International Journal of Mechatronics and Applied Mechanics

2026, Issue 25, Vol. I1

OPEN (7, ACCESS

EFFECT OF FTI-35 FERROTITANIUM MODIFICATION ON THE
IMPACT TOUGHNESS AND TENSILE STRENGTH OF HADFIELD
HIGH-MANGANESE STEEL
Sarvar Tursunbaev1[0000-0003-2516-3597]’ Khazrat SalimjonOV2[0009'0005'8910'7684], Umldjon Mardonovl*[0000-0003-3327-1846]’

Islam Rasulov2[0009-0005-2199-1311] Rakhimberdi Nurullaev 3[0009-0003-16¢1-841X], Akmal Ikromoy #0000-0002-0293-8217],
Nargiza Mahkmudova1[0009-0005-2199-1311] Rafael Zagidulin1[0009-0007-6079-8711], Dilshod Pirvaliyey 1[0009-0000-1030-5308],

Islom Mamadaliyey5[0000-0002-8667-422x]
1Tashkent State Technical University, 100095, Tashkent, Uzbekistan;
2Navoi State University of Mining and Technologies, Navoi, Uzbekistan;
3Almalyk State Technical Institute, Tashkent region, Uzbekistan;
4Tashkent State Transport University, Tashkent, Uzbekistan;
SNamangan State Technical University, Namangan, Uzbekistan.

Email: u.umardonov@tdtu.uz

Abstract - Modification is a widely used approach to improving the mechanical properties of alloys.
This article investigates the modification of high-manganese steel—specifically, Hadfield steel—
using ferrotitanium (FTi-35). In the experiments, particular attention was paid to incorporating
titanium from ferrotitanium into the alloy and to its effect on the mechanical properties.
Ferrotitanium was added to the charge at 0.4%, 0.6%, and 0.8%, and the influence of titanium on
mechanical properties (impact toughness and tensile strength) was investigated. The samples were
cast into sand-clay moulds. After casting, the specimens were machined to meet standard
requirements. Impact toughness was measured using an MK-30A pendulum impact tester, and
tensile strength was determined using an LFM-50 kN testing machine. Based on the experimental
results, a relationship graph between titanium content and mechanical properties was developed.
In addition, changes in the samples' microstructures and their correlation with mechanical
properties were analysed. It was found that adding titanium refines the steel’s grain structure,
leading to a significant improvement in its mechanical properties.
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strength.

1. Introduction

The rapid development of mechanical engineering
has led to increasingly stringent requirements for
the performance of engineering components.
Ferrous and non-ferrous alloys play an
indispensable role across various industrial sectors,
including mechanical engineering, the automotive
industry,  tractor = manufacturing,  aerospace
engineering, shipbuilding, and many others [1-5].
Components for these industries are manufactured
from these alloys using a variety of processing
techniques, such as casting, metal forming, and
rolling, depending on the intended application [6-9].

High-manganese steels are among the most
important engineering materials, widely used in
modern mechanical engineering, mining, metallurgy,
and the transport industry. One of the most

commonly used grades is 110G13L steel (GOST
21357-87), distinguished by its high impact
toughness, excellent ductility, and superior wear
resistance. The chemical composition of 110G13L
steel typically includes 1.0-1.4 wt.% carbon and 11-
14 wt.% manganese. The high manganese content
stabilises the austenitic structure, which is
responsible for the wunique combination of
mechanical and operational properties exhibited by
this steel [10].

The principal advantage of high-manganese
steels is their ability to work harden during service.
Under dynamic loading and abrasive wear, the steel
surface layer undergoes a significant increase in
hardness, while the core retains its high toughness.
Consequently, the material exhibits excellent
resistance to both impact loading and severe
abrasive wear. Owing to these outstanding
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characteristics, high-manganese steels are widely
used to manufacture crusher jaws, mill liners,
excavator bucket teeth, and other components
operating under severe service conditions [11-13].

The mechanical and service properties of high-
manganese steels depend not only on their chemical
composition but also on the melting technology,
casting conditions, cooling regime, and heat
treatment parameters. Accordingly, considerable
attention has recently been devoted to optimising
the chemical composition, elucidating the
mechanisms of alloying elements, and investigating
the relationship between microstructure and
mechanical properties of these steels. One of the
most effective approaches to improving alloy
performance is the addition of alloying and
modifying elements [14-17].

Researchers worldwide have explored adding
various alloying elements to steel to improve its
mechanical properties. For instance, Li Z. and his
team at Beijing University of Technology studied the
development of B-phase titanium alloys, such as Ti-
1023 and Ti-5553, using physical metallurgy
modelling. This approach enabled them to design
advanced structural materials with high elasticity
and strong mechanical performance [18].

