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Store Steel Ltd. is one of the major flat spring steel producers in Europe, producing several hundred steel grades with different
chemical compositions. (180 x 180) mm billets are cast using a continuous casting machine with a 9-m radius. The
macrostructure of the billets influence the mechanical properties of rolled material. For impact testing, standard test pieces are
obtained from the rolled material at a defined location and orientation. Accordingly, the reduction ratio is also essential. Based
on 2243 V-notch test pieces obtained from rolled materials produced in several batches between January 2019 and May 2024,
models for predicting the absorbed energy of the rolled material at temperatures ranging from —60 °C to 20 °C were developed
using linear regression and genetic programming. The models incorporated parameters such as chemical composition (contents
of C, Si, Mn, S, Cr, Mo, Ni, Al, and V), casting conditions (average casting temperature, mold water flow, average difference
between input and output mold cooling water temperature, average cooling water flow and pressure in three zones of secondary
cooling), as well as the width and thickness of the rolled bars and test temperature. The genetic programming model outper-
formed the linear regression model.

Keywords: absorbed energy, Charpy impact test, V-notch test pieces, casting parameters, modeling, linear regression, genetic
programming

Store Steel d.o.o. je eden vecjih proizvajalcev ploScatih vzmetnih jekel v Evropi, kjer proizvajajo ve¢ sto kvalitet jekel z
razli¢nimi kemi¢nimi sestavami. Gredice (180 mm x 180) mm so ulite s kontinuirno livno napravo s polmerom 9 m.
Makrostruktura gredic vpliva na mehanske lastnosti valjanega materiala. Za udarne preskuse se preizkusanci pridobijo iz
valjanega materiala z dolo¢ene lokacije in usmerjenosti. Skladno s tem je bistvena tudi redukcija. Na podlagi 2243
preizkuSancev z V-zarezo, pridobljenih iz valjanega materiala iz $arZ, proizvedenih od januarja 2019 do maja 2024, kemic¢ne
sestave (vsebnost C, Si, Mn, S, Cr, Mo, Ni, Al in V), parametrov litja (povpre¢na temperatura litja, pretok vode v kokili,
povpre¢na razlika med vhodno in izhodno temperaturo hladilne vode v kokili, povpre¢ni pretok hladilne vode in tlaka v treh
conah sekundarnega hlajenja), Sirine in debeline valjane palice ter preskusna temperatura so bili razviti modeli linearne regresije
in genetskega programiranja za napoved absorbirane energije valjanega materiala od —60 °C do 20 °C. Model genetskega
programiranja je natan¢nejSi od modela linearne regresije.

Kljucne besede: absorbirana energija, Charpy test, preizkuSanci z V-zarezo, livni parametri, modeliranje, linearna regresija,
genetsko programiranje
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1 INTRODUCTION

The Charpy impact test is a standard procedure for
determining the energy absorbed by a material during in-
stantaneous fracture!. It is calculated using the potential
energy lost by the pendulum during the fracture of a spe-
cially designed test piece with a notch. The notch effect
provides the reproducibility of the results. It can be V or
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U shaped. The test can be performed at different temper-
atures of the test piece. Consequently, several parameters
influence the absorbed energy during a Charpy impact
test:

e material: its chemical composition,>”’ segregations,>¢
precipitation,® non-metallic inclusions,” micro-
structure,*!%-15>  macrostructure,*!© heat treat
ment;3.10,13,15

e geometry: geometry of the test piece, notch;!"-2°

e equipment: lubrication,?' calibration;'3?!

e environment: ambient temperature,
draft;225:10.11 gnd

humidity,
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e procedure: location,'”?3 orientation of the test pieces
relative to the sample,'”? test piece positioning, ma-
chining, test temperature.>810:11:13.16.22.24-26
It is clear that with all possible absorbed energy vari-

ations, its prediction is a challenging task. As a result,
when attempting to predict absorbed energy, researchers
analyze their effects. Researches are sometimes limited
to only individual steel grades,>3!10-131617.24-26 phyut at the
same time we can find a small number of industrial stud-
ies.?? They are often related to the welding process*!226:27
and the associated hydrogen charging.” Finite element
methods (FEM)*!!-1820 and artificial intelligence methods
such as neural networks,>?-3 fuzzy logic,>* and evolu-
tionary methods (e.g., genetic algorithm)® are also used
for the prediction of absorbed energy.

This article presents the prediction of absorbed en-
ergy, based on 2243 V-notch test pieces obtained from
rolled material produced in several batches of
hypoeutectoid steels at Store Steel Ltd. between January
2019 and May 2024, using linear regression and genetic
programming. It has to be emphasized that for the first
time casting parameters (average casting temperature,
mold water flow, average difference between input and
output mold cooling water temperature, average cooling
water flow and pressure in three zones of secondary
cooling) and the corresponding macrostructure of the
cast semi-product are taken into account for the predic-
tion of absorbed energy. The goal is to understand the in-
fluence of casting parameters and the macrostructure of
the cast billets on the absorbed energy determined using
the Charpy impact test (ISO 148-1).

The data collection is presented at the beginning of
the article. In the following sections, an attempt to pre-
dict the absorbed energy using linear regression and ge-

Figure 1: Continuous casting machine and its cooling zones
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netic programming is presented. The results are also pre-
sented. The conclusion also provides guidelines for the
future.

2 MATERIALS AND METHODS

The reduction at the Store Steel plant begins with
scrap melting in an electric arc furnace, followed by tap-
ping, ladle treatment (i.e., secondary metallurgy), and
continuous casting of billets measuring (180 x 180) mm,
using a 9-m radius continuous casting machine. Solidifi-
cation of the melt takes place during primary (cooling in
water cooled copper mold), secondary (cooling with wa-
ter sprays) and tertiary (radiation in air) cooling.

Secondary cooling consists of 3 zones. The spray
ring in zone 1 is connected directly below the mold sup-
port. It consists of 3 rows with spray nozzles which al-
low uniform cooling of a billet when it leaves the mold.
The upper row is equipped with 8 nozzles, the lower two
rows with 4 nozzles. The spray ring system in zone 2 is
mounted on the structure in the cooling chamber. It con-
sists of 2 parts — zone 2a and zone 2b. Zones 2a and 2b
consist of 8 and 6 rows with spray nozzles, respectively.
5 rows are installed in zone 3. All rows are equipped
with 4 nozzles.

The continuous casting machine and its cooling
zones are schematically presented in Figure 1.

The typical macrostructure of a billet consists of:

e the chill zone (a rapidly cooled area with a fine struc-
ture at the surface of the billet),

e the columnar, dendritic zone (a tree-like pattern with
branches, which becomes more pronounced at high
superheat during casting) and

e the equiaxed zone (the zone in the core of the billet
where the grains are of approximately the same size
in all directions).

The billets can undergo additional heat treatment or
be cooled under hoods to reduce residual stresses that
might cause internal defects. After exiting the reheating
furnace, the billets go through a descaling device and a

Chill zone
Dendritic zone

Equiaxed zone

Figure 2: Typical macrostructure of a continuously cast billet
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Figure 3: Location of test pieces for impact testing for round and rect-
angular bars (according to ISO 377)

duo reversible rolling stand with 800-mm diameter rolls.
The rolled material undergoes 7 passes. The final rolling
diameters achieved using the same rolling stand range
from 95 mm to 110 mm.

Before the material enters the continuous rolling line
with 460-mm diameter rolls (700-mm length), it is rolled
using a duo reversible rolling stand with 650-mm diame-
ter rolls. After exiting the duo reversible stand, where the
material is subjected to 5 passes (the last is a by-pass),
the material cools down as the rolling temperature is
achieved. The temperature is measured using an infrared
pyrometer.

