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Abstract

This work studied the effectiveness of the interrupted isothermal quenching and subsequent cryogenic treatment, as well as
direct hardening options for the purpose of varying the structure and hardening of high-strength cast iron with boron microalloy,.
The paper focused on deeply refined high-strength cast iron with sulfur content less than 0.002%, along with the influence of
thermal and cryogenic treatment on the evolution of the phase composition of the cast irons. To obtain a different structure in the
metal matrix, four groups of samples were prepared, and were subjected to different duration of austenitization (60, 90, 150 and
210 min.) at 950°C. The process of formation of the bainite phase was carried out at 400°C and interrupted at controlled intervals
of 7, 15, 30, 45, 60 and 75 minutes. The samples were then hardened in liquid nitrogen.

A set of the experimental cast irons was subjected to direct hardening. Samples for austenization of the structure were kept at
a temperature of 950°C for 60, 90, 150 and 210 minutes, then hardened in water or liquid nitrogen.

It has been established that the hardening of high-strength cast iron with boron microalloy is an effective method of hardening
the metal matrix. The combination of isothermal hardening and cryogenic processing methods allows for a wide range of structural
combinations of bainite and martensitic phases to be purposefully formed in boron microalloyed high-strength cast irons, as a
function of exploitation and operation conditions.
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1. Introduction

Referring to the studies in [1-5], bainite cast iron remains one of the most promising material for the manufacture
of structural elements for modern brake systems of automobile and high-speed railway transport. Its excellent
mechanical characteristics allows increasing loads in the contact zone and the wear resistance of frictional surfaces.

The functional properties of bainite cast iron are largely determined by the structure of the metal matrix [6-9],
which can be induced by heat treatment. Depending on the modes of heat treatment, the resulting material is a mix
phases of bainite of various types and residual austenite. It should be noted that the mechanical indicators of these
phase-components (upper-, lower bainite, residual austenite) differ significantly, along with their ratio. This gives a
wide range for modification and manipulation of functional characteristics. At the same time, an effective use of
bainite cast iron in friction conditions, can be ensured only with an optimal ratio of structural constituents.

Some theoretical studies [10-12] aimed at synthesizing multiphase structures containing certain amounts of
martensite in high-strength cast iron, which, is characterized by higher hardness and wear resistance. The complexity
of the problem is due to the fact that the martensitic transformation is of a shear nature, accompanied by an increase
in volume and this leads to significant internal stresses. The latter causes microcracks formation in the cast iron
hardening process. In addition, The Ni, Mo and Cu, which are part of bainite cast iron, reduce the temperature of the
beginning of martensitic transformation [13]. Consequently, the effectiveness of martensitic hardening of residual
austenite during quenching in water is not sufficient enough.

The frictional properties of high-strength cast iron can be significantly improved due to the formation of
strengthening phases in the structure of the metal matrix [1 4-1 6]. It has been shown that alloying of high-strength
cast irons with V, W, Mo, and B induces the formation of dispersed nitrides, carbonitrides and intermetallic matter
in the metal matrix. These dispersions are located along the grain boundaries, strengthen them and reduce the diffusion
permeability[1 7,1 8].

Therefore, it is possible to notice the high-strength bainite cast iron due boron microalloy [19], which do not
contain expensive and scarce metal as Ni, Mo and Cu. Microalloying of high-strength cast iron with 0.03% boron
increases the diffusion activity of carbon and reduces the duration of isothermal quenching. The dispersion of the
structure and the level of frictional characteristics increase. At the same time, the range of variation in the structural-
phase composition and operational properties of high-strength cast irons is expanded due to a change in the modes of
their thermal processing. According to the data presented in the work [20], cauldron alloys are characterized by high
plasticity at temperatures of 850-950°C, and therefore are of interest from the point of view of the possibility of



strengthening their metal matrix with different variants of bainite-martensitic structures.
This work studies, the influence of methods of thermal and cryogenic treatment on the structure and hardness of
high-strength cast iron microalloyed with boron.

2. Experimental work and Results

The object of this study is the high-strength cast iron microalloyed with boron, and, its chemical composition is
presented in Table 1. To ensure high crack-resistance, the concentration of silicon in the alloy was maintained at 2.1-
2.2%, and the sulfur content was 0.002%. For this purpose, the cast iron melt was subjected to deep refining, taking
into account the thermodynamics of the process at temperatures of 1320-1340°C, with magnesium metal vapors using
a specially developed technology. Smelting of raw materials was carried out in a laboratory induction furnace with a
crucible capacity of 40 kg. When smelting cast iron, 90% of cast iron and 10% of steel scrap were used. For
microalloying, a ferro-boron with 17% boron was used. The liquid metal was first modified with magnesium metal
vapors for 5 minutes, and then, after holding to 1480-1500 ° C, boron microalloying was performed. Liquid metal
after inoculated modification was poured into pre-prepared casting molds at 1420 ° C.

Table 1. Chemical composition of experimented ductile irons (wt, %)
Alloy C Si Mn S B Mg P

A-1 3,53 2,15 0,32 <0,002 0,03 0,041 0,040

To study the features of the formed structures, pre-prepared cylindrical samples were subjected to various
methods of direct and isothermal hardening. Austenitization was carried out at a temperature of 950 ° C, and isothermal
hardening at 400 ° C.

The time of austenitization before direct and isothermal hardening was: 90; 150; 210 and 240 minutes and the
duration of isothermal hardening was 7; 15; 30; 60 minutes. Water, melt Pb and Sb and liquid nitrogen at -196.7C
were used as quenching medium.

The structure of the metal matrix after respective treatments was studied at various magnifications on the
metallographic microscale Neophot 32. To identify the structure, the specimen were ground and polished then treated
with a 3% alcohol solution of nitric acid.