In addition, research groups led by Dierk Raabe
at the Max Planck Institute for Sustainable Materials
(formerly the Max-Planck-Institut fir
Eisenforschung) conducted fundamental studies
using first-principles quantum-mechanical
calculations to investigate the phase stability, elastic
modulus, and thermodynamic behaviour of titanium-
based alloys [19]. Their work established the
relationship between phase transformations and the
mechanical response of Ti-Nb and Ti-Mo alloy
systems, enabling highly accurate predictions of
their mechanical behaviour.

Published studies have reported that combining
titanium and boron modifications of steels reduces
the average martensite grain size from
approximately 4.5 pm to 3.3 um. This refinement
increases the material's structural density, thereby
improving ductility and wear resistance. These
findings demonstrate that such modification
techniques are applicable not only under laboratory
conditions but also in large-scale industrial
production.

Table 1. Chemical composition of 110G13L high-manganese steel (%)

Consequently, titanium-modified high-manganese
steels are considered promising engineering
materials for applications in structural engineering,
mechanical manufacturing, mining, transportation,
and the energy industry [19].

A brief analysis of the study by Bleck, W. indicates
that the mechanical properties and deformation
mechanisms of high-manganese steels are primarily
governed by their stacking fault energy (SFE).
Variations in SFE promote different deformation
mechanisms, including Transformation-Induced
Plasticity (TRIP), Twinning-Induced Plasticity
(TWIP), and Microband-Induced Plasticity (MBIP).
These mechanisms play a decisive role in
determining the material's strength, ductility, and
work-hardening capacity. The study also reported
that the contents of manganese, carbon, and
aluminium significantly influence both the stability
of the austenitic phase and the SFE. While
manganese and carbon stabilise the austenitic
structure, aluminium increases the SFE, thereby
altering the dominant deformation mechanisms. As a
result, high-manganese steels can achieve a unique
combination of high strength and excellent ductility [20].

The present study investigates the effect of
adding FTi-35 ferrotitanium to 110G13L high-
manganese steel on its microstructure and
mechanical properties, specifically tensile strength
and impact toughness. Furthermore, the optimal
ferrotitanium addition required to achieve the best
combination of mechanical properties for this steel
grade is determined.

2. Materials and Methods

In this study, 110G13L high-manganese steel was
selected as the experimental material. The chemical
composition of the steel is presented in Table 1.
Owing to its excellent combination of wear
resistance, impact toughness, and work-hardening
capability, this steel is widely used in the
manufacture of heavy-duty industrial components.
Typical applications include the housings of vortex
and ball mills, crusher jaws and cones, excavator
bucket teeth and front bucket walls, railway
crossings, and other heavily loaded components
operating under static and severe dynamic loading
conditions, where high wear resistance and impact
resistance are essential.

Fe C Si Mn

Ni S P Cr

~83 0.9-1.5 03-1 |11.5-15

<1 <0.05 <0.12 <1

In addition, FTi-35 ferrotitanium was selected as the
modifier to introduce titanium into the steel
composition [21]. Ferrotitanium is widely used in
the steel industry, primarily as a deoxidising and

alloying agent, improving steel cleanliness, refining
the grain structure, and enhancing its mechanical
properties.
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The modification experiments were carried out
using a DSP-6-11 electric arc furnace (EAF). The DSP-
6-11 furnace is designed for melting carbon, quality,
and alloy steels for ingot production. However, it can
also be used to produce shaped castings. The furnace
can be installed inside a sound-insulated enclosure
and is manufactured in both left-hand and right-
hand configurations.

5 Electrode holders

In the left-hand configuration, the furnace
transformer is located on the left side of the furnace.
In contrast, in the right-hand configuration, it is
positioned on the right when viewed from the metal-
tapping side. The left-hand configuration is
considered the standard design. The schematic
structure of the electric arc furnace is shown in
Figure 1.
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Figure 1: Schematic diagram of the DSP-6-11 electric arc furnace

The tensile properties of the Ti-modified
110G13L steel were evaluated by uniaxial tensile
testing on an LFM-50 kN universal testing machine
manufactured by the Swiss company Walter + Bai
AG, as shown in Figure 2.

Figure 2: LFM-50 kN universal tensile testing machine

In addition, the Charpy impact test was used to
assess the specimens' resistance to dynamic loading.
The energy absorbed during fracture was measured
with a pendulum impact testing machine. Based on

the experimental results, the impact toughness was
calculated using the following equation [22]:

K=A/F

Where A is the impact energy absorbed during
fracture (J) and F is the specimen's cross-sectional
area (cm?). The calculated impact toughness values
were used to comprehensively evaluate the effect of
titanium addition on the steel's mechanical
performance.

The impact toughness of the specimens was
evaluated at room temperature using an MK-30A
pendulum impact testing machine, as shown in
Figure 3. Standard Charpy V-notch specimens,
measuring 10x10x55 mm and conforming to the
Charpy test standard [23], were used for the impact
tests.

In addition, the microstructure of the specimens
was examined using a METAM PB-23 metallographic
microscope. This microscope is designed for the
visual observation of the microstructure of metals,
alloys, and other opaque materials under reflected
light. It enables microscopic examination using
bright-field and dark-field illumination, as well as
investigations under polarised light and differential
interference contrast (DIC) microscopy. These
capabilities provide detailed characterisation of the
microstructural features of metallic materials.
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Figure 3: LEM-50 kN universal tensile testing
machine

3. Experimental

In the experiments, 110G13L high-manganese steel
was modified by adding FTi-35 ferrotitanium in
amounts corresponding to 0.4 wt.%, 0.6 wt.%, and
0.8 wt.% titanium relative to the charge. Initially, the
steel was melted in an electric arc furnace. The
ferrotitanium alloy was introduced by sprinkling it
into the furnace both at the initial stage of charge
melting and after the charge had completely melted.
After the addition of the modifier, the molten alloy
was held in the furnace for a predetermined period
to ensure complete dissolution and homogeneous
distribution of titanium throughout the melt.

The optimum pouring temperature was set at
1380-1410 °C, approximately 15 °C lower than the
conventional casting temperature. This reduction in
pouring temperature minimised casting defects,
including surface burning, incomplete mould filling,
gas porosity, and slag inclusions, during
solidification.

After casting, the specimens were subjected to
solution heat treatment at 1050-1150°C for 2.5 h to
homogenise the chemical composition, reduce
microsegregation generated during solidification,
and dissolve undesirable secondary phases into the
austenitic matrix. The selected solution treatment
temperature ensured sufficient atomic diffusion,
resulting in a more uniform distribution of alloying
elements throughout the matrix. During the holding
stage, titanium reacted with carbon to form fine and
uniformly dispersed titanium carbide (TiC)
precipitates. These thermally stable precipitates
served as effective grain-boundary pinning particles,
restricting austenite grain growth via the Zener
pinning mechanism and promoting the formation of
a refined, homogeneous austenitic microstructure
[24]. Grain refinement is known to improve the
mechanical performance of high-manganese steels

by simultaneously increasing strength, toughness,
and wear resistance. Following solution treatment,
the specimens were immediately water-quenched to
retain the high-temperature austenitic phase and to
suppress the precipitation of undesirable carbides or
phase transformations during cooling [25,26]. This
heat-treatment procedure produced a stable, fully
austenitic microstructure, providing a reliable basis
for = subsequent  mechanical testing and
microstructural characterisation. Following heat
treatment, the specimens were machined to the
required dimensions for mechanical testing [27].

The test specimens were prepared from cast bars
measuring 400 mm in length and 40 mm in diameter
using an NT-2501 lathe. Standard dog-bone-shaped
tensile specimens were machined with an overall
length of 40 mm, a gauge diameter of 10 mm, a grip
diameter of 15 mm, a gauge length of 25 mm, and
grip section lengths of 7.5 mm, as illustrated in
Figure 4.

Figure 4: Dog-bone-shaped tensile test specimens
prepared for tensile strength testing.

Figure 5: Charpy impact test specimens prepared for
impact toughness evaluation

In the next stage, prismatic specimens were
prepared for impact toughness testing. The
specimens had dimensions of 40 mm x 5 mm x 5 mm
and contained a 1 mm-deep notch, as shown in
Figure 5. All experimental tests were conducted in
accordance with the relevant technical standards
using calibrated and certified testing equipment.

4. Results
During tensile testing with the LFM-50 kN universal

testing machine, the loading and deformation
processes were continuously recorded using a digital

International Journal of Mechatronics and Applied Mechanics, 2026, Issue 25, Vol. 11 146



Effect of FTI-35 Ferrotitanium Modification on the Impact Toughness and Tensile Strength of Hadfield High-
Manganese Steel

controller. Proper specimen alignment prevented
bending effects, and the maximum tensile strength
was 400 MPa. The experimental results revealed a
relationship between titanium content and the
steel’s tensile strength, shown in Figure 6.
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Figure 6: Effect of titanium content on the ultimate
tensile strength of 110G13L steel

Based on the results presented in Figure 6, the
effect of titanium addition on the ultimate tensile
strength (UTS) of 110G13L high-manganese steel
was investigated. This study involved modifying the
steel with titanium additions of 0.4 wt.%, 0.6 wt.%,
and 0.8 wt.% relative to the charge, followed by an
evaluation of the tensile properties of the modified
specimens.

The results showed that the unmodified alloy
exhibited an ultimate tensile strength of 278 MPa,
with the addition of 0.4 wt.% Ti, the tensile strength
increased to 320 MPa. Increasing the titanium
content to 0.6 wt.% further improved the tensile
strength to 350 MPa, while the highest value of 378
MPa was obtained with 0.8 wt.% Ti. These results
demonstrate a continuous increase in the ultimate
tensile strength with increasing titanium content.

The improvement in tensile strength can be
attributed to the grain-refining effect of titanium
during solidification, which promotes a more
homogeneous microstructure and facilitates the
formation of strengthening phases. Consequently,
the alloy exhibits greater resistance to plastic
deformation, resulting in enhanced mechanical
performance. The experimental results confirm that
modifying 110G13L steel with titanium significantly
improves its ultimate tensile strength, with the
optimal performance among the investigated
compositions achieved at a titanium content of 0.8
wt.%.

Subsequently, the impact toughness of the
specimens was evaluated at room temperature using
an MK-30A pendulum impact testing machine.
Standard Charpy specimens with dimensions of 10 x
10 x 55 mm were used in accordance with the
relevant testing standard. The principal technical
characteristics of the MK-30A impact tester were
examined before testing. The machine has a
measuring range of 0-30 kg-m and a measurement

accuracy of +1%. Based on the experimental data,
the relationship between titanium content and
impact toughness was analysed, and the
corresponding results are presented in Figure 7.
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Figure 7: Relationship between titanium content and
the impact toughness of Ti-modified 110G13L steel

Based on the experimental results, the effect of
titanium addition on the impact toughness of
110G13L high-manganese steel was investigated,
and the relationship between titanium content and
impact toughness was established. As shown in
Figure 7, the impact toughness increased
consistently with increasing titanium content. The
unmodified alloy exhibited an impact toughness of
235 kJ/m?. When 0.4 wt.% Ti was added the impact
toughness increased to 278 KkJ/m? Further
increasing the titanium content to 0.6 wt.% resulted
in an impact toughness of 311 kJ/m? indicating a
significant improvement in the alloy's resistance to
dynamic loading. The highest value, 322 kJ/m?, was
obtained for the specimen containing 0.8 wt. % Ti.

The improvement in impact toughness can be
attributed to the grain-refining effect of titanium
during solidification. Titanium increases the number
of heterogeneous nucleation sites, leading to grain
refinement, while the formation of titanium carbides
and nitrides contributes to both microstructural
strengthening and enhanced toughness. As a result,
the material absorbs impact energy more effectively
and exhibits greater resistance to brittle fracture.

As shown in Figure 7, the rate of increase in
impact toughness was more pronounced up to 0.6
wt.% Ti. However, the impact toughness continued
to increase at 0.8 wt.% Ti, the rate of improvement
became less significant, suggesting a tendency
toward saturation. Nevertheless, within the
investigated composition range, titanium addition
consistently improved the alloy's impact toughness,
with the highest value achieved at 0.8 wt.% Ti.

In the next phase of the research, the
microstructures of the specimens were analysed.
Prior to microscopic examination, the specimens
were mechanically prepared and polished using a
NERIS grinding and polishing machine. They were
then chemically etched and examined under a
METAM PB-23 metallographic microscope. The
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metallographic micrographs of the specimens are
shown in Figure 8.

The microstructural analysis presented in Figure
8 confirms that titanium modification significantly
influences the microstructure of 110G13L high-
manganese steel. In the unmodified specimen
(Figure 8a), coarse austenitic grains with clearly
defined grain boundaries were observed. Dark
carbide phases and non-metallic inclusions were
distributed non-uniformly throughout  the
microstructure, indicating considerable
microstructural heterogeneity. Such a heterogeneous
microstructure adversely affects the mechanical and
service properties of the steel, particularly its impact
toughness and tensile strength.

Figure 8: Microstructures of 110G13L steel: (a)
without Ti addition; (b) with 0.4 wt.% Ti; (c) with 0.6
wt.% Ti; and (d) with 0.8 wt.% Ti

When 04 wt% Ti was added (Figure 8b),
noticeable grain refinement of the austenitic matrix
was observed. Compared with the unmodified
specimen, the grains became considerably finer and
more uniformly distributed. This behaviour can be
attributed to the formation of TiC and TiN particles
during solidification, which act as heterogeneous
nucleation sites. Consequently, grain growth is
effectively suppressed, resulting in a more
homogeneous microstructure.

At a titanium content of 0.6 wt.% (Figure 8c), the
microstructure exhibited the finest and most
uniform grain morphology. The austenitic grains
were significantly refined, while carbide particles
and secondary phases were dispersed uniformly
throughout the matrix as fine precipitates. These
observations indicate that titanium modification was
most effective at this composition. According to the
Hall-Petch relationship, grain refinement directly
increases steel strength by impeding dislocation
motion [28, 29].

When the titanium content was further increased
to 0.8 wt.% (Figure 8d), the alloy retained its fine-

grained microstructure. However, localised regions
containing larger concentrations of dark precipitates
were observed. This behaviour is attributed to the
increased formation of TiC and TiN particles
resulting from the higher titanium content.
Consequently, the microstructural homogeneity was
slightly lower than that observed in the specimen
containing 0.6 wt% Ti, although the grain
refinement remained superior to that of the
unmodified alloy.

5. Discussions

Hadfield high-manganese steel is widely used in the
mining, railway, and construction industries due to
its excellent work-hardening capability, high impact
toughness, and outstanding wear resistance.
However, the coarse austenitic grains formed
during conventional casting limit important
mechanical properties, particularly tensile strength
and impact toughness. Therefore, numerous studies
have focused on refining the microstructure
through alloy modification to improve the
mechanical performance of this steel.

Venturelli et al. reported that modification with
hafnium reduced the average austenite grain size
from approximately 3000 um to 600 um. As a result,
the ultimate tensile strength increased by
approximately 37%, while the Charpy impact
toughness improved by 15%. The authors
attributed these improvements to a refined
austenitic grain structure, enhanced work-
hardening behaviour, and a more uniform
distribution of deformation under applied loading
[30]. Titanium has also been extensively
investigated as a microalloying element for Hadfield
steel. Previous studies have demonstrated that
titanium forms stable Ti(C, N) precipitates that act
as heterogeneous nucleation sites during
solidification and effectively inhibit the growth of
austenite grains [31]. Furthermore, Bankowski et al.
investigated the effect of magnesium modification
on Hadfield high-manganese steel and reported that
magnesium effectively refines the austenitic grain
structure and improves the impact toughness by
reducing the amount of non-metallic inclusions
[32]. Additionally, Lindroos et al. thoroughly
studied the deformation behaviour, strain-
hardening, and wear mechanisms of chromium-
alloyed Hadfield steel under abrasive and impact
loads. Their findings showed that the addition of
chromium greatly enhances the steel's resistance to
abrasive wear while maintaining its superior strain-
hardening properties during use [33].

In contrast to prior research, the present study
investigates the modification of Hadfield steel
through the addition of FTI-35 ferrotitanium. Unlike
pure titanium, FTI-35 is an industrially feasible
ferroalloy that can be incorporated directly into
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molten metal during melting. The experimental
results demonstrate that titanium introduced
through FTI-35 significantly enhances both impact
toughness and tensile strength by refining the
austenitic grain structure and promoting the
formation of fine titanium-containing particles. The
optimum titanium addition produced the most
homogeneous microstructure and the best
combination of mechanical properties. These
findings not only confirm the conclusions of
previous studies but also demonstrate the practical
effectiveness of FTI-35 ferrotitanium in modifying
110G13L Hadfield high-manganese steel under
industrial casting conditions.

Overall, the experimental study demonstrates
that modification of 110G13L high-manganese steel
with FTi-35 ferrotitanium effectively refines the
microstructure and improves its mechanical
properties. Therefore, the modified alloy is a
promising material for producing cast components
that operate under severe service conditions.

The potential applications of the developed
material include heavy-duty cast components for
mining machinery, construction and mechanical
engineering equipment, crushers, excavators,
grinding mills, railway components, and other
wear-resistant engineering products operating
under severe impact and abrasive wear conditions.
Since these cast components are continuously
exposed to intense abrasive wear and repeated
impact loading in service, using titanium-modified
high-manganese steel can significantly enhance
their operational performance. Compared with
conventional unmodified high-manganese steels,
titanium modification refines the microstructure
and improves wear resistance and impact
toughness, thereby extending component service
life, reducing maintenance frequency, minimising
replacement costs, and increasing the overall
reliability and durability of equipment operating in
harsh industrial environments.

6. Conclusions

Following the experimental investigations, the
subsequent conclusions can be delineated.

Modifying 110G13L high-manganese steel with
titanium significantly refines the austenitic grain
structure and improves microstructural
homogeneity. During solidification, titanium forms
TiC and TiN particles, which serve as heterogeneous
nucleation sites and effectively inhibit austenite
grain growth. Consequently, the steel's mechanical
properties are significantly enhanced.

Titanium modification increased the alloy's
ultimate tensile strength by approximately 25-28%,
while impact toughness improved by approximately
29-33% compared with the unmodified steel. These
improvements are attributed to grain refinement

and the more uniform distribution of strengthening
phases within the microstructure.

Microstructural analysis revealed that the
specimen containing 0.6 wt.% Ti exhibited the most
refined and homogeneous austenitic structure,
characterised by the finest grain size and the most
uniform distribution of secondary phases. This
composition can therefore be regarded as the
optimum titanium content for achieving the most
favourable microstructural characteristics in
110G13L high-manganese steel.

Overall, the results demonstrate that FTi-35
ferrotitanium is an effective modifier that improves
the microstructure and mechanical performance of
110G13L high-manganese steel, making it a
promising material for manufacturing wear-
resistant cast components for severe service
conditions.

References

[1] Akinribide, O. ]J., Ogundare, O. D., Oluwafemi, O.
M., Ebisike, K., Nageri, A. K., Akinwamide, S. O,,
Gamaoun, F.,, & Olubambi, P. A. (2022). A Review
on Heat Treatment of Cast Iron: Phase Evolution
and Mechanical Characterisation. In Materials
(Vol. 15, Issue 20).
https://doi.org/10.3390/ma15207109

[2] Wang, C., Du, Z.,, Cheng, A, He, Z., Tan, H., & Yu, W.
(2023). Influence of process parameters and heat
treatment on self-piercing riveting of high-
strength steel and die-casting aluminium. Journal
of Materials Research and Technology, 26.
https://doi.org/10.1016/j.jmrt.2023.09.187

[3] Tursunbaev, S., Turakhodjaev, N., Mardonakulov,
S., & Toshmatova, S. (2024). Effect of germanium
oxide on the properties of aluminum casting
details in agricultural machinery. BIO Web of
Conferences, 85.
https://doi.org/10.1051 /bioconf/20248501024

[4] Hammi, M., Bourakadi, K. el, Dahhou, M., Lazrak,
C., Eddaoui, A., & haimeur, A. el. (2025). Influence
of casting parameters on the surface and
mechanical properties of leaded brass alloys:
mechanistic insights. Discover Applied Sciences,
7(6). https://doi.org/10.1007 /s42452-025-
07120-z

[5]Li, X.,, Shi, H, Li, X, Gan, W., Xu, C.,, Ding, C,
Tursunbaev, S., Turakhodjaev, N., Hu, X., & Wang,
X. (2025). Effect of RE/Zn atomic ratio on the
microstructure of Mg-Zn-Gd-Y alloys during
rolling process: A new composition design
strategy for high-strength and high-thermal-
conductivity magnesium alloy. Journal of
Magnesium and Alloys.
https://doi.org/10.1016/j.jma.2025.06.029

[6] Tursunbayev, S, Turakhodjayev, N,
Mardanokulov, S., Zokirov, R., & Odilov, F. (2023).
The effect of lithium on the mechanical

International Journal of Mechatronics and Applied Mechanics, 2026, Issue 25, Vol. 11 149


https://doi.org/10.3390/ma15207109
https://doi.org/10.1016/j.jmrt.2023.09.187
https://doi.org/10.1051/bioconf/20248501024
https://doi.org/10.1007/s42452-025-07120-z
https://doi.org/10.1007/s42452-025-07120-z
https://doi.org/10.1016/j.jma.2025.06.029

Effect of FTI-35 Ferrotitanium Modification on the Impact Toughness and Tensile Strength of Hadfield High-
Manganese Steel

properties of alloys in the Al-Li system. E3S Web
of Conferences, 390.
https://doi.org/10.1051 /e3sconf/202339005046

[7] Tursunbaev, S. Turakhodjaev, N. Odilov, F,
Mardanokulov, S., & Zokirov, R. (2023). Change in
wear resistance of alloy when alloying aluminium
alloy with germanium oxide. E3S Web of
Conferences, 401.
https://doi.org/10.1051 /e3sconf/202340105001

[8]8. Li, Z. (2023). Superplastic Forming/Diffusion
Bonding Technology of Titanium Alloys: Theories
and Applications. In Superplastic
Forming/Diffusion Bonding Technology of
Titanium Alloys: Theories and Applications.
https://doi.org/10.1007/978-981-99-3909-1

[9] Tursunbaev, S. Turakhodjaev, N. Zhang, L,
Wang, Z., Mardonov, U., & Saidova, M. (2024).
Mechanical properties and evolution of the
microstructure of Al-Cu-Mg system alloys under
the influence of alloying elements (Ge and Si).
International Journal of Mechatronics and
Applied Mechanics, 2024(18), 164-169.
https://doi.org/10.17683 /ijomam/issue18.19

[10] Sisa, O., Mirzak, V., Pukalov, V., Dovzhuk, O., &
Tupalenko, D. (2024). Improvement of the
Technology for Manufacturing Samples From
High-Strength  Cast  Steel 110G13L for
Metallographic research and Testing. National
Interagency Scientific and Technical Collection of
Works. Design, Production and Exploitation of
Agricultural Machines, (54).
https://doi.org/10.32515/2414-
3820.2024.54.24-35

[11] Petrovskiy, A. A., Kondratiev, V. v., Konyukhov,
V.Y, & Oparina, T. A. (2025). Increasing the wear
resistance of mining crushing equipment parts
through the use of new materials. Sustainable
Development of Mountain Territories, 17(2).
https://doi.org/10.21177/1998-4502-2025-17-
2-1171-1183

[12] Sisa, 0., Bokov, V., Mirzak, V., Tupalenko, D., &
Dovzhuk, O. (2025). Technology of Group
Production of Square Samples from High-
Strength Casting Steel 110G13L for Physical and
Mechanical Tests. National Interagency Scientific
and Technical Collection of Works. Design,
Production and Exploitation of Agricultural
Machines, (55). https://doi.org/10.32515/2414-
3820.2025.55.50-62

[13] Abashkin, E. E., & Tkacheva, A. v. (2025).
Influence of local combined thermal effect on the
intensity of residual stresses in a plate made of
Hadfield steel (110G13L). Metallurgist, 68(10).
https://doi.org/10.1007/s11015-025-01863-1

[14] Tursunbaev, S., Turakhujaeva, A., Mardonov, U.,
Mardonakulov, S., Saidova, M., Murodqosimov, R,,
& Kudratkhodjaeva, N. (2025). Analysing the
alternations in the aluminium alloy properties
under the influence of silicon and germanium

alloying elements. International Journal of
Mechatronics and Applied Mechanics, 1(21),
365-372.
https://doi.org/10.17683/ijomam//issue21.34

[15] Dwulat, R., & Janerka, K. (2023). Evaluation of
the Metallurgical Quality of Nodular Cast Iron in
the Production Conditions of a Foundry. Journal
of Manufacturing and Materials Processing, 7(1).
https://doi.org/10.3390/jmmp7010018

[16] Tursunbaev, S., Turakhodjaev, N., Turakhujaeva,
S., 0zodova, S., Hudoykulov, S., & Turakhujaeva, A.
(2022). Reduction of gas porosity when alloying
A000 grade aluminum with lithium fluoride. IOP
Conference Series: Earth and Environmental
Science, 1076(1). https://doi.org/10.1088/1755-
1315/1076/1/012076

[17] Ahuir-Torres, ]. 1., Meredith, A., Batako, A. D,
Kotadia, H. R,, Opoz, T. T., Zhu, G., Khidasheli, N.,
Sharp, M. C., & Bakradze, N. (2025). Corrosion
behaviour of hardened grey cast iron with
continuous-wave infrared laser. Materials Today
Communications, 44,
https://doi.org/10.1016/j.mtcomm.2025.111852

[18] Li, Z. (2023). Superplastic Forming/Diffusion
Bonding Technology of Titanium Alloys: Theories
and Applications. In Superplastic
Forming/Diffusion Bonding Technology of
Titanium Alloys: Theories and Applications.
https://doi.org/10.1007/978-981-99-3909-1

[19] Neumann, P., Frommeyer, G. Grabke, H. ],
Raabe, D., Stratmann, M., & Tacke, K. H. (1999).
The Max-Planck-Institute for Iron Research. Steel
times, 227(8), 304.

[20] Bleck, W. (2021). New insights into the
properties of high-manganese steel. International
Journal of Minerals, Metallurgy and Materials,
28(5). https://doi.org/10.1007/s12613-020-
2166-1

[21] Sparis, D., Lazou, A., Balomenos, E., & Panias, D.
(2024). Thermodynamics of Aluminothermic
Processes for Ferrotitanium Alloy Production
from Bauxite Residue and [lmenite. Metals, 14(2).
https://doi.org/10.3390/met14020200

[22] Zainuddin, H., Ali, M. B,, Zakaria, K. A, Paijan, L.
H., Mamat, M. F, & Bakar, M. H. A. (2024).
Investigation of Impact Properties under
Instrumented Charpy Test. Journal of Engineering
and Technological Sciences, 56(3).
https://doi.org/10.5614/j.eng.technol.sci.2024.5
6.3.2

[23] Lucon, E. (2016). Experimental assessment of
the equivalent strain rate for an instrumented
charpy test. Journal of Research of the National
Institute of Standards and Technology, 121.
https://doi.org/10.6028/jres.121.007

International Journal of Mechatronics and Applied Mechanics, 2026, Issue 25, Vol. 11 150


https://doi.org/10.1051/e3sconf/202339005046
https://doi.org/10.1051/e3sconf/202340105001
https://doi.org/10.1007/978-981-99-3909-1
https://doi.org/10.17683/ijomam/issue18.19
https://doi.org/10.32515/2414-3820.2024.54.24-35
https://doi.org/10.32515/2414-3820.2024.54.24-35
https://doi.org/10.21177/1998-4502-2025-17-2-1171-1183
https://doi.org/10.21177/1998-4502-2025-17-2-1171-1183
https://doi.org/10.32515/2414-3820.2025.55.50-62
https://doi.org/10.32515/2414-3820.2025.55.50-62
https://doi.org/10.1007/s11015-025-01863-1
https://doi.org/10.17683/ijomam/issue21.34
https://doi.org/10.3390/jmmp7010018
https://doi.org/10.1088/1755-1315/1076/1/012076
https://doi.org/10.1088/1755-1315/1076/1/012076
https://doi.org/10.1016/j.mtcomm.2025.111852
https://doi.org/10.1007/978-981-99-3909-1
https://doi.org/10.1007/s12613-020-2166-1
https://doi.org/10.1007/s12613-020-2166-1
https://doi.org/10.3390/met14020200
https://doi.org/10.5614/j.eng.technol.sci.2024.56.3.2
https://doi.org/10.5614/j.eng.technol.sci.2024.56.3.2
https://doi.org/10.6028/jres.121.007

Effect of FTI-35 Ferrotitanium Modification on the Impact Toughness and Tensile Strength of Hadfield High-
Manganese Steel

[24] Koju, R. K., Darling, K. A, Kecskes, L. ]., & Mishin,
Y. (2016). Zener Pinning of Grain Boundaries and
Structural Stability of Immiscible Alloys. JOM,
68(6). https://doi.org/10.1007/s11837-016-
1899-9

[25] Nodir, T., Sarvar, T., Andrey, ]J., & Yahyojon, M.
(2022). Mathematical Model for Calculating Heat
Exchange. In Lecture Notes in Networks and
Systems (Vol. 305). https://doi.org/10.1007/978-
3-030-83368-8 24

[26] Giirol, U.,, Kocaman, E., Dilibal, S., & Koc¢ak, M.
(2023). A comparative study on the
microstructure, mechanical properties, wear and
corrosion behaviors of SS 316 austenitic stainless
steels manufactured by casting and WAAM
technologies. CIRP Journal of Manufacturing
Science and Technology, 47.
https://doi.org/10.1016/j.cirpj.2023.10.005

[27] Mardonov, U, Yang, Y., Wang, X., Khasanov, O,
Tursunbaev, S., & 0zodova, S. (2025). Analysis of
Thermocouple Measurement Errors in Various
Contact Methods During Turning Operations.
Lecture Notes in Networks and Systems, 1592
LNNS, 1-14. https://doi.org/10.1007/978-3-032-
02508-1 1

[28] Naik, S. N., & Walley, S. M. (2020). The Hall-
Petch and inverse Hall-Petch relations and the
hardness of nanocrystalline metals. In Journal of
Materials  Science  (Vol. 55, Issue 7).
https://doi.org/10.1007/s10853-019-04160-w

[29] Xu, Z., Li, M., & Han, Y. (2025). Mechanical
properties of crystalline-amorphous composites:
Generalization of Hall-Petch and inverse Hall-
Petch behaviors. National Science Review, 12(9).
https://doi.org/10.1093 /nsr/nwaf336

[30] Venturelli, B. N., Albertin, E., & de Farias
Azevedo, C. R. (2018). The effect of the austenite
grain refinement on the tensile and impact
properties of cast Hadfield steel. Materials
Research, 21(5). https://doi.org/10.1590/1980-
5373-mr-2018-0069

[31] Fernandes, P. E. G., & Santos, L. A. (2020). Effect
of titanium and nitrogen inoculation on the
microstructure, mechanical properties and
abrasive wear resistance of hadfield steels.
Revista Escola de Minas, 73(1).
https://doi.org/10.1590/0370-
44672019730023

[32] Bankowski, D., Miynarczyk, P. S. Depczynski,
W., & Bolanowski, K. C. (2024). The Effect of
Work Hardening on the Structure and Hardness
of Hadfield Steel. Archives of Foundry Engineering,
(2024).
https://doi.org/10.24425 /afe.2024.149246

[33] Lindroos, M., Apostol, M., Heino, V., Valtonen, K,
Laukkanen, A, Holmberg, K., & Kuokkala, V. T.
(2015). The deformation, strain hardening, and
wear behavior of chromium-alloyed hadfield
steel in abrasive and impact conditions. Tribology
Letters, 57(3). https://doi.org/10.1007/s11249-
015-0477-6

International Journal of Mechatronics and Applied Mechanics, 2026, Issue 25, Vol. 11 151


https://doi.org/10.1007/s11837-016-1899-9
https://doi.org/10.1007/s11837-016-1899-9
https://doi.org/10.1007/978-3-030-83368-8_24
https://doi.org/10.1007/978-3-030-83368-8_24
https://doi.org/10.1016/j.cirpj.2023.10.005
https://doi.org/10.1007/978-3-032-02508-1_1
https://doi.org/10.1007/978-3-032-02508-1_1
https://doi.org/10.1007/s10853-019-04160-w
https://doi.org/10.1093/nsr/nwaf336
https://doi.org/10.1590/1980-5373-mr-2018-0069
https://doi.org/10.1590/1980-5373-mr-2018-0069
https://doi.org/10.1590/0370-44672019730023
https://doi.org/10.1590/0370-44672019730023
https://doi.org/10.24425/afe.2024.149246
https://doi.org/10.1007/s11249-015-0477-6
https://doi.org/10.1007/s11249-015-0477-6

