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A numerical model that estimates the interdendritic segregation during the solidification of multicomponent low alloyed steels is presented.
Some special features related to the solidification of these steels, like peritectic reaction, dendrite arm coarsening and inclusion precipita-
tion, are taken into account by the model. Model results were extensively compared with experimental data published in the literature. In
general, a good agreement between calculated and measured results was verified. Furthermore, the model was used to investigate the ef-
fect of steel composition on cracking tendency. Results showed that an increment of phosphorus and carbon content extends the solidifica-
tion time in the vulnerable period, which may increase the risk of internal defects. Additionally, a peak contraction is observed for steels with
carbon content around 0.10 %, which is in agreement with the lower mould heat transfer and higher surface defect index observed for these

steels in plant data.
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Introduction

Solute elements normally segregate in the interdendritic
liquid during alloy solidification, promoting local variations
in the material composition. This short-range composition
change (usually known as ‘microsegregation”) modifies the
temperature range where solidification occurs and can af-

.fect the quality of cast products. Furthermore, the segrega-
tion pattern originating during solidification may not be
completely eliminated in subsequent operations, affecting
the properties of the final product.

Mathematical models of different degrees of complexity
and sophistication have been developed in the last years to
evaluate the microsegregation of alloys [1]. Some of these
models have been used to analyse the solidification of mul-
ticomponent steels, including specific features in their for-
mulation, like the evolution of peritectic reaction [2-10], the
coarsening of dendritic arms [5,7,10], the precipitation of
manganese sulphides inclusions in the interdendritic liquid
[3-5,7-9,11], the solute homogenization [3] and the thermal
contraction after solidification [9,12]. In the present work, a
mathematical model was developed to predict solute redis-
tribution during the solidification and subsequent cooling of
low alloyed steels that includes all the above mentioned fea-
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Figure 1. Definition of elemental volume between dendrite arms.
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tures. Model results were compared with abundant experi-
mental data published in the literature. Additionally, calcu-
lations were performed to investigate the effect of steel
composition on the cracking tendency during solidification.

Model Development

When steels are solidified under regular industrial condi-
tions, fully dendritic structures are normally developed. Un-
der this condition, the microsegregation patterns developed
during solidification can be assessed by describing the
change in composition along a line crossing secondary den-
drite arms. The model developed in this study calculates the
evolution of the chemical composition within an elemental
volume located between two neighbouring secondary den-
drite arms, as originally proposed by Brody and Flemings
[13], see Figure 1. As the solidification progresses, the sol-
id-liquid interface moves from the side of the elemental vol-
ume laying at the dendrite axis, to the opposite. This model
was initially used by Schwerdtfeger [11] to evaluate the mi-
crosegregation during steel solidification. Thereafter, the
model has been extensively used by other researchers. As
shown below, in the present case the model has been slight-
ly medified to incorporate the dendrite arm coarsening, as
suggested by Kirkwood [14-15].

The following assumptions are made in the model: (a)
dendrite arms are platelike and symmetrical, (b) liquid is
fully mixed at all times, (c) both the solid-liquid and the
austenite-ferrite interfaces are at thermodynamic equilibri-
um, (d) liquid and solid density are equal and macrosegre-
gation effects are ignored, (e) liquid undercooling is neg-
lected, (f) the solid-liquid interface moves with a given law
and the time required to complete the solidification (local
solidification time) is known.

As complete mixing is assumed in the interdendritic lig-
uid, there are no solute gradients in the liquid phase. On the
other hand, solute distribution in the solid phase is con-
trolled by diffusion. Therefore, the change in concentration
(C) as a function of time (¢) and distance from the dendrite
arm axis (x) can be calculated by solving the second Fick’s
equation.
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Equation (1) has to be solved for each component in a do-
main with moving boundaries. As shown in pioneer papers
[2,16], numerical methods are useful for the resolution of
this type of problems. In the present work, an implicit finite
difference scheme [17] was used to solve the former equa-
tion for each component. The elemental volume shown in
Figure 1 is divided into a fixed number of nodes along the
x axis. In each step, the position of the solid-liquid interface
is moving one node forward. The time interval is updated in
each step in order to fit with the prescribed growth law.

In the former equation, C ¥ is the concentration of solute i
in the solid phase, and D{ is the diffusion coefficient of i in
the phase p of iron. In low alloyed steels, p can be austenite
(y) or ferrite (8). The dependence of the diffusion coeffi-
cient with temperature can be expressed as follows:

D! = Db, - exp(— Q7 /RT) )

Data of the pre-exponential term (D¥) and the activation
energy (Q°) for different solutes (C, Mn, Si, P, S, Cr, Mo
and Ni) in ferrite and austenite were collected from several
sources [3,6,10,18-21]. The values used in the calculations
are listed in Table 1.

Due to the symmetry assumed in the dendrites morpholo-
gy, the concentration gradient at the dendrite axis is zero,
therefore the following boundary condition can be defined
for every component:

(8C?fox) _, =0 3)

Taking into account that dendrite arms coarsen during so-
lidification [22], mass balances at the moving solid-liquid
interface lead to the second set of boundary conditions [14-
15]:

CF(1—k)dx =Dl (3C /ox) _, dt »
+ (- X)dC} + (C} — CP)da )

Where C? and d are the initial and liquid concentration
of component i, X is the position of the solid-liquid inter-
face, A is the instantaneous dendrite arm spacing and & is
the solid-liquid partition coefficient, see Table 1.

Different investigations [22-23] have shown that the rate
of secondary dendrite arm coarsening is a function of the
time elapsed in the solid-liquid region. Fitting the results of
experimental data published in the literature [24] for steels
solidified at different cooling rates, the following expres-
sion was obtained:

A =26.1-1°% ©)
In general, linear or parabolic growth laws have been pro-

posed in microsegregation models [5,8,13,25]. In this case,
a more general dependency has been considered:

(X/AF) = (t/15)" (6)
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Table 1. Distribution and diffusion coefficients of solute elements
[3,6,10,18-21].

Element | &% | Do?10* | 0°10° | #™ | Do' 10 | 0" 10°
(m?*/s) (J/mol) (m?/s) (J/mol)

C 0.196 | 0.0127 0.811 | 0353 | 0.150 1.428
Mn 0.760 0.76 2253 | 0.780 | 0.055 2.503
Si 0.77 8.00 2500 | 0520 | 0300 2524

P 0.23 2.90 2310 | 0130 | 0.010 1.835

s 0.050 4.56 2155 | 0.035 | 2.400 2243
Cr 0.91 2.40 2398 | 0.76 0.001 2.190
Mo 0.74 3.47 2414 | 0.60 0.068 2.469
Ni 0.79 1.60 2400 | 0.90 0.340 | 2.824

Where A” is the final dendrite arm spacing and s is the lo-
cal solidification time. Combining equations (5) and (6), the
evolution of the solid fraction (f;) with the time can be cal-
culated as follows:

fs=(X/x) = (t/1s)"*® @)

For all the calculations shown below, a linear variation of
the solid-liquid interface position was adopted (n=1). In this
way, the solid fraction grows with an exponent of 0.62,
which is intermediate between the linear and parabolic
laws.

In some applications, the average cooling rate (instead of
ts) can be specified. In such cases, the developed program
iteratively changes 7s until the calculated average cooling
rate (T4y) approaches the proposed value.

Trig — Tsal

s 8

Tay =

Where Ty, and Ty, are the liquidus and solidus tempera-
tures calculated by the model.

As solidification progresses, the equilibrium temperature
changes and, consequently, the diffusion coefficients have
to be updated. In the case of binary systems, the equilibri-
um temperature at the solid-liquid interface can be evaluat-
ed directly from phase diagrams. However, for multicom-
ponent systems, computation of this temperature is more
complex. Different approaches have been adopted in the lit-
erature to estimate the solid-liquid equilibrium temperature.
The simplest and most often used method [3,5,8-9] calcu-
lates the contribution of each solute component assuming a
linear relationship between the solute concentration in the
liquid phase and the temperature drop. In other cases, a
more fundamental approach has been used {4,6,12]. As the
present model aims to evaluate the segregation in low al-
loyed steels, the multicomponent Roultian solution approx-
imation proposed by Kobayashi et al. [6] was adopted to
calculate the equilibrium temperature at the solid-liquid in-
terface:
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Where T}, is a reference temperature, AH; is the latent
heat of transformation and R the universal constant of gas-
es.
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Figure 2. Calculated solid fraction (8 and y phases) as a function of

temperature for the steel composition and cooling rate shown in
Table 2.
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Figure 3. Evolution of solute segregation in liquid phase as solidi-
fication progresses for the steel composition and cooling rate shown
/in Table 2.
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Figure 4. Effect of cooling rate on secondary dendrite arm spacing
and solidus temperature with and without dendrite arm coarsening
for the steel composition shown in Table 2.
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In low and medium carbon steels, solidification can start
in ferrite (8) and finish in austenite (y). Therefore, a peri-
tectic transformation takes place during solidification. As
the thermodynamic properties of solid phase (like diffusion
and partition coefficients) are different for both crystalline
structures, the model has to incorporate this reaction. The
temperature at which the transformation starts was also cal-
culated using the approach suggested by Kobayashi et al.
[6], by an equation similar to (9). The position of the /6 in-
terface is tracked using a similar procedure to that devel-
oped by Ueshima et al [3]. In this way, the proportion of each
phase can be computed during the solidification process.

Segregation in the liquid phase can be affected by the pre-
cipitation of non-metallic inclusions during solidification.
In low alloyed steels the most common case is the precipi-
tation of manganese sulphides in the interdendritic liquid.
The model developed takes into account this effect by as-
suming that MnS precipitation starts when the concentra-
tions of manganese and sulphur at the liquid phase exceed
the solubility product [11], and liquid composition is then
recalculated.

Finally, in those cases where the cooling rate after solidi-
fication is known, the model can calculate solute redistrib-
ution in the solid state. In this way, the evolution of peritec-
tic reaction and solute redistribution after solidification can
be computed. As it is shown later, this is useful to estimate
the effect of steel composition on thermal contraction.

Further details of the model have been reported elsewhere
[26]. Numerical results were compared with available ana-
Iytical solutions and an excellent agreement was found [26].

Typical Results of the Model

Once the previous equations are solved, the model can
predict solute distributions in the solid and liquid phase dur-
ing solidification. The evolution of temperature and the pro-
portion of & and y phases can also be computed. These re-
sults can be coupled with heat transfer calculations to pre-
dict the evolution of latent heat in the solidification range.
As an example, Figure 2 shows the relationship between
temperature and solid fraction for the steel composition in-
dicated in Table 2. In this medium carbon steel solidifica-
tion starts in & phase but when solid fraction is around 0.70,
the peritectic transformation begins. From this point, three
phases are in equilibrium: liquid, ferrite and austenite. As
solidification advances, the proportion of austenite is in-
creased until the reaction is completed close to the solidifi-
cation end.

Figure 3 shows the evolution of solute concentration in
liquid phase as solidification progresses. Some elements
(like C, Cr, Si, P and S) exhibit a noticeable change in the
segregation pattern when peritectic transformation starts
(fs = 0.70) because diffusion and partition coefficients are
different in y phase (see Table 1). In particular, segregation
of residual elements (P and S) is drastically increased in the
last stages of solidification. Near the end of solidification,
manganese sulphides begin to precipitate in the liquid
phase, so a decrease in sulphur segregation is observed.
This precipitation can partially hinder the effect of sulphur
in extending the solidification range.
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Figure 4 shows the influence of the cooling
rate on the solidus temperature of the alloy and

Table 2. Steel composition and cooling rate used in model calculations.

the secondary dendrite arm spacing, see equation
(5). Calculations with and without dendrite arm c

coarsening during solidification were per-

Steel compaosition (wt.%) Cooling rate
Mn Si P S Cr Mo Ni CR (°C/s)
0.28 1.10 | 020 | 0.015 | 0.010 | 0.30 | 0.10 { 0.05 1.0

formed. As the cooling rate is increased, a high-
er interdendritic segregation is obtained (due to
the shorter time available for back diffusion of
solutes) promoting a reduction of the solidus

Table 3. Range of steel composition corresponding to the selected experimen-
tal data [6,24,29-31].

temperature. However, when coarsening of den- Steel composition (wt.%) CR

drite arms is taken into account, the reduction of Mn Si P S Cr Mo Ni | (°Cls)
the solidus temperature becomes less important. | Min | 0.04 | 0.02 | 0.01 | 0.003 | 0.001 | 0.00 | 000 | 0.00 | 0.10
In particular, the decrease of the solidus tempera- [y [ 101 | 200 | 207 | 0.040 | 0025 | 520 | 099 | 3.6 | 2.00

ture within the cooling rate range typically found
in the continuous casting process (0.1-10 °C/s), is
relatively small (about 15 °C for tested conditions).

Once solidification is finished, diffusion of solute ele-
ments in solid state can reduce the concentration gradients.
Calculations were performed to evaluate the effect of dif-
ferent cooling rates after solidification on the degree of ho-
mogenization (in this case defined as the ratio between the
maximum and minimum concentration of the solutes found
along the half-dendrite). Figure 5 shows the results ob-
tained for carbon and manganese when three different cool-
ing rates were considered: 0.1, 1.0 and 10 °C/s. Carbon gra-
dients are quickly eliminated due to its high diffusion coef-
ficient (see Table 1). On the other hand, a high degree of
manganese segregation remains after cooling, even for the
lowest cooling rate evaluated. It has been shown [27-28]
that this local variation in manganese content locally modi-
fies the temperature at which y-a transformation starts (Ag
temperature) promoting the development of banded struc-
tures in rolled products.

Comparison with Experimental Data

Liquidus and solidus temperature. In order to compare
the results of the model with experimental values, data
measured by different authors were collected [6,24,29-31].
Only those studies reporting results on low alloyed steels
were taken into account. A total of 90 cases of liquidus de-
terminations and 64 of solidus measurements were selected,
which correspond to a wide range of steel compositions,
listed in Table 3.

Calculated and measured values are compared in Figure 6.
In general, a good agreement between both magnitudes is
verified. A slightly larger scatter is observed for solidus
temperatures, which can be partially attributed to the exper-
imental difficulties to obtain accurate determinations. Sta-
tistical results are summarized in Table 4. The average dif-
ferences between calculated and measured values are close
to zero for both temperatures, indicating a good perform-
ance of the model.

Zero ductility and zero strength temperature, Differ-
ent investigations have suggested that the mechanical prop-
erties of steels at high temperatures are closely connected
with the solidification process [8,32-33]. When solidifica-
tion starts, the liquid fraction is high and no mechanical
strength is observed. However, as the temperature decreas-
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Table 4. Comparison between measured and calculated values.

AT (measured — calculated)
Liquidus Solidus
Mean (°C) -1.81 0.53
Std deviation (°C) 3.73 17.34
Number of data 94 56
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Figure 5. Effect of cooling rate after solidification on the degree of

segregation of carbon and manganese. Base steel composition and
cooling rate during solidification are shown in Table 2.
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Figure 6. Comparison between measured [6,24,29-31] and calcu-
lated liquidus and solidus temperatures.
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es, the solid fraction increases and dendrites start to contact
each other. When this dendrite bridging is strong enough,
mechanical forces can be transmitted during tensile tests
and a strength different from zero can be measured. How-
ever, as liquid films remain between dendrite arms, the frac-
ture is mostly brittle and the reduction of area of the sample

Table 5. Range of steel composition corresponding to the selected
experimental data [33-40].

Steel composition (%)

Cc Mn Si P S
Min 0.015 0.01 0.005 0.001 0.001
Max 1.60 2.38 0.42 0.036 0.280

Table 6. Base steel composition used in calculations (wt.%).

C Mn Si P S
0-0.80 1.50 0.20 0.015 0.010
1550 1700
15001 1650
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Figure 7. Comparison between Zero Ductility Temperature (ZDT)
and Zero Strength Temperature (ZST) measured by different au-
thors [33-40] and calculated by the present model.

4110

E 100 o
: £
E i
[\ S
s
11m L 1 1 A L ad s s a o d s s s o
00 01 02 03 04 05 068 07 08

Carbon content (%)
Figure 8. Influence of carbon and phosphorus content on the vul-

nerable time and some relevant temperatures (liquidus, solidus and
fs = 0.8) for a steel with the base composition shown in Table 6.
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is close to zero. The minimum temperature that exhibits nil
strength is usually known as the Zero Strength Temperature
(ZST). Although there are some discrepancies on the exact
solid fraction at which the ZST is obtained, a value around
0.7-0.8 is normally accepted [8,32-33]. For lower tempera-
tures, the amount of interdendritic liquid films is reduced
and a ductile fracture can be obtained. The minimum tem-
perature at which a nil reduction of area is observed during
hot tensile tests is normally called the Zero Ductility Tem-
perature (ZDT). In general, it is agreed that this temperature
is close to the non-equilibrium solidus temperature.

Data of mechanical properties measured at high tempera-
tures by different authors [33-40] were collected and com-
pared with model calculations. For calculations, chemical
composition and cooling rates reported in the tests were
used as input data for the model. The range of steel compo-
sition investigated in these studies is listed in Table 5.

Figure 7 compares the solidus temperature estimated by
the model with the ZDT measured by different authors. For
most of the cases a good agreement between both magni-
tudes is observed. Similarly, the calculated temperature for
a solid fraction of 0.8 is compared with ZST measurements.
Although a larger dispersion is observed in the results, still
a reasonable agreement between calculated and measured
temperatures is verified.

Influence on the Steel Crack Sensitivity

Effect of steel composition on internal cracking. Most
of the internal cracks observed in the continuous casting
products are originate during the solidification process [41].
Metallographic analyses of these cracks usually exhibit an
interdendritic propagation with a smooth appearance of the
fracture surface, suggesting that cracks are opened by a hot
tearing mechanism [41). As discussed in the previous sec-
tion, the most vulnerable period is between the ZDT and
ZST. Therefore, a reasonable way to compute the cracking
tendency of steels is by calculating the time interval from
f;:=0.8 to f; = 1.0, which is in agreement with the procedure
previously proposed in the literature [42]. A longer time in
the vulnerable region increases the probability that an ex-
ternal stress or strain that exceeds the critical value is ap-
plied. There are several sources of thermal and mechanical
stresses in the continuous casting process. Particularly, roll
bending, roll misalignment and strand bulging may intro-
duce severe tensile stresses in the solidification front [41].
Similarly, sudden changes in the spray cooling pattern can
also induce thermal stresses in the solid-liquid region.

In order to investigate the influence of steel composition
on the internal cracking tendency, calculations were per-
formed using the microsegregation model. The effect of
changing carbon and phosphorus content on a steel with the
composition shown in Table 6 was analysed. Results are
summarized in Figure 8. In addition to liquidus and solidus
temperature, the temperature that corresponds to a solid
fraction of 0.8 (ZST) and the vulnerable time are also plot-
ted. As the carbon content increases, the solidification in-
terval and the vulnerable period increase. Besides, an incre-
ment of the phosphorus content reduces the solidus temper-

steel research int. 77 (2006) No. 3




Process Metallurgy — Continuous Casting

ature without changing ZST, so longer vulnerable times are
obtained. This effect is more noticeable for steel carbon
contents above 0.12 %, where a part of the solidification
proceeds in the y phase. These results are in good agreement
with plant observations, which indicate that these elements
(carbon and phosphorus) are detrimental to steel internal
quality [42-44].

Surface cracking in peritectic steels. It is widely ac-
cepted that steels with a carbon content close to 0.10 % ex-
hibit a distinct behaviour during casting. These steels (usu-
ally named as ‘peritectic’) exhibit a lower heat transfer in
the continuous casting mould [45-49] and are more prone to
surface cracking problems [50-54]. Both effects have been
related to the larger shrinkage produced during the phase
change involved in the peritectic reaction [47-48]. The
model developed in previous sections was used to investi-
gate the contraction behaviour of these steels.

As the steel is cooled down from a reference temperature
Tref to a temperature T, the thermal contraction (&™) can be
estimated from the following expression {55]:

3 P(TRef)

p(T)

Where p is the density of steel. When only the contraction
in the solid state is computed, the reference value is nor-
mally the solidus temperature [55]. Some authors [9,12] as-
sume that the dendritic structure becomes packed enough to
allow the material to behave like a solid at temperatures
slightly above solidus, and adopt the temperature that cor-
responds to a solid fraction of 0.8-0.9 as reference for cal-
culations. As there is not complete agreement on this topic,
in the present work solidus temperature was chosen as ref-
erence value for contraction calculations.

If several phases (liquid, ferrite and austenite) are present
at a given temperature, the density of the mixture can be
calculated by using the following expression [56]:

p(T) = — an
2 (fa (D] pa (D)
n=

Where f, and p, are the mass fraction and density of each
one of the phases present at temperature T. The densities of
the different phases are not only a function of temperature
but also depend on the steel composition [55-57]. In this
case, the formulas derived by Miettinen and Lohuenkilpi
[56] were used to compute the density of liquid steel, ferrite
and austenite. From model calculations, the fraction of each
phase and their mean composition can be evaluated as a
function of temperature. Hence, density and then thermal
contraction can be computed using equation (10).

Calculations were carried out to investigate the effect of
steel carbon content on the thermal contraction. The base
steel composition used in the calculations is shown in
Table 6. Carbon content was varied from 0 to 0.40 % and a
cooling rate of 10 °C/s was adopted. Thermal contraction
calculations were carried out for different temperature in-
tervals below solidus (AT = 20, 40, 60, 80 and 100 °C). Re-
sults are summarized in Figure 9. Although the position of

et (T) = (10)
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the contraction peak is slightly modified with the tempera-
ture range considered, it is clear that a maximum shrinkage
is obtained for steel carbon contents in the range 0.09-0.12 %.
Similar results have also been reported by other researchers
[9,12,55].

In Figure 10, results of thermal contraction are compared
with mould heat flux data measured by different authors
[45-48]. In order to make comparable the data from differ-
ent sources, mould heat flux has been referred to that ob-
served for low or high carbon contents. In this way a ‘Rel-
ative heat flux’ has been obtained and plotted against steel
carbon content, Despite the different continuous casting
machines considered (slabs, blooms and billets) and the dif-
ferences in the base steel composition, the computed ther-
mal contraction results follow the same trend of measured
values.

Finally, reported plant data [50-54] of defect ratio for dif-
ferent steel carbon contents were collected. For the purpose
of comparison, the values reported by different steel plants
were normalized adopting a defect index that ranges from 0
to 1 (1 corresponding to the maximum defect ratio report-
ed in each specific plant). Compiled results are shown in
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Figure 9. Effect of steel carbon content on thermal contraction dur-
ing solidification.

1.10 0.0005
1.05 AT=50°C 40.0010
x N AT o TTE T ol T"T]o0015 §
2 1.00 II“ } LI E
Feopaght Ml - 11T Lo ]
o . NS a - 10
g 0.90 r “u-" _/' AT=100°C ‘E
g : 1§ 4 0.0030 2
® 085 \ / .
E .‘ ; References 40.0035
0.80 kN .I:' 0 [45] o [47]
" [46] ~ 48] 4 0.0040
0-75 AL Lo . 1 ' L - 1 o.m
000 005 010 015 020 025 030 035 040
Steel carbon content (%)

Figure 10. Effect of steel carbon content on the mould heat trans-
fer measured in different plants [45-48]. Comparison with thermal
contraction calculations.
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Figure 11. Influence of steel carbon content on the cracking index
in different steel plants [50-54). Comparison with thermal contrac-
tion calculations.

Figure 11. Again, the maximum defect index is in good
agreement with the position of the peak contraction calcu-
lated by the model.

Conclusions

A model that estimates the segregation of solutes during
the solidification of low alloyed steels was developed.
Some specific features that are relevant to the solidification
of these steels, like the peritectic reaction, the dendrite arm
coarsening, the precipitation of inclusions and the solute
homogenization in the solid after the solidification is com-
plete, were included in the model. Calculations showed that
all these features can significantly affect the solute redistri-
bution during and after solidification. For example, peritec-
tic transformation increases the segregation of some solutes
in the interdendritic liquid but dendrite arm coarsening can
attenuate this effect. While for elements of high diffusion
coefficients (as carbon) concentration gradients become
rapidly homogenized after solidification, for slow diffusing
species (like manganese) the solute distribution is affected
by the cooling rate imposed after solidification.

Model results were extensively compared with experi-
mental data published in the literature. In most cases a good
agreement between calculated and measured values was
verified. Particularly, the model proved to be effective in
predicting ZDT and ZST for a large range of steel composi-
tions. As the material is more susceptible to fail in the tem-
perature range between ZDT and ZST, the time elapsed in
this range during solidification might be related to the in-
ternal cracking tendency. Calculations showed that this time
interval increases as the content of residual elements, like
phosphorus, raises. This effect is even more significant for
higher carbon contents, when solidification proceeds in
austenitic phase. A similar trend in the cracking tendency of
continuously cast products is usually reported in the litera-
ture.

Finally, the model was also used to evaluate the effect of
steel chemistry on thermal contraction during cooling. Cal-
culated results show a peak contraction around 0.10 % C,
which is in agreement with both the lower mould heat trans-
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fer and the higher surface defect index observed for these
steels in industrial practice.
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