The ratio of structural components of bainite-martensitic in the high-strength cast irons was established with X-
Ray diffraction technique on the DRON-4 diffractometer using CoKa radiation. The hardness of the experimental
samples was measured at Rockwell scale.

3. 3. Results and Discussions

The experimental procedures took into account the size of the initial austenitic grain. The degree of its saturation
with carbon, and its carbon concentration were a function of the temperature and duration of austenitization and which
significantly affects the kinetics of the processes of structure formation during isothermal quenching (isothermal
quenching, austempering), the morphology and ratio of phase components of high-strength cast iron. The
experimental samples of the first stage were subjected to heat treatment according to the modes schematically
represented in Fig. 1. When choosing the heat treatment regime, it was taken into account that with isothermal
quenching (austempering- ¢), the concentration of carbon in residual austenite continuously increases. This causes its
stabilization and, ultimately, the process of formation of bainite stops. An increase in the carbon content in residual
austenite leads to a decrease in the temperature of the beginning of martensitic transformation and prevents the
possibility of hardening the metal matrix by quenching in water.
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Fig.1 Austempering heat-treatment conditions.

To obtain different structures in the metal matrix, four groups of samples were prepared, each of which was
subjected to different duration of austenitization (60, 9 0, 150 and 210 min.) at 950 ° C, and the process of formation
of the bainite phase at 400 © C was interrupted at controlled intervals - 7, 15, 30, 45, 60 and 75 min. They differed in
the volume of unconverted residual austenite and the amount of dissolved carbon. The analysis of the data showed
that the austenitization time significantly affects the amount of residual austenite and the hardness of the metal matrix
at an equal duration of isothermal quenching (Fig. 2 ). Increasing the holding time of samples at 950 ° C contributes
to the saturation of the original austenite with carbon. This increases its stability during subsequent isothermal
quenching in the region of intermediate temperatures - in this case, 400°C. however, with the increase in carbon
content, the degree of decay of the original austenite aty — o transformation drops and the amount of residual austenite
in the final structure of the metal matrix reaches 28 - 35%.
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Fig.2 Effect of isothermal hardening time on the content of residual austenite in the structure;
1 — austenitization time 150 min. ; 2 — austenitization time 210 min.
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Fig. 3 shows a typical microstructure of boron-microalloyed high-strength cast irons. Here one can see in the
microstructures that, an increase in the austenitization time helps to increase the stability of the original austenite and
with the same austempering time in the structure of the metal matrix there is a greater the amount of residual austenite.
As a result of targeted interruption of bainite transformation, the volume fraction of residual austenite in experimental
samples can be in the range of 60-78%," which causes a low hardness of the metal matrix - 19 - 24 HRC.

It is possible to maintain a controlled amount of thermodynamically unstable residual austenite in the structure
of experimental samples. Consequently, it is possible to strengthen the matrix of high-strength cast iron by further
hardening to martensite. To ensure a completeness of the martensitic transformation, the samples were harden in liquid
nitrogen. Fig.4 illustrates the microstructure of high-strength cast iron after stepwise processing regime of
austenitization : - incomplete isothermal hardening - quenching in liquid nitrogen.

Hardening high-strength cast iron with boron microalloy causes the transformation of supercooled and unstable
residual austenite into martensite, the crystals of which are distributed throughout the volume of the metal matrix. At
the same time, in the polished plane, evenly distributed areas of residual austenite are observed, the volume fraction
of which depends on the abundance and stability of the non-converted (not transformed) residual austenite during
austempering. Depending on the formed martensitic phase, the hardness of the bainite-martensitic high-strength cast
iron increases, which can increase after quenching in liquid nitrogen, along with a direct relation with the ratio of




structural components by 1.8-2 times (see Fig. 5). The results show that the duration of the austenization and
isothermal hardening allows obtaining after cryogenic processing, a wide range of structural combinations of bainite-
martensite with counteracted content of residual austenite. It was found that high-carbon austenite (~1.05 % C) is
high stable and practically does not disintegrate with the formation of bainite or martensite. Therefore the effectiveness
of strengthening such cast irons with cryogenic treatment decreases. In the polished and etched plane after quenching
in liquid nitrogen, no hardening microcracks are observed, which indicates a high cracking-resistance of boron-
microalloyed cast iron with a low sulfur content.??
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Fig.5 Effect of austenitization time on the hardness of bainite (1) and bainite-martensitic (2) high-strength cast iron

The experimental cast irons were also subjected to direct hardening. Samples for austenization structure were
kept at a temperature of 950°C for 60, 90, 150 and 210 minutes, then hardened in water or in liquid nitrogen. A
typical microstructure of hardened samples with a martensitic-austenitic matrix is presented in Fig. 6. Here it is
observed that, direct hardening does not microcracks. The metal matrix hardened in liquid nitrogen has a more
dispersed structure. However, for the give time the austenitization around graphite inclusions, some residual austenite
are observed.
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Fig. 7 Effect of austenitization time on the amount of residual austenite (1) and hardness (2) of boron-microalloyed martensitic high-strength cast
irons.

Depending on the duration of austenitization in the final structure, it is possible to induce different amounts of
residual austenite, which affects the hardness of the metal matrix. This is illustrated in Fig. 7, and, by doing so one
can influence the functional characteristics of the material as a whole. Thus, it can be concluded that the combination
of interrupted isothermal hardening and cryogenic processing allows to form a multiphase structure in cast iron
microalloyed with boron and differentiate their functional characteristics.

4. Conclusion

The analysis of the experimental data leads to the following conclusion :

e The use of interrupted isothermal hardening and cryogenic processing allows engineering a wide range of
structural combinations of bainite and martensitic phases to be purposely induced in boron microalloyed high-
strength cast irons, