooling

rate of solidification in �C/s, and �D is the final austenite
grain size in lm. The influence of precipitation is
neglected. Under similar cooling conditions, the maxi-
mum grain size is thus found for a carbon equivalent of
0.17 mass pct, due to the highest temperature for a
totally austenitic structure in the Fe-C system.

Further data for austenite grain growth after solidi-
fication was derived in in-situ hot tensile tests by Deprez
et al.[5] This work underlines the importance of melting
the probe before cooling it down to the testing temper-
ature. This thermal cycle results in coarse austenite
grain, especially for steels with 0.15 and 0.2 mass pct C,
and a clearly lower RA in the ductility trough.

Schwerdtfeger et al.[19] addressed a combined exper-
imental and numerical simulation of austenite grain
growth. The numerical approach couples a grain growth
model proposed by Andersen and Grong[20] with an
Nb(C,N)-precipitation model,[21] in regard to the influ-
ence of deformation-induced precipitation. The maxi-
mum grain size is found for 0.17 mass pct C. The grain

growth model is coupled with a thermal model in order
to calculate grain growth under continuous-casting
conditions.
A recent work addresses the measurement of austenite

grain size on the surface of continuously-cast slabs for
typical high-strength structural steels.[22] Typical aver-
age values range from 400 to 800 lm at the surface and
from 600 to 1600 lm at the center of oscillation marks
(0.16 to 0.20 mass pct C steels).
The previous overview on literature focused on

regular grain growth, the influence of steel composition,
and the increase of the grain size by a reduced cooling
rate, e.g., in the center of oscillation marks. Besides the
regular grain growth, also abnormally large prior-
austenite grains may lead to the formation of surface
defects on the cast semi or in the subsequently rolled
product, as referred to in a recent publication by
Dippenaar et al.[23] The formation of these ‘‘blown
grains’’ with a diameter of up to several millimeters is
described as a mostly local phenomenon and attributed
to a high surface temperature and strain. The back-
ground behind the abnormal grain growth is not yet
fully understood. The consequence for the surface
quality of the product is in any way dramatic.
The general view of the influence of steel composition

on the austenite grain size is uniform; under similar
cooling conditions, a maximum has to be expected for a
carbon equivalent of around 0.17 mass pct, associated
with a minimum in ductility within the second ductility
trough. Precipitates are assumed to drag the grain
growth depending on volume fraction and radius of
particles and thus, depending on the content in precip-
itation-forming elements, the grade and rate of defor-
mation and the thermal history. However, precipitations
do not play as much of an important role for the
austenite grain growth in continuous casting as in the
subsequent reheating/rolling process. In continuous
casting, even the surface of a slab remains above the
temperature for nitride and carbo-nitride precipitation
for a relatively long time. During this period, the driving
force for grain growth is high, and the austenite grains
rapidly achieve diameters of several hundred microns.
These large grains grow much slower, additionally
retarded by the decreasing temperature and thus, the
decreasing driving force for grain growth. At typical
AlN equilibrium precipitation temperatures around
1100 �C the growth rate is already low and the influence
of the precipitations on the final austenite grain size is
small. In microalloyed steels, (Ti,Nb)(C,N) precipitates
form at higher temperature and may therefore be of
greater importance.
The present work first addresses the measurement of

austenite grain size in the near-surface region of slabs
with a carbon content between 0.15 and 0.53 mass pct,
cast at caster 5 of voestalpine Stahl in Linz. The
measured data serves as a benchmark for the develop-
ment of a laboratory simulation experiment and the
final validation of a numerical grain size prediction
model. The laboratory experiment allows the simulation
of the initial solidification under slab casting conditions
and the prevention of the precipitation of nitrides and
carbo-nitrides during subsequent cooling. The apparent

886—VOLUME 39B, DECEMBER 2008 METALLURGICAL AND MATERIALS TRANSACTIONS B



activation energy for grain growth was determined from
the results of the experiment, assuming a linear depen-
dency on carbon content. The grain size prediction
model was finally coupled with a precipitation model
and used to calculate the austenite grain size at the
surface of continuously-cast slabs. The comparison of
the calculated and measured values points to the validity
of the model over a wide range of steel compositions.

