
La Metallurgia Italiana - Gennaio 2022	 pagina 32

Industrial scale trials to develop new steel grades are energy intensive as well as expensive, therefore it is more efficient to 
do laboratory scale casting trials of different steel grades in order to evaluate the casting microstructure of a new steel grade. 
A conventional square ingot, has advantages and disadvantages. On one hand, it has a well-known geometry and the size 
of the mould can easily be adjusted. On the other hand, the cooling rate and thus heat extraction is not comparable to that 
during continuous casting of slabs. Therefore, features related to the solidification, such as grain size and segregation are 
not comparable to a continuously cast product.
A wedge mould set-up was developed in-house to study the effect of cooling rate on the as-cast solidification structure and 
micro segregation at laboratory scale. Different cooling rates were achieved by making five steps of different thicknesses, 
leading to microstructures, comparable with the continuously cast product.
To validate the results of the wedge mould ingots, slab samples with comparable chemistry as the ingots have been ta-
ken from a conventional slab caster and a thin slab caster. The as-cast microstructure of the ingots and slab samples were 
compared through the primary and secondary dendrites arm spacing measured along the thickness of all samples. Cooling 
rates for each step of the wedge mould samples were calculated based on the dendrite arm spacing and compared with the 
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2D heat transfer model
To develop the wedge mould and to find the best configura-
tion in terms of steps and mould wall thicknesses, and step 
length, a 2D finite element model was used. Several confi configura
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data was used to assess the heat extraction at each step du-
ring cooling and compared with 2D heat transfer model.
A central part of the wedge mould sample (cross-section as 
shown in Figure 4) was cut up for the microscopy analysis. 
In addition, slab samples from conventional and thin slab ca-

sting, with comparable chemical composition to the wedge 
mould samples, were chosen for the analysis to validate the 
microstructure results.

Fig.3 - Example of the steel sample solidified in the wedge mould.

All samples were polished and etched using a Bechet-Be-
aujard (BB) etching solution to reveal the dendritic micro-
structure.
The samples were then analysed under optical microscope 
to measure the primary and secondary dendrite arm spacing 
across the full sample width. The example of dendrites at the 
edge of the sample can be found in Figure 5. It also schema-

tically shows how to find the primary and secondary den-
drites arm spacing. Cooling rate for each step of the wedge 
mould samples was then calculated based on the dendrite 
arm spacing and compared with the cooling rates based on 
the thermocouple measurements and 2D heat exchange 
model.

Fig.4 - Example of primary and secondary dendrites found at the surface of solidified wedge mould 
sample at steps 1, 2 and 3.
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RESULTS AND DISCUSSION
Temperature measurement
The thermal data during the test measured by the 10 thermocouples embedded into the wedge mould is illustrated in Fig. 
5 below.

Fig.5 - Left: experimental results of the cooling curves obtained during solidification. Right: Calculated results of 
the cooling curves based on the 2D heat exchange model.

As a comparison and further verification, the thermal resul-
ts of the cooling curves were also calculated using 2D heat 
exchange model. Fig.5, right, illustrates comparable beha-
viour of the thermocouples’ fluctuations during first couple 
of minutes during test, especially for steps 4 and 5. Howe-
ver, the calculated fluctuations at steps 1, 2 and 3 are less 
obvious compared to the measured data.
On average, the measured temperature is approximately 
50°C higher compared to the model calculations. In addi-
tion, by comparing the data at any time (for example at 5 and 
30 minutes) the measured data of the thermocouples in row 
1 always shows higher temperature compared to the ther-
mocouples in row 2 which is the opposite from the calcula-
ted temperature. 
Because, the first thermocouple row is located closer to the 
casting channel than the second row, it means that during 
cooling, heat is extracted not only from the molten metal 
located in the wedge part of the mould but also from the 
molten metal located in the casting channel, which is a si-

gnificant amount This resulting in an additional heat flux, 
making the process more three dimensional than required. 
This explains that the thermocouples in row 1 show higher 
temperature compared to the second row. Since the calcu-
lations are based on 2D heat exchange model, the heat, rele-
ased from the casting channel is not considered, explaining 
why the calculated thermal data at each step on average is 
about 50° C lower compared to the measured one. 
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These results indicate that step 5 of the wedge mould can 
be used to predict the dendritic microstructure (and micro 
segregation) during solidification at a conventional caster. 
However, depending of the aim of the potential future rese-
arch, the thickness of the wedge sam
ic the 
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of cooling rate ( [4] and [5]) and solidification time [6] is ba-
sed on available experimental and theoretical analysis ( [5] 
and [6]). Considering SDAS dependence on carbon content, 
the secondary dendrites arm spacing λ2 (μm) was calculated 
by El-Bealy and Thomas [7] as a function of cooling rate for 
steels containing less than 0.53 wt pct C as shown in Eq. (2): 

𝜆2=𝐴1(𝐶𝑅)−𝑛  (2) 

where 𝐶𝑅 (°C/s) is cooling rate. The parameters 𝐴1=148 and 
n=0.38 were calculated by fitting the experimental data in 
References [5] and [6] to the Eq. (2).
The third option of exterminating the cooling rate was done 
by Won and Thomas [8] using the SDAS data. In this case, 
the SDAS results were derived from various sources, (in-
cluding Suzuki et al. [5]) at different cooling rates and steel 
carbon contents
By finding a best fit of the results, the empirical relationship 
was obtained by Won and Thomas [8] for the secondary 
dendrite arm spacing 𝜆𝑆𝐷𝐴𝑆:

𝜆𝑆𝐷𝐴𝑆(𝜇𝑚)=143.9∙𝐶𝑅
−0.3616∙𝐶𝐶(0.5501−1.996𝐶𝐶)       for 𝐶𝐶>0.15  (3)

=(169.1−720.9∙𝐶𝐶)∙𝐶𝑅
−0.4935                                   for 0<𝐶𝐶≤0.15

where 𝐶𝑅 is the cooling rate (°C/s) and 𝐶𝐶 is the carbon con-
tent (wt pct C)
All three equations described above were used to calculate 
a cooling rate. The results are illustrated in
Fig. 8, where the black, blue and red dots (and correspon-
ding colour of polynomial fit) are referred to the Eq. (1), Eq. 
(2) and Eq. (3) respectively.
The highest cooling rate was obtained based on Eq. (1) - 
the model developed and validated using billet samples 
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