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Abstract

The present study is devoted to improving the technology for producing
high-quality castings from carbon structural steels through the out-of-
furnace modification of molten metal. Experimental investigations were
carried out under laboratory conditions using an IST-0.001 induction
furnace. During the melting process, the molten metal was treated with
different types of nickel-based modifiers, particularly NMH-XH80C3P3
(Mr-CP3). The modifier was introduced into the melt in various
proportions relative to the weight of the molten metal in order to
influence the crystallization process and refine the microstructure of the
casting. The chemical composition of the obtained samples was
analyzed using SPECTROLAB-10M spectrometric equipment.
Microstructural studies were performed at different magnifications to
evaluate the phase composition and structural features of the cast steel.
The results showed that the modification of molten metal increased the
number of crystallization nuclei, leading to grain refinement and the
formation of a more uniform structure. The microstructural analysis
revealed a pearlite—ferrite structure with a predominance of pearlite,
which contributes to improved mechanical properties. The presence of
small amounts of sulfides, oxides, and silicates was also detected in the
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structure. The obtained results confirm that out-of-furnace modification
of molten metal using nickel-based modifiers is an effective
technological method for improving the structural quality and
performance characteristics of cast carbon steels

Keywords: out-of-furnace treatment, molten metal modification, carbon
structural steel, casting technology, microstructure, ferrite—pearlite
structure, induction furnace, crystallization nuclei, nickel-based modifier,

grain refinement
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INTRODUCTION

High-quality castings from carbon structural steels are widely used
in various engineering applications, including machinery, automotive, and
construction industries. The performance of these castings largely
depends on their chemical composition, microstructure, and mechanical
properties [1]. One of the key challenges in casting technology is
achieving a refined grain structure and uniform distribution of phases in
the alloy, which directly affects its strength, toughness, and wear
resistance.

Recent studies have shown that the microstructure of cast steel can
be significantly improved by introducing modifiers into the molten metal
under controlled conditions. Out-of-furnace treatment, which involves
modifying the molten steel in a ladle before casting, is an effective method
for increasing the number of crystallization nuclei, refining grain size, and
reducing casting defects. Nickel-based modifiers [2-6], in particular, have
been demonstrated to enhance mechanical properties by promoting the
formation of a pearlite—ferrite structure and controlling non-metallic
inclusions.

Despite the widespread use of carbon structural steels, there is still
a need to optimize the modification process to achieve consistent
microstructural characteristics and high-quality cast products. This study
aims to investigate the effect of nickel-based modifiers, specifically MH-
XH80C3P3 (MNIr-CP3), on the microstructure and mechanical properties of
20J1 grade steel. The research focuses on the out-of-furnace modification
technique, examining its influence on chemical composition, phase
distribution, and the formation of non-metallic inclusions in the castings [7-
11, 12]. The findings of this work contribute to improving casting
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technology and provide practical guidelines for producing structurally
sound and high-performance cast steel components.
MATERIALS AND METHODS

To improve the quality and mechanical properties of cast products
obtained from carbon structural steels, the molten metal was modified in
the ladle under out-of-furnace conditions using different amounts of
modifiers. As a result, it was possible to increase the number of
crystallization nuclei in the casting and refine the grain structure [13, 14].
The chemical composition of the melted carbon structural alloy was
prepared in accordance with the TOCT 977-88 standard. The melting of
the charge materials was carried out in the IST-0.001 furnace in the
laboratory of the Department of Mechanical Engineering of Namangan

State Technical University. The melting process is shown in Figure 1.

Fig 1. The process of melting charge materials in the IST-0.001
induction furnace

First, before charging the furnace with the charge materials, the
serviceability of the induction furnace was carefully inspected. The
crucible used in the experiment was made of aluminum corundum, whose
chemical composition mainly consists of a-aluminum oxide (Al2O3) —
95+99.9%, with small amounts of additional impurities such as SiO>
(silicon dioxide), Fe2O3 (iron (lll) oxide), Na2O and K>O (sodium and
potassium oxides), and TiO: (titanium dioxide). The melting temperature
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of the crucible is 2050+2072 °C [15]. Such a crucible was selected
because during the melting of the carbon structural steel alloy, the
temperature may increase during alloying, flux treatment, and
modification processes. Therefore, it was necessary to use a crucible
capable of withstanding these temperature changes without any negative
effects. After checking the reliability of the crucible, the primary and
secondary charge materials were prepared. Since an induction furnace
was used, larger charge materials with sizes of 45+55 mm were first
loaded into the crucible. The main reason for this is that melting in an
induction furnace occurs due to the electromagnetic field, which first heats
the charge materials placed in the furnace. Gradually, the melting process
begins, which takes approximately 3+4 minutes. If fine charge materials
are loaded into the furnace at this stage, the burning loss increases due
to their small size. Since the capacity of the furnace used for melting was
1 kg, the use of small-sized initial charge materials could lead to weight
losses due to oxidation and burning. Moreover, part of the oxidation
products released from fine charge materials may enter the molten metal
and pass into the slag, while another part may negatively affect the quality
of the casting. Such processes hinder obtaining high-quality cast products
with the required properties. Therefore, large-sized charge materials were
initially loaded into the induction furnace under laboratory conditions [16,
17]. After 3+4 minutes, these large charge materials melted in the crucible,
and smaller charge materials were then added onto the molten metal. This
approach reduced both the melting time and the burning losses of the fine
charge materials. The fine charge materials placed on the molten metal
melted quickly. After that, FeMn-85 and FeSi-45 ferroalloys were
introduced into the furnace. To form slag, fluxes were added, namely
CaCOs and CaF2. After the slag separated from the molten metal, it was
removed from the melt. Once the ferroalloys were completely melted and
the molten metal was fully purified from slag, the following modifiers were
introduced into the furnace in different percentages for modification
purposes during each melting process: NH-XH80C3P3 (MNr-CP3), Ir-
C27, Nr-CP2, Nr-obxe-2, and Nr-CP2.7. In the first melting experiment,
the NMH-XH80C3P3 (MNIMr-CP3) modifier was added to the molten metal in
an amount of 2.5 % of the molten metal weight [18-20]. To ensure proper
mixing, the melt was held in the crucible for 2+3 minutes. After that, the
molten metal was poured into a pre-prepared sand—clay mold. The
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modifier used was nickel-based, and its chemical composition is
presented in Table 1.

RESULT
Table 1
Chemical composition of the MH-XH80C3P3 (MIMN-CP3) modifier
Brand Element content, %
Ni Cr Si B Fe
MH-XH80C3P3 (NF-CP3) | 7 g9 11%'_55' 2.5-3.5(2.0-2.8| <5

The elements contained in the modifier introduced into the molten
metal affected the process as follows:

Boron (B): The boron (B) element contained in the modifier ensured
the strengthening of the alloy due to the formation of high-hardness
borides such as CrB, NiB, and FeB. In addition, the formed borides
improved the mechanical properties and wear resistance of the alloy.
These borides are very hard and resistant to abrasion, and their
accumulation within the internal structure of the alloy contributed to
enhancing its wear resistance. At the same time, boron has a positive
effect on the solidification process of steel even at very low concentrations
(at the ppm level).

Silicon (Si): Silicon is a strong deoxidizer, removing oxides from the
molten metal, which leads to the formation of non-metallic inclusions of
silicate type. During the alloying process, silicon partially strengthens the
ferrite phase of the molten metal and alters the morphology of the non-
metallic inclusions. These changes positively affect the cleanliness of the
steel and its wear resistance.

Chromium (Cr) and Nickel (Ni): As part of the alloy phases, these
elements increased high-temperature and corrosion resistance.
Chromium reacts with boron to form Cr-borides or Cr-carbides, which are
highly resistant to wear and oxidation. Nickel, in turn, enhances the
cohesion of the coating or molten metal phase, ensuring strong
metallurgical bonding while partially maintaining the ductility of the alloy.

1. Reactions related to Silicon (Si):

In the molten metal, silicon acted as a deoxidizer:

Si + O2 — SiO2
Si + 2FeO — 2Fe + SiO-
SiO2 + CaO — CaSiOs (passed into the slag).
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2. Reactions related to Chromium (Cr):
Chromium reaction with oxygen and interaction with slag:
2Cr + 17202 — Cr,03
Cr,03 + 3Ca0 — 3Ca0-Cr203 (slag compound)
Cr203 + Si — 2Cr + SiO2 (reduction occurred).
3. Reactions related to Boron (B):
Boron oxidation and slag compounds:
4B + 302 — 2B203
B20O3 + CaO — Ca0-B,0s (slag)

B2O3 + 2Al — 2B + Al2O3 (aluminothermic reduction occurred).

4. Reactions related to Nickel (Ni):

Nickel is generally inert, but at high temperatures it can react as
follows:

Ni + O2 — NiO
NiO + Si — Ni + SiO>
Ni + S — NiS (it contributed to the reduction of sulfur (S) to a certain
extent).

After the molten metal was prepared, it was poured into a pre-
prepared sand—clay mold. The prepared sand-clay mold mixture
consisted of 90+91 % quartz sand, 4+5% bentonite clay, and 3+4% water,
which were mixed in a mixer for 5+6 minutes. After mixing, the molding
mixture was compacted thoroughly into the flask using a rammer. The
main reason for selecting quartz sand was that it does not contain soil
impurities and contains certain amounts of montmorillonite, muscovite,
and kaolinite clays. Due to these characteristics, the use of this sand
during the mold preparation process provides good bonding properties
between the components of the molding mixture and ensures that the
mold does not collapse. Because of these favorable properties, quartz
sand was selected as the primary molding material. Bentonite clay was
added additionally to improve the binding properties of the molding
mixture. Another advantage of bentonite clay compared to other clays is
that when it is added to the molding mixture, it does not significantly
reduce the gas permeability of the mold. However, after exposure to
temperatures above 400 °C, bentonite clay loses its binding properties.
Therefore, this clay has both advantages and disadvantages. The main
purpose of adding water to the molding mixture is, first, to increase the
plasticity of the mixture due to moisture, and second, to improve its fluidity
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and cohesiveness. Improved fluidity of the molding mixture ensures that
sharp edges and thin-walled sections of the pattern are accurately
reproduced when producing castings with complex shapes. However, if
the moisture content of the molding mixture exceeds 3+4%, it may lead to
casting defects. Excess moisture can cause the mold to boil during
pouring, which ultimately results in defective castings. Therefore,
excessive moisture in the molding mixture must be avoided. Under
laboratory conditions, the process of pouring the prepared molten metal
from the crucible into the sand—clay mold at a temperature of 1530 °C in
the IST-0.001 induction furnace is shown in Figure 2.
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Fig 2. The process of pouring molten metal into a sand—clay mold
After the cast samples had completely cooled, they were thoroughly

cleaned from the sand. The appearance of the samples after cleaning

from the sand can be seen in Figure 3.
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Fig 3. Appearance of cast samples made of 20J1 grade steel after
sand removal
The obtained samples were first analyzed for chemical composition
at the “Central Laboratory” of Andijan Mechanical Plant JSC using the
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SPECTROLAB-10M equipment. The chemical composition of the alloys
is presented in Table 2.

Table 2
Chemical composition of samples obtained from 20J1 grade
steel

Samples C Si Mn P S Fe
Ne1 0,20 0,35 | 045 | <0,06 | <0,06 Bal.
Ne2 0,14 0,41 0,64 | <0,05 | <0,07 Bal.
Ne3 0,13 0,50 | 0,72 | <0,06 | <0,062 Bal.
Ne4 0,15 0,42 | 0,81 | <0,04 | <0,054 Bal.
Ne5 0,19 0,51 0,65 | <0,035 | <0,056 Bal.

After determining the chemical composition of the samples, the
other mechanical properties of the alloy were examined.

The microstructures of the samples obtained by adding 0.5% of the
modifier NMH-XH80C3P3 (MNIN-CP3), based on the weight of the molten
metal, are shown in Fig. 4 (a, b, c).

‘a'."" ,P * i o N F ¥ b % "
PR e . Bt U
Fig. 4. Microstructure of the sample cast from 20L grade steel after

out-of-furnace treatment with a modifier: a) x50, b) x100, c) x500
magnification.

In Fig. 4, the light white regions correspond to the ferrite phase. This
phase, typical for low-carbon steels, is distinguished by its relatively high
softness and plasticity compared with other phases. The dark, fine fibrous-
like areas correspond to pearlite, which is harder than the ferrite phase.
From the microstructure it can be observed that the amount of pearlite is
higher than that of ferrite. Therefore, the microstructure of this sample can
be characterized as a pearlite—ferrite microstructure. In addition, the small
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black spots observed in the sample indicate the presence of sulfides,
oxides, and a small amount of silicates.
CONCLUSION

The conducted experimental studies demonstrated that the
modification of molten metal under out-of-furnace conditions significantly
influences the structural formation and quality of cast carbon structural
steels. The introduction of the NMH-XH80C3P3 (MIM-CP3) modifier into the
molten metal promoted the formation of additional crystallization centers,
which resulted in grain refinement and improved structural homogeneity
of the casting. Microstructural analysis of the samples showed a ferrite—
pearlite structure with a predominance of pearlite phase, indicating
favorable conditions for enhancing the strength and wear resistance of the
alloy. Additionally, the formation of small non-metallic inclusions such as
sulfides, oxides, and silicates was observed. Overall, the results indicate
that the application of nickel-based modifiers during out-of-furnace
treatment is an effective approach to improving the technological process
and ensuring higher quality cast products from carbon structural steels.
REFERENCE
[1] Saidmakhamadov, N., Kholmirzaev, N., Bekchanova, V., Odilov, F.,
Tukhtaboev, 1., Gaybullaev, M., ... & Eshimov, D. (2025, February).
Mathematical modeling of the influence of the gating system on the quality
of the cast product during alloy casting. In AIP Conference Proceedings
(Vol. 3268, No. 1, p. 030002). AIP Publishing LLC.
https://doi.org/10.1063/5.0257618
[2] Kholmirzaev, N., Turakhodjaev, N., Saidmakhamadov, N., Khasanov,
J., Bektemirov, A., & Sadikova, N. (2024). Effects of titanium (Ti) contents
on the wear resistance of low-alloy steel alloys. In E3S Web of
Conferences (Vol. 525, p. 03003). EDP Sciences.
https://doi.org/10.1051/e3sconf/202452503003
[3] Saidmakhamadov, N., Turakhodjaev, N., Tursunbaeyv, S., Zokirov, R.,
Tadjiev, N., Abdullaey, K., ... & Juraeyv, J. (2024). Improving the design of
the lining of the ball mill used to improve the quality of grinding. In E3S
Web of Conferences (Vol. 525, p. 02017). EDP Sciences.
https://doi.org/10.1051/e3sconf/202452502017
[4] Khasanov, J., Kholmirzaev, N., Saidmakhamadov, N., Tojiboev, B.,
Dilshodbek, E., Makhammadjanov, K., ... & Otakuziev, A. (2024).
Development of technology for obtaining thin-walled details from gray cast

14| Page


https://doi.org/10.1063/5.0257618
https://doi.org/10.1051/e3sconf/202452503003
https://doi.org/10.1051/e3sconf/202452502017

ISSN: 3071-186X Volume 01, Issue 02, March, 2026

iron in sand-clay moulds. International Journal of Mechatronics & Applied
Mechanics, (18). https://doi.org/dx.doi.org/10.17683/ijjomam/issue18.24
[5] Kholmirzaev, N., Saidmakhamadov, N., Khasanov, J., Tadjiev, N.,
Yusupov, B., Sadikova, N., ... & Nurdinov, Z. (2024, December).
Mathematical Modeling of the Effect of TiC Nanopowder Particles on the
Wear Resistance Properties of Low-Alloy Steel. In Materials Science
Forum (Vol. 1139, pp. 11-19). Trans Tech Publications Ltd.
https://doi.org/10.4028/p-glS270

[6] Kholmirzaev, N., Turakhodjaev, N., Saidmakhamadov, N., Tadjiev, N.,
Khasanov, J., Yusupov, B., ... & Juraev, J. (2024, December).
Improvement of the Technology of Melting of Low Alloy Steel Alloy in an
Electric Arc Furnace. In Materials Science Forum (Vol. 1139, pp. 3-9).
Trans Tech Publications Ltd. https://doi.org/10.4028/p-2AMBsZ

[7] Nosir, S., & Bokhodir, K. (2022, August). Development of liquefaction
technology 280X29NL to increase the strength and brittleness of castings.
In International Conference on Reliable Systems Engineering (pp. 105-
115). Cham: Springer International Publishing.
https://doi.org/10.1007/978-3-031-15944-2_10

[8] Kholmirzaev, N., Turakhodjaev, N., Saidmakhamadov, N., Khasanov,
J., Saidkhodjaeva, S., & Sadikova, N. (2023). Development of Technology
of Making Shafts from Steel Alloy 35XGCL. Lecture Notes in Networks
and Systems, 762 LNNS. https://doi.org/10.1007/978-3-031-40628-7 18
[9] Nodir, T., Nosir, S., Shokhista, S., Furkat, O., Nozimjon, K., & Valida,
B. (2021). Development of 280X29NL alloy liquefaction technology to
increase the hardness and corrosion resistance of cast products.
International Journal of Mechatronics and Applied Mechanics, 1(10).
https://doi.org/10.17683/[JOMAM/ISSUE10/V1.19

[10] Saidmakhamadov Nosir, Karimov Bokhodir Development of
Liquefaction Technology 280X29NL to Increase the Strength and
Brittleness of Castings. International Conference on Reliable Systems
Engineering (ICoRSE) - 2022 pp 105-115
https://link.springer.com/chapter/10.1007/978-3-031-15944-2 10

[11] Saidmakhamadov N., Abdullaev K., Khasanov J., Adkhamov Kh.
Development new brands of resistance white cast irons. European
Journal of Research Development and Sustainability (EJRDS) Available
Online at: https://www.scholarzest.com Vol. 3 No. 1, January 2022 ISSN:
2660 — 5570 https://scholarzest.com/index.php/ejrds/article/view/1779

15| Page


https://doi.org/dx.doi.org/10.17683/ijomam/issue18.24
https://doi.org/10.4028/p-gIS27O
https://doi.org/10.4028/p-2AMBsZ
https://doi.org/10.1007/978-3-031-15944-2_10
https://doi.org/10.1007/978-3-031-40628-7_18
https://doi.org/10.17683/IJOMAM/ISSUE10/V1.19
https://link.springer.com/chapter/10.1007/978-3-031-15944-2_10#auth-Saidmakhamadov-Nosir
https://link.springer.com/chapter/10.1007/978-3-031-15944-2_10#auth-Karimov-Bokhodir
https://link.springer.com/chapter/10.1007/978-3-031-15944-2_10
https://www.scholarzest.com/
https://scholarzest.com/index.php/ejrds/article/view/1779

ISSN: 3071-186X Volume 01, Issue 02, March, 2026

[12] Saidmakhamadov N., Abdullaev K., Khasanov J., Bulitova Sh.
Development of 280X29NL brand resistance white cast iron liquefaction
technology «Teopusi u npakmuka cospemeHHou Hayku» Ne1(79) 2022
https://cyberleninka.ru/article/n/development-of-280x29nl-brand-
resistance-white-cast-iron-liquefaction-technology

[13] Saidmakhamadov N., Khalimjonov T., Saidkhodjaeva Sh., Turaev A
Technology for Obtaining High — Quality Castings from Resistance White
Cast Iron. Eurasian Journal of Engineering and Technology // ISSN: 2795
— 7640 Volume 5| April, 2022 https://geniusjournals.org/index.php/ejet
[14] Saidmakhamadov N., Karimov B., Hudoykulov Sh., Bekjanova L
Development of high chromium white cast iron liquefaction technology
Eurasian Journal of Engineering and Technology Volume 4| March, 2022
ISSN: 2795 — 7640 www.geniusjournals.org. —. p. 123 — 124.
https://geniusjournals.org/index.php/ejet/article/view/912

[15] Saidmakhamadov N., Abdullaev K., Abdullayev B., Khasanov A.
Development of technology for obtaining quality castings from steel alloys
Eurasian Journal of Engineering and Technology//ISSN: 2795—-7640
Volume 5| April, 2022
https://geniusjournals.org/index.php/ejet/article/view/1273

[16] Saidmakhamadov N., Zokirov R., Abdullayev B., Zufarova N.
Technology to increase the hardness and resistance of high — chromium
white cast iron. European multidisciplinary journal of modern science
https://emjms.academicjournal.io/index.php/Volume:6

[17] Rasulov N., Nadirov U., Abbasova I|. Improving the efficiency of
machining oppositely directed conical surfaces by managing dynamic
technological relationships //Reliability: Theory & Applications. — 2025. —
T.20. — Ne. SI 7 (83). — C. 252-258.

[18] Rasulov N. et al. Issues of increasing the efficiency of cylindrical gear
grinding using copying methods through a systematic approach
/[Reliability: Theory & Applications. — 2025. — T. 20. — Ne. SI 7 (83). — C.
259-266.

[19] Simon S. et al. Hardness of Surface Layers Obtained after Waterjet
Cutting of Chromium—Nickel Steel Workpieces //Russian Engineering
Research. — 2025. — T. 45. — Ne. 12. — C. 1714-1718.

[20] Simon S. et al. Surface Roughness of Chromonickel Steel after Water
Jet Machining: A Full Factorial Experiment //Russian Engineering
Research. — 2025. — T. 45. — Ne. 3. — C. 341-345.

16| Page


https://cyberleninka.ru/article/n/development-of-280x29nl-brand-resistance-white-cast-iron-liquefaction-technology
https://cyberleninka.ru/article/n/development-of-280x29nl-brand-resistance-white-cast-iron-liquefaction-technology
https://geniusjournals.org/index.php/ejet
http://www.geniusjournals.org/
https://geniusjournals.org/index.php/ejet/article/view/912
https://geniusjournals.org/index.php/ejet/article/view/1273
https://emjms.academicjournal.io/index.php/Volume:6