II. GRAIN SIZE MEASUREMENT
ON CONTINUOUSLY-CAST SLABS

A set of eight slabs was selected for the metallo-
graphic examination, for composition and measured
grain diameter see Table I. The equivalent carbon
content cp is calculated using a simplified form of the
formula proposed by Howe:[24]

cp ¼ mass pct C� 0:14�mass pct Siþ 0:04�mass pct Mn

½3�

Slabs A, B, C, D, and F were cast at a casting speed of
1.2 m/min, slab E with 1 m/min, and slabs G and H
with 0.9 m/min. Slabs G and H were cast with a
thickness of 285 mm, and slabs A through F with
215 mm.

For every slab, an 18 9 70 mm2 area, parallel to the
surface and 400 mm off the corner, was ground, polished,
and etched. In order to not only derive the mean grain
size, but also the grain size distribution, the selected grain
size measurement method differs from the methods
described in the well-known standards (ASTM E112 or
DIN EN ISO 643). A number of at least 200 grains was
marked by hand on every micrograph in a digital image
analysis system. The number and area of the grains was
then automatically determined. The parameters for the
statistic distribution as well as the average value were
finally calculated by statistics software. This procedure
was repeated in steps of 10 mm, starting from the surface
and ending in the middle of the slab, or in a position
where the austenite grain size could no longer be detected.
Figure 1 shows as an example two micrographs with

prior-austenite grains in a distance of 10 and 90 mm
from the slab surface for slab A. In order improve the
contrast, the pro-eutectoid cementite along the prior-
austenite grains has been additionally highlighted. The
coarsening of the grains with increasing distance from
the surface is clearly visible and the average grain
diameter amounts to 1.78 and 3.24 mm, respectively.
Development of a suitable etching technique in order

to reveal the former austenite grain boundaries turned
out to be a complex problem. It was not possible to
reveal the structure at the surface of steels with less then

Table I. Chemical Composition of Steels and the Measured Mean Grain Diameter

Slab

Steel Composition, in Mass Pct
Mean Grain

Diameter (mm)

C Si Mn Al Nb Ti N cp �D0
�D10

A 0.168 0.21 1.50 0.032 0.001 0.002 0.0033 0.20 0.98 1.78
B 0.185 0.22 0.69 0.036 0.001 0.002 0.0080 0.18 0.71 1.65
C 0.530 0.24 0.86 0.042 0.002 0.005 0.0050 0.53 0.58 0.66
D 0.210 0.22 1.45 0.047 0.001 0.003 0.0036 0.24 0.84 1.52
E 0.152 0.02 1.09 0.039 0.001 0.001 0.0070 0.19 — 1.49
F 0.210 0.19 1.54 0.048 0.003 0.002 0.0060 0.25 — 1.57
G 0.171 0.44 1.54 0.039 0.022 0.004 0.0038 0.17 0.59 1.79
H 0.174 0.16 1.47 0.031 0.028 0.001 0.0028 0.21 — 1.76

Fig. 1—Austenite grain size at two different distances from the slab surface for slab A with 0.17 mass pct C (etchant: ammonium persulfate)
with traced grains.
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0.1 mass pct carbon and also for the slabs E, F, and H
clearly enough to measure more than 200 grains. The
respective values are therefore not displayed in Table I.
The results of the etching experiments and the grain size
measurement method will be described in detail in a
separate publication.[25] Assuming round grains, the
diameter of the grain is calculated from the mean grain
area, A, with D ¼ 2 �

ffiffiffiffiffiffiffiffiffi
A=p

p
. Table I gives the mean

grain diameter at the surface �D0 and in a distance of
10 mm below the surface �D10.

Figure 2 gives an example of the grain size distribu-
tion near the surface for slabs A and C. The measured
grain size fits with a lognormal distribution.[26] The
average grain diameter �D0 is 0.98 mm for steel A and
0.58 mm for steel C. The average final grain size will be
used for further correlations with the influencing vari-
ables on grain growth. The grain size distribution serves
as an additional benchmark for the results of the
laboratory experiment.

Figure 3 shows the average grain diameter vs equiv-
alent carbon content. A maximum of the austenite grain

size around 0.2 mass pct can be assumed, but the
influence of the steel composition is superimposed by
different cooling conditions, resulting from the grade-
specific secondary cooling strategy. These uncertainties
are the main reason for simulating the austenite grain
growth under more controlled conditions in the labora-
tory scale. The development of this experiment will be
discussed in detail in Section III.

III. EXPERIMENTAL SIMULATION
OF AUSTENITE GRAIN GROWTH UNDER
CONTINUOUS-CASTING CONDITIONS

As mentioned previously, the steel composition and
the thermal cycle are the most relevant parameters
determining the austenite grain size in the continuous-
casting process. The cooling of the strand surface in the
slab casting process is characterized by a relatively high
heat extraction in the mold, a recurrent change of
contact with water sprays, rolls and atmosphere within
the secondary cooling zone, and finally, the heat transfer
through radiation during further cooling.
It was not the aim of the present experiment to

reproduce the surface temperature along the whole
length of the slab in the casting machine. In fact, only
the initial solidification and subsequent cooling of the
strand surface in the mold of a casting machine should
have been simulated. The subsequent accelerated cooling
of the specimen prevented the precipitation of nitrides at
higher temperatures. The Submerged Split Chill Tensile
(SSCT)-test principle[27–29] was adopted for the experi-
ments. Thereby, a coated cylindrical steel substrate is
submerged into liquid steel in an induction furnace. The
liquid steel solidifies at the surface of the substrate. The
thickness of the ceramic coating controls the heat transfer
between the solidifying shell and the substrate. The
microstructure of the shell is columnar and the charac-
teristic microstructure parameters, primary and second-
ary dendrite spacing, correspond to those in a slab,
bloom, or billet.[30]

After a dwell time of 30 seconds, shell and substrate
are removed from the melt (Figure 4). The thickness of
the shell amounts to between 12 and 14 mm at that time.
After cooling in the atmosphere to room temperature,
the solidified shell is cut into 16 pieces. Each of these
pieces is prepared for metallographic examination and
the austenite grain size is determined with the method
described.
The accurate control of the thermal conditions during

the test is an important prerequisite for the analysis of the
results. For this purpose, two thermocouples are clamped
at a specified distance from the surface of the substrate in
order to measure the temperature increase. Another
thermocouple is positioned inside the solidifying shell.
The measured temperatures serve as input data for an
inverse thermal model.[30] A typical calculated cooling
curve for the shell at the interface with the substrate for
cooling in air is shown in Figure 5. The precipitation of
AlN at temperatures above 900 �C is unlikely, even for
the highest Al content of all experiments (0.059 mass pct)
and a nitrogen content of 0.006 mass pct.

Fig. 2—Grain size distribution at the surface for slabs A and C.

Fig. 3—Average grain diameter at the surface �D0 and 10 mm below
the surface. �D10 vs equivalent carbon content cp for slabs in Table I.
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The actual work presents the results of two tests series:
the first with a carbon content of between 0.15 and
0.4 mass pct C and a Mn content with between
0.30 and 0.38 mass pct, and the second with between
0.05 and 0.70 mass pct C and between 1.04 and
1.88 mass pct Mn. The composition of these steels,
combined with the calculated equivalent carbon content
cp and the measured mean grain diameter in 1-mm
distance from the surface, �D1 in mm, are given in
Table II. This distance from the surface was selected for
the austenite grain size measurement because it proved to

be the closest distance to the surface, where 200 grains
could be measured for all experiments. The control of the
thermal conditions during the experiment is ensured by
the thermal model and the measured temperature at
1-mm distance from the surface. The mechanism of grain
growth is supposed to be the same as at the surface.
The target Al content was 0.03 mass pct for all

experiments, the highest Al content is 0.059 mass pct.
The N content is typically 0.006 mass pct and T c

denotes the highest temperature of a totally austenitic
structure in degrees Celsius, calculated using the soft-
ware package InterDendritic Solidification (IDS, TKK
Laboratory of Metallurgy, Helsinki University of Tech-
nology, Espoo, Finland). Figure 6 compares the grain
size distribution at the surface of slab D with the grain
size distribution 1 mm below the surface for test B6. For
both steels cp is 0.21 mass pct. The good correlation of
the characteristic of the grain size distribution is evident.
The perfect coincidence of the average grain size,

Fig. 4—Test body with thermocouples and solidifying shell.

Fig. 5—Temperature of shell at interface with substrate as a func-
tion of time for the experiment with subsequent cooling in air and
time-temperature-precipitation diagram for steel with 0.059 mass pct
Al and 0.006 mass pct N.

Table II. Chemical Composition, Measured Grain Diameter,

and T c for the Experiments

Test
C

(Mass Pct)
Si

(Mass Pct)
Mn

(Mass Pct)
cp

(Mass Pct)

�D1

(mm)
T c

(�C)

A1 0.15 0.21 0.31 0.13 1.29 1470
A2 0.15 0.21 0.30 0.13 1.31 1460
A3 0.45 0.18 0.30 0.44 0.54 1416
A4 0.37 0.19 0.38 0.36 0.55 1433
A5 0.40 0.19 0.32 0.39 0.64 1428
B1 0.05 0.25 1.44 0.07 0.68 1432
B2 0.10 0.26 1.46 0.12 0.99 1453
B3 0.20 0.26 1.45 0.22 0.80 1452
B4 0.51 0.27 1.45 0.53 0.44 1391
B5 0.15 0.21 1.04 0.16 1.29 1468
B6 0.16 0.22 1.88 0.20 0.99 1434
B7 0.08 0.30 1.36 0.09 1.03 1474
B8 0.12 0.28 1.34 0.13 1.11 1460
B9 0.51 0.29 1.28 0.52 0.40 1391
B10 0.70 0.25 1.34 0.72 0.38 1358

Fig. 6—Grain size distribution at surface of slab A compared with
grain size distribution in 1-mm distance from the surface for test B6,
both with an equivalent carbon content of 0.21 mass pct.
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0.99 mm for B6 ( �D1) and 0.98 mm for slab A ( �D0),
might be capable of being misunderstood. It is not the
aim of the experiment to simulate the final austenite
grain size at the surface of a slab, however different
cooling cycles together with pinning effects of particles
in continuous casting might result in the same final grain
size.

Figure 7 illustrates the influence of the equivalent
carbon content on �D1 for all tests. The results show the
expected maximum between a cp of 0.15 and 0.17 mass
pct. The influence of the steel composition is remark-
able; under identical cooling conditions, the final aver-
age austenite grain diameter varies by a factor of more
than 3. The influence of Mn on the grain size seems to be
well explained by its consideration in the calculation of
the equivalent carbon content. The measured values are
in a similar range as the measured grain size on the slab
surface.

IV. GRAIN SIZE PREDICTION MODEL

Andersen and Grong[20] proposed the following sim-
ple differential equation, which describes the variation in
the average grain size �D with time t and temperature T
(in Kelvin) in the presence of pinning precipitates:

d �D

dt
¼M�0�e �

Qapp
R�Tð Þ� 1

�D
� 1

k
�qp

� � 1
n�1ð Þ

½4�

In this formula, M0
* denotes a kinetic constant that

describes the grain boundary mobility in m2 s-1, Qapp

is the apparent activation energy for grain growth in
J/mol, and R is the gas constant (8.3145 J/mol K). The
driving force for grain growth is reciprocal to the actual
grain diameter �D. This driving force is counteracted by
a pinning force, exerted by precipitations on the
boundary. The term k

qp
represents the maximum grain

diameter under normal grain growth conditions, the
so-called Zener limit.[31] The calculation of qp will be

described in the subsequent section. The time exponent
n is a measure of the resistance to grain boundary
motion in the presence of impurities and alloying
elements in solution.[20] According to an analysis of
grain growth data, n is always less than or at most
equal to 0.5.[32]

The present experiments were all performed under
similar cooling conditions and were not interrupted after
a specified time to investigate the time development of
the grain size. Thus, the results give only information
about the final grain size and not about grain growth.
Some initial values for the parameters in Eq. [4] were
therefore determined from the analysis of grain growth
experiments on two plain carbon steels.[33] The M0

* was
assumed with 4Æ10-3 m2 s-1[19] and Qapp and qp were
used as fitting parameters; Qapp as a steel grade specific
constant, and qp as dependant on temperature and steel
grade but constant in time. The effect of precipitation or
dissolution kinetics was thus neglected. Under these
assumptions, a sufficient correspondence of the charac-
teristic of the measured and calculated grain size
resulted for a constant and steel grade independent time
exponent of 0.5.
For a 0.17 mass pct C, Al-killed plain carbon steel,

and holding temperatures of between 1050 �C and
1150 �C, Qapp was determined with 180.2 kJ/mol. For
a 0.78 mass pct carbon steel and holding temperatures
of between 1000 �C and 1100 �C, the best fit for Qapp is
208.8 kJ/mol. A decreasing driving force for grain
boundary movement with increasing carbon content
was also found by other authors.[34]

Adopting the time exponent 0.5 and disregarding the
influence of precipitates leads to the following simplified
form of Eq. [4]:

d �D

dt
¼M�0�e

�Qapp
RTð Þ� 1

�D

� �
½5�

As the local temperature during the solidification
experiment is not a simple time-dependant function,
Eq. [5] has to be solved numerically for the calculated
temperature evolution displayed in Figure 6:

�Dðtþ DtÞ ¼ �DðtÞ þM�0�e
�2Qapp

RðTiþTiþ1Þ

� �
� 1

�DðtÞ

� �
�Dt ½6�

For the analysis of the experimental results, the final
mean grain size is compared with the measured grain
size. The activation energy Qapp serves as fitting param-
eter. The initial grain size is in the range of a primary
dendrite arm spacing,[35] for the present experiment
constant 100 lm. The highest temperature for a totally
austenitic structure T c is used as the start temperature
for grain growth (Table II). The calculation procedure is
stopped when the temperature falls below the Ar3
temperature.
Figure 8 presents the calculated Qapp values vs carbon

content for the steels in Table II, together with the Qapp

values from the analysis of the isothermal grain growth
experiments. Assuming a linear increase of Qapp with the
carbon content results in the following empirical rela-
tionship (for C> 0.1 mass pct):

Fig. 7—Average grain size �D0 for all slabs and �D1 for all laboratory
tests vs equivalent carbon content.
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Qapp ¼ 167; 686þ 40; 562�ðmass pct cpÞ ½7�

The calculated vs measured austenite grain size is
plotted in Figure 9 using full symbols for the steels in
Table II. The correspondence over a wide range of
carbon contents is apparent. Only the highest grain size
values seem to be underestimated in evidence.

Taking the approach from Eq. [2], assuming the initial
cooling rate to be 10 �C/s and fitting the first and last
constant to the measured results yields the following
equation:

�D ¼ 9:1�Tc � 3152� eT
�

1þ eT
�

" #
� 9044 ½8�

The resultant final austenite grain size is plotted in
open symbols in Figure 9. It can be seen that the
predicted and measured values also closely agree. The
difference between the original constants and the newly

fitted values might be attributed to the different exper-
imental conditions; the original values were valid for
cooling rates between 0.5 �C/s and 1.5 �C/s, which is
quite far below the cooling rates in this experiment.
However, the deviation points also to an underestima-
tion of the influence of the cooling rate on the final grain
size. The validity of Eq. [8] is therefore limited to initial
cooling rates of around 10 �C/s.

V. PRECIPITATION CALCULATIONS

As already pointed out, the pinning effect of precip-
itates was deliberately minimized during the solidifica-
tion experiment by relatively high cooling rates. This
afforded the advantage that the activation energy was
determined without uncertainties about the accuracy of
the calculation of particle fractions and particle radii. By
the same token, however, the relevance of this simplified
model for continuous-casting conditions appears lim-
ited. Therefore, a precipitation model was coupled with
the austenite grain growth model.
The term 1

k �qp inEq. [4] includes the retardation of grain
growth by particles. The Zener coefficient k describes the
pinning efficiency of the precipitates and is, according to
the original Zener model, assumed to be 4/3.[31] Accord-
ing to Eq. [9], qp, the pinning force parameter in m-1,
represents the fraction f/r integrated over all classes of
precipitates, where f is the volume fraction and r the
radius of the precipitates.[19] The volume fraction of every
class of particles is the number of particlesN, nucleated at
time s, times the actual volume of the particles nucleated
at time s, per volume of the system. The actual radius of
the particles nucleated at time s is r(t, s).

qpðtÞ ¼
f

r
¼
Z t

0

fðt; sÞ
rðt; sÞds ½9�

Overall, the actual procedure for the calculation of
qp follows the method applied by Schwerdtfeger
et al.,[19] except that besides Nb(C,N) precipitates,
AlN precipitations are also considered and that defor-
mation induced precipitations are disregarded.
According to the precipitation reaction of AlN,

½Al� þ ½N� $ ðAlNÞ ½10�

the free energy of formation, DGAlN in J/mol, is given
by

DGAlN ¼ DG0;AlN �R�T� lnKAlN;c ½11�

with R being the gas constant (8.3145 J/mol K) and
an equilibrium solubility product of AlN in austenitic
iron of[36]

logKAlN;c ¼ log½pct Al��½pct N� ¼ � 6770

T
þ 1:03 ½12�

and the standard Gibbs energy of formation DG0,AlN

in J/mol,[35]

DG0;AlN ¼ �129; 610þ 19:72�T ½13�

Fig. 8—Apparent activation energy for grain growth vs carbon con-
tent for all experiments with linear regression.

Fig. 9—Austenite grain size from prediction model (Eq. [6]) and
Eq. [8] vs measured average austenite grain size for laboratory tests.
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The free energy of nucleation is given by

DGcrit ¼
16p
3
� r3

DG2
AlN

�V2
AlN ½14�

where r, the specific interface energy between the matrix
and the AlN precipitate, is assumed to be 0.2 J/m2.[37]

The molar volume of austenite VAlN is 1.26Æ10-5

m3Æmol-1.[19]

Under the assumption of thermodynamic equilibrium
at the interface between steel and particle and in
consideration of the fact that the diffusion coefficient
of Al is much smaller compared to the one of N, the
growth of a particle with radius r(t) (in meters) during Dt
can be calculated by

rðtþ DtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rðtÞ2 þ 2DAl�

½pct Al�ðtÞ � ½pct Al�e
100�MAl

qFe�Vc
� ½pct Al�e

 !
�Dt

vuut

½15�

In Eq. [15], [pct Al](t) denotes the actual Al concen-
tration in the matrix. The effective diffusion coefficient
of Al in austenite is given by

DAlðTÞ ¼ D0;Al�e
�QD;Al

R�T ½16�

with D0,Al being 1.8Æ10-4 m2Æs-1 and QD,Al being
228,200 J/mol.[37] The equilibrium Al concentration at
the interface between the matrix and precipitate is cal-
culated using

½pct Al�e ¼
KAlN;c

½pct N�1
½17�

The nucleation rate per volume dNðtÞ
dt is calculated

from

dNðtÞ
dt
¼ N0�DAlðTÞ�½pct Al�1�e

DGcrit
kB �T ½18�

where N0 denotes a factor that is proportional to the
density of nucleation sites andwhereN0 is commonlyused
as a fitting parameter in order to adjust the precipitation
model to, for example, the results of hot tensile tests.[19,39]

The present work assumes N0 with 3.25Æ1025 m-5
. The

Boltzmann constant kB is 1.38Æ10-23 J/K.
The qp is given by the particle volume fraction f

divided by the radius r(t,s). The particle volume fraction
at time t, is then given by the sum of the actual volume
of each particle, nucleated at time s multiplied by the
number of particles, nucleated at time s:

qpðtÞ ¼
4p
3
�
Xs¼t
s¼0

rðt; sÞ2�Nðt; sÞ ½19�

The prediction of the precipitation of Nb(C,N)
follows the same procedure, all parameters were taken
from Reference 19 without any adjustment. The total
pinning force parameter is assumed to be the sum of the
pinning force of the precipitated AlN and the precipi-
tated Nb(C,N).

The precipitated volume fraction X is the ratio
between the actual particle volume fraction and the
particle volume fraction under assumption of thermo-
dynamic equilibrium at the present temperature. Under
isothermal conditions, X amounts to a value of less or
equal 1 when the system is under equilibrium. Under
continuous-casting conditions, the permanent tempera-
ture fluctuations at the strand surface may also result in
a precipitated volume fraction that exceeds 1.

X ¼ fðtÞ
feðtÞ

½20�

Figure 10 shows an example of the application of the
simple AlN-precipitation model to the continuous-
casting process. On the basis of the typical calculated
surface temperature for a slab casting machine (casting
speed 1 m/min),[38] X was calculated, assuming a con-
stant Al content of 0.047 mass pct (according to slab D)
and varying the N content between 0.004 and
0.008 mass pct. The difference is remarkable; for the
highest N content, X amounts to 0.3, whereas in the case
of a low N content the precipitated fraction of AlN is
one order of magnitude lower.
Figure 11 shows the resultant influence of the AlN

precipitation on austenite grain growth, applying the
model and parameters developed from the laboratory
experiments. The grain growth is assumed to stop as
soon as 3/4qp exceeds the increment of the grain
diameter, according to the Zener model. The time up
to the total pinning of the grain boundaries is 18 min-
utes for steel with a low N content, corresponding to a
final mean grain size of 0.72 mm. In the case of the
0.008 mass N steel, grain growth stops after only
5 minutes corresponding to a final austenite grain size
of only 0.53 mm.
The previously described results have been calculated

based on a cooling curve that is typical for low casting
speed and relatively intensive secondary cooling. Under
these conditions, the first few minutes or even fractions
of a minute of cooling are decisive for the final grain
size, since the grain boundary mobility is already very
limited below the mold. If the surface temperature in the

Fig. 10—Temperature on surface of a slab vs time in casting
machine, combined with precipitated volume fraction of AlN for
different N content.
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secondary cooling zone is generally on a higher level,
which is possible for a higher casting speed or a reduced
secondary cooling intensity, the grain boundary mobil-
ity also remains high. The grain growth will continue
until the end of the secondary cooling zone or until the
pinning effect of precipitations retards the grain growth.
This depends on the content of nitride and carbo-nitride
forming elements. Thus, the influence of precipitations
on the final austenite grain size might be even more
important.

VI. VALIDATION OF THE COUPLED
AUSTENITE GRAIN SIZE PREDICTION MODEL

The parameters in the austenite grain growth model
have been fitted to the results of the laboratory
experiments, indicating the validity of the general
assumptions. The validation of a precipitation model
by experiments would be much more complex and go far
beyond the scope of this work. The parameters in the
precipitation model, namely, the factor N0 in Eq. [18],
were therefore adjusted in order to fit the results of
precipitation models in other publications[39] or adopted
from other publications.[19] The reliability of the results
proved to be sufficient to represent the influence of
pinning forces on the austenite grain growth under
continuous-casting conditions.

The grain size prediction model was used finally to
calculate the grain growth for the slabs in Table I and
the results are summarized in Figure 12. The open
symbols represent the results without taking precipita-
tion into consideration. The good correspondence to the
measured results is obvious. Nevertheless, the consider-
ation of AlN and Nb(C,N) precipitation in the model
permits further improvement, particularly at the surface.
In increasing distances from the surface, the volume
elements remain at temperatures above the precipitation
temperature for a longer time. The grains achieve large
diameters and therefore already grow very slow, before
precipitations retard the grain growth.

The initial cooling of the surface in the mold is
comparably higher. During the subsequent secondary
cooling, it is meaningful to hold the surface temperature
as long as possible above the precipitation temperature
in order to go out of the second ductility trough, and
thus to prevent the formation of surface cracks. There-
fore, the decrease in the prior-austenite grain size at the
surface caused by the retardation of grain growth due to
precipitations is also rather low (<30 pct). However, it
seems necessary to note that any variation of the cooling
strategy or the casting speed might completely change
the situation and make the nitride and carbo-nitride
precipitations an important factor for the final austenite
grain size.
The retarded local cooling of the strand surface on the

bottom of an oscillation mark is an illustrative example
of the influence of the initial cooling conditions on the
final austenite grain size. The calculation of the surface
temperature on the bottom of an oscillation mark is
based on the assumption of reduced local heat flux in the
mold. According to literature, a reduction of the heat
flux by between 20 and 30 pct seems realistic, depending
on the depth of the oscillation mark.[40] The heat
transfer in the secondary cooling zone remains unmod-
ified. Significant changes in the surface temperature can
therefore only be observed in the mold, which can be
seen in Figure 13, for the example from Figure 9 and a
reduced heat flux in the mold qm by 20 and 30 pct,
respectively. The influence of the marginal temperature
differences is remarkable. The final austenite grain size
increases from 0.72 to 0.93 and 1.03 mm. This ratio
between the grain size in the middle of oscillation marks
and the surrounding area amounts to 40 pct and more,
which would agree very well with the results of
metallographic examinations on slab surfaces.[22]

VII. CONCLUSIONS

The present work deals with measurement of austenite
grain size on slabs and specimens from laboratory

Fig. 12—Calculated austenite grain size vs measured grain size for
experiments in Table I.

Fig. 11—Calculated austenite grain growth vs time for surface tem-
perature in Figure 10 and influence of pinning particles on final
grain size.
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experiments, as well as the adjustment of parameters in
a grain size prediction model for the continuous-casting
process.

The measured austenite grain size and grain size
distribution on the surface of slabs was the basis for
the development of a solidification experiment. This
experiment allows the laboratory simulation of initial
solidification under conditions close to the continuous-
casting process, but restrained precipitation of nitrides
and carbo-nitrides. The apparent activation energy for
grain growth Qapp served as fitting parameter in order to
adjust the measured grain size to the results of the
experiments. The following correlation between Qapp

and the carbon content within the range of the steel
composition in the experiment (0.05 to 0.70 mass pct C)
was derived:

Qapp ¼ 167; 686þ 40; 562�ðmass pct CÞ

The grain size prediction model allows an accurate
description of the experimental results. A clear maxi-
mum of the final grain size was found for an equivalent
carbon content of between 0.15 and 0.17 mass pct,
according to the results of other authors.[4,5,19]

In order to apply the model to the continuous-casting
process, the consideration of retardation of grain
growth by pinning forces seemed to be essential.
Therefore, an AlN and Nb(C,N)-precipitation model
from literature[19] was implemented into the grain
growth model. The simulation of grain growth at the
strand surface and the subsequent comparison of
calculated and measured average grain size proved the
validity of the model over a wide range of steel
compositions. Thereby, the influence of precipitates on
the final grain size depends on the surface temperature
and the content in microalloying elements. Under the
given process conditions and steel compositions, pre-
cipitates reduce the final austenite grain size by between
1 and 30 pct. Considering the uncertainties in the
measurement of the austenite grain size, these differ-
ences seem marginal. In any case, the consideration of
pinning forces improves the results and for higher
casting speed or soft cooling conditions with a generally

higher level of surface temperature, the influence of
precipitations becomes more important.
The example of retarded cooling of the strand surface

in the center of an oscillation mark realized by the
reduction of the heat flux in the mold by 20 and 30 pct,
illustrates the importance of the initial cooling for the
final austenite grain size. These simplified assumptions
lead to an increase of the final austenite grain size by
more than 40 pct.
The presented prediction model proved to be a

valuable tool for the simulation of grain growth under
continuous-casting conditions. Further work will be
addressed to consider other precipitations, such as (Ti,
Nb)(C,N), and the validation for other conventional
casting processes, namely, bloom and billet casting.
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