The continuous rolling line itself consists of a
descaling device, 6 horizontal and 4 vertical stands, three
hot shears — of which two are used for cutting the first
and the last end of the rolled bar, while the third is used
for cutting the final dimensions before the material en-
ters the cooling bed. The rolled bars can then be straight-
ened, examined for inner soundness and surface quality,
cut, sawn, chamfered, drilled, and peeled.

Samples were obtained from rolled bars (without ad-
ditional heat treatment) with diameters from 18 mm to
110 mm and rectangular bars with thickness values from
8 mm to 73 mm and width values from 45 mm to 200
mm from the middle billet of the rolling lot. Preparation
of the samples and test pieces was conducted according
to ISO 377 (Steel and steel products — Location and
preparation of samples and test pieces for mechanical
testing) and ISO 148-1 (Metallic materials — Charpy,
pendulum impact test — Part 1: Test method). The loca-
tion of the test pieces for impact testing for round and

032 $36

rectangular bars (according to ISO 377) is shown in Fig-
ure 3. The offset of the sample from the bar surface
depends on the dimensions of the bars (i.e., diameter,
width and thickness). The notch is always oriented away
from the center of the bar.

Based on the required locations for impact testing
(ISO 377), the locations of the test pieces and the
equiaxed zone (grey) of the billets at different rolled bar
diameters are presented in Figure 4. It is clear that the
notch at larger diameters is partly located already in the
dendritic zone of the billet (above ¢40 mm). On the
other hand, at lower diameters, the notch is closer to the
center of the bar and is influenced by the centerline and
central porosity.

The Charpy pendulum impact test was performed by
the same operator, using the same toughness testing ma-
chine (FIT 30-1, AVK — Anyaguizsgalo Keszulekek
Gyara Budapest, a range of 0-245 J) in accordance with
ISO 148-1.

Based on 2243 V-notch test pieces obtained from the
rolled material (without additional heat treatment) from
batches produced between January 2019 and May 2024,
the following data were collected:

e Chemical composition: contents of carbon (C), sili-
con (Si), manganese (Mn), sulfur (S), chromium (Cr),
molybdenum (Mo), nickel (Ni), aluminium (Al) and
vanadium (V).

e Casting parameters:

— Average casting temperature [°C] (CTEMP).

— Average cooling water flow in the mold [L/min]
(QMOLD).

— Average difference between input and output mold
cooling water temperatures [°C] (DELTAT).

— Average cooling water flow [L/min] and pressure
[bar] in the first (directly below the mold) (QZ1,
PZ1), second (QZ2, PZ2) and third zone (QZ3,
PZ3) of secondary cooling.

¢ Rolled material geometry:

- Width [mm] (WIDTH).

— Thickness [mm] (THICK).

e Test temperature (TEMP).

H48

042

Figure 4: Locations of test pieces and equiaxed zone (grey) of the billets at different rolled bar diameters in the case of typical secondary cooling

parameters
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e Rolled material (without additional heat treatment)
absorbed energy from —60 to 20 °C for V-notch test
pieces [J] (KV).

The numbers of V-notch test pieces for individual
steel grades are presented in Table 1.

Table 1: Number of V-notch test pieces for individual steels

Steel grade Number of V-notch test pieces
16MnCr5 1
16MnCrS5 16

18CrNiMo7-6 2
20MnV6 934
20NiCrMo2 6
23MnNiCrMo5-2 36
25CrMo4 4
28MnCrB7 78
28MnCrNiB 13
30MnB5 19
38MnVS6 143
41Cr4 1
41CrS4 2
42CrMo4 14
42CrMoS4 56
46MnVS5 13
C22 5
C45 25
C45S8 15
P460NH 197
S235J2 22
S235JR 8
S35512 572
C35S 25
25CrMoS4 30
33MnCrNiMoB5 4
33MnCrB5-2 2
SUM 2243

In all cases, rolling was completed on the continuous
rolling line, with an entry temperature consistently set at
910 °C. Cooling of all pieces was carried out in the same
manner, on a cooling bed. It is assumed that, for given
dimensions, the cooling conditions on the cooling bed
were identical. Consequently, the influence of the
microstructure of the same material and dimension, un-
der the same rolling and cooling conditions, can be con-
sidered negligible.

3 MODELING OF ABSORBED ENERGY

On the basis of the collected data, the prediction of
the absorbed energy for V-notch test pieces was con-
ducted using linear regression and genetic programming.
For the fitness function, the average relative deviation
between the predicted and experimental data was se-
lected.

3.1 Modeling of absorbed energy using linear regres-
sion

On the basis of the linear regression results, it is pos-
sible to conclude that the model significantly predicts the
absorbed energy (p < 0.05, ANOVA) and that 41.2 % of
total variances can be explained with independent vari-
able variances (R-square). Most parameters are statisti-
cally significantly influential except for carbon (C), alu-
minium (Al) and vanadium (V) contents and the
thickness (THICK) of the rolled bars (p > 0.05).

The linear regression model is as follows:

KV =-274.29-C — 15.60-Si — 13.54-Mn —
333.62-S — -7.56-Cr + 157.02-Mo — 97.12-Ni

+ 261.56-Al — 35.63-V — 0.095-CTEMP —
-0.573-QMOLD - 2.00-DELTAT - 8.48-QZ1 —
6.81-PZ1 + 4.12-QZ2 + 3.40-PZ2 +
2.55-QZ3+11.10-PZ3 + 0.14-WIDTH —
0.08-THICK + 1368.70 (2)

Table 2: Average relative deviations from experimental data for indi-
vidual steel grades

Avera i
devia%i?)rrle%?gr;e Number of
Steel grade experimental data V-notch test
pieces
[%]
20NiCrMo2 260.95 % 6
33MnCrB5-2 186.73 % 2
16MnCrS5 147.46 % 16
C45 134.50 % 25
33MnCrNiMoB5 116.28 % 4
16MnCr5 92.13 % 1
28MnCrNiB 70.00 % 13
C35S 55.36 % 25
C45S 44.44 % 15
C22 40.35 % 5
38MnVS6 39.78 % 143
42CrMoS4 37.82 % 56
28MnCrB7 36.45 % 78
S355J2 35.75 % 572
46MnVS5 35.63 % 13
25CrMo4 33.15 % 4
P460NH 3142 % 197
25CrMoS4 26.28 % 30
23MnNiCrMo5-2 24.01 % 36
S235J2 23.88 % 22
42CrMo4 22.23 % 14
S235JR 20.80 % 8
41CrS4 17.82 % 2
20MnV6 13.82 % 934
30MnB5 13.23 % 19
41Cr4 9.37 % 1
18CrNiMo7-6 8.76 % 2
Total 29.05 % 2243

The average relative deviation from the experimental
data is 29.05 %. The average relative deviations from the
experimental data for individual steel grades are pre-
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sented in Table 2. Based on the analyzed deviations be-
tween the predicted and experimental data, the largest
difference occurred for 20NiCrMo2 steel grade, where
only 6 V-notch pieces were used for Charpy pendulum
impact testing. This deviation can be attributed to the de-
gree of segregation due to the higher concentration of al-
loying elements.

Table 3 shows the average relative deviations from
the experimental data for the rolled material diame-
ter/thickness. The decrease in the prediction accuracy is
clearly visible for larger dimensions. This deviation can
be attributed to the development and the size of dendritic
and equiaxed zone.

Table 3: Average relative deviation from experimental data for rolled
material diameter/thickness

Thickness/diame- | -2verage relative devia-  Number of
ter [mm] tion from experimental | V-notch test
data [%] pieces
10 22.42 % 1287
20 34.58 % 378
30 38.46 % 139
40 40.21 % 176
50 25.85 % 79
60 30.15 % 2
70 48.84 % 76
80 46.54 % 31
90 53.57 % 55
Total 29.05 % 2243

Table 4 shows the average relative deviation from the
experimental data for the test temperature. The decrease
in the prediction accuracy is clearly visible for lower
temperatures. Deviations in highly alloyed steels (i.e.,
higher alloying contents) and deviations attributed to
steel solidification (i.e., continuous casting) are even
more pronounced at lower temperatures.

Table 4: Average relative deviation from experimental data for test
temperature (TEMP)

Test temperature Average relative devia- Number of
[°C] tion from experimental | V-notch test
data [%] pieces
—60.0 108.08 % 11
-50.0 89.84 % 25
-40.0 42.13 % 272
-30.0 11.06 % 825
-20.0 36.44 % 595
20.0 38.39 % 515
Total 29.05 % 2243

Unfortunately, based on the above data, it is not easy
to conclude how the total alloying element content or the
number of samples affect the prediction of absorbed en-
ergy using linear regression.

However, the following diagram (Figure 5) shows
the effects of individual parameters calculated using the
obtained linear regression model on the absorbed energy
of V-notch test pieces. The casting parameters include

Materiali in tehnologije / Materials and technology 59 (2025) 6, 831-838

the average cooling water flow in the first (QZ1) and the
second zone (QZ2) of secondary cooling, which affect
the development of dendritic and equiaxed zone
(macro-structures) in the cast billets. The chemical ele-
ments include carbon (C), molybdenum (Mo) and nickel
(Ni). The same diagram also shows that the test tempera-
ture (TEMP) drastically affects the impact test results.

Based on the calculations of the effects of individual
parameters and the shown average relative deviation
from the experimental data, we can conclude that the
macrostructure of the billets and the associated sampling
locations (i.e., locations of test pieces) drastically affect
the impact test results.

3.2 Modeling of absorbed energy using genetic pro-
gramming

In genetic programming, which is one of the most
general evolutionary optimization methods,?'3? the or-
ganisms that undergo adaptation are in fact mathematical
expressions (models). These models consist of selected
functions (e.g., basic arithmetical functions) and terminal
genes (e.g., independent input parameters, and random
floating-point constants). Typical function genes are: ad-
dition (+), subtraction (-), multiplication (*), division (/),
and terminal genes (e.g., X, y, z). Random computer pro-
grams for calculating various forms and lengths are gen-
erated by means of selected genes at the beginning of the
simulated evolution. The varying of the computer pro-
grams is carried out by means of genetic operations (e.g.,
crossover, mutation) during several iterations, called gen-
erations. After the completion of the variation of the
computer programs, a new generation is obtained. Each
result obtained from an individual program in a genera-
tion is evaluated against the experimental data. The pro-
cess of changing and evaluating organisms is repeated
until the termination criterion of the process is fulfilled.

The in-house built genetic programming system, pro-
grammed using AutoLISP, integrated into AutoCAD
(i.e., commercial computer-aided design software), was
used.’3¥ Its settings were as follows:

o the size of the population of organisms: 1000;
¢ the maximum number of generations: 100;
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Figure 5: Effects of individual parameters calculated using the ob-
tained linear regression model
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e reproduction probability: 0.4;

e crossover probability: 0.6;

¢ the maximum permissible depth in the creation of the
population: 30;

¢ the maximum permissible depth after the operation of
crossover of two organisms: 30; and

e the smallest permissible depth of organisms in gener-

ating new organisms: 2.

Genetic operations of reproduction and crossover
were used. For the selection of organisms, the tourna-
ment method with tournament size 7 was used.

The best developed model is:

KV = 1361.05 — 72.052-A1-2-9.899-C-0.095-CTEMP —
1.997-DELTAT — 13.539-Mn+1+
7.017-M0-9-0.117-Ni-6-806-PZ1 + 1.1-PZ3 —
0.573-QMOLD — 8.477-QZ1 + +.122-QZ2 +
0.547-QZ3 + 0.965-TEMP + 3.395-AITHICK —
35.627-Mn-V0.143-Mn-WIDTH +

WIDTH (96.974 + 0.143-Al + 157.017-Mo +
DELTAT-TEMP + Al-Cr-PZ3-QZ3 (-7.561-TEMP —
0.082-THICK)) / (- QMOLD + WIDTH) - WIDTH
(0.082-THICK - 0.082-Al- THICK +
261.564-A1'THICK — 35.627-V — 35.627-A-PZ3-V +
2.143-WIDTH)/ (-QMOLD + WIDTH) 3)

with an average relative deviation from the experimental
data of 25.52 %. Based on the analyzed deviations be-
tween the predicted and experimental data, the largest
difference occurred for the 20NiCrMo2 steel grade in
the linear regression model, where the average relative
deviation was 260.95 %, compared to 203.48 % for the
genetic programming model.

Table 5: Average relative deviation from experimental data for indi-
vidual steel grades

25CrMoS4 26.50 % 30
30MnB5 2517 % 19
42CrMo4 24.84 % 14

23MnNiCrMo5-2 23.74 % 36
C22 20.20 % 5

46MnVS5 20.03 % 13

20MnV6 13.60 % 934
18CrNiMo7-6 10.62 % 2
Total 25.52 % 2243

Table 3 shows the average relative deviation from the
experimental data for the rolled material diameter/thick-
ness. As in the linear regression model, the decrease in
the prediction accuracy is also visible for larger dimen-
sions. In the linear regression model, the average relative
deviation for the largest dimension of 90 mm was
53.57 %, while in the genetic programming model, it
was 40.53 %.

Table 6: Average relative deviation from experimental data for rolled
material diameter/thickness

Thickness/di _| Average relative devia- Number of
1cKness/diame . 7
ter [mm] tion from experimental|  V-notch test
data [%] pieces
10 19.33 % 1287
20 31.37 % 378
30 35.24 % 139
40 38.61 % 176
50 22.10 % 79
60 27.38 % 22
70 39.97 % 76
80 38.52 % 31
90 40.53 % 55
Total 25.52 % 2243

Table 4 shows the average relative deviation from the

Average relative devia-|  Number of experimental data for the test temperature. The decrease
Steel grade | tion frog;tzx[p,;:]lmema] V'noigéste“ in the prediction accuracy is clearly visible at lower tem-
20NICrMo2 203.48 % b 6 peratures. In the linear regression model, the average rel-
33MnCrB5-2 17331 % ) ative deviation for the lowest test temperature of
16MnCrS5 136.71 % 16 —60.05 °C was 108.08 %, while in the genetic program-
33MnCrNiMoB5 118.63 % 4 ming model it was 78.57 %.
28MnCrNiB 99.92 % 13
16MnCr5 82.56 % 1 Table 7: Average relative deviation from experimental data for test
C45S 59.60 % 15 temperature (TEMP)
C45 48.36 % 25 A . .
verage relative devia-
41Cr4 35.52 % 1 Test temperature |tion from experimental Number of
C35S 34.70 % 25 [°C] data V-notch test
28MnCrB7 33.42 % 78 [%] preces
42CrMoS4 32.28 % 56 -60.0 78.57 % 11
P460NH 3134 % 197 -50.0 63.54 % 25
S355J2 30.52 % 572 -40.0 37.26 % 272
25CrMo4 29.79 % 4 -30.0 11.05 % 825
S5235J2 29.61 % 22 -20.0 33.12 % 595
Overall 29.05 % 2243 20.0 30.11 % 515
41CrS4 28.94 % 2 Overall 25.52 % 2243
S235JR 27.80 % 8
38MnVS6 27.70 % 143 Similarly to what we showed with the linear regres-
sion model, the following diagram (Figure 6) illustrates
836 Materiali in tehnologije / Materials and technology 58 (2024) 6, 831-838
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Figure 6: Effects of individual parameters calculated using the ob-
tained linear regression model

the effects of individual parameters, calculated using the
obtained genetic programming model, on the absorbed
energy of V-notch test pieces. The average cooling water
flow in the first (QZ1) and the second zone (QZ2) of sec-
ondary cooling and the contents of carbon (C), molybde-
num (Mo) and nickel (Ni) are most influential. At the
same time, the test temperature (TEMP) shows similar
effects.

Based on the calculations of the effects of individual
parameters using the linear regression and genetic pro-
gramming models and the above average relative devia-
tion from the experimental data, it is clear that the
macrostructure of the billets and the associated sampling
location (i.e., location of test pieces) drastically affect
the impact test results. Consequently, consistency in the
preparation of test pieces from the sample (i.e., a rough
specimen) is essential.

S CONCLUSIONS

This article presents the prediction of absorbed en-
ergy, based on 2243 V-notch test pieces obtained from
rolled material produced (without additional heat treat-
ment) in batches of several hypoeutectoid steels at Store
Steel Ltd. between January 2019 and May 2024, using
linear regression and genetic programming.

The data on chemical composition (contents of C, Si,
Mn, S, Cr, Mo, Ni, Al, and V), width and thickness of
the rolled bar and test temperature (from —60 °C to 20
°C) were gathered for the prediction of absorbed energy.
Special emphasis was placed on the casting parameters
(i.e., average casting temperature, mold water flow, aver-
age difference between input and output mold cooling
water temperature, average cooling water flow and pres-
sure in three zones of secondary cooling) and the associ-
ated macrostructure of the cast semi-product.

On the basis of the collected data, the prediction of
absorbed energy for V-notch test pieces was conducted
using linear regression and genetic programming. For the
fitness function, the average relative deviation between
the predicted and experimental data was selected.

The average relative deviation from the experimental
data was 29.05 % in the linear regression model and

Materiali in tehnologije / Materials and technology 59 (2025) 6, 831-838

25.52 % in the genetic programming model. Based on
the analyzed deviations between the predicted and exper-
imental data, the largest difference occurred for the
20NiCrMo2 steel grade in the linear regression model,
where the average relative deviation was 260.95 %,
while in the genetic programming model, it was
203.48 %. This deviation can be attributed to the degree
of segregation due to the higher alloying content. A de-
crease in the prediction accuracy was observed for larger
dimensions. The deviation can also be attributed to the
development and size of the dendritic and equiaxed zone.
In the linear regression model, the average relative devia-
tion for the largest dimension of 90 mm was 53.57 %,
while in the genetic programming model, it was
40.53 %. Similarly, in the linear regression model, the
average relative deviation for the lowest test temperature
of —60.05 °C was 108.08 %, while in the genetic pro-
gramming model, it was 78.57 %. Deviations in highly
alloyed steels (i.e., higher alloying contents) and devia-
tions attributed to steel solidification (i.e., continuous
casting) were even more pronounced at lower tempera-
tures.

Based on the calculations of the effects of individual
parameters on the absorbed energy of V-notch test pieces
using the linear regression and genetic programming
model, we can conclude that the casting parameters (av-
erage cooling water flow in the first and the second zone
of secondary cooling), which affect the development of
the dendritic and equiaxed zone (macro-structures) in the
cast billets, the chemical composition (carbon, molybde-
num and nickel contents) and the test temperature are
most influential factors. Consequently, the location, ori-
entation, and preparation of the test pieces are essential.

For future analysis, we will include the macroetching
of rolled bars used for V-notched test specimens, focus-
ing primarily on the specimens’ location and uniform
preparation.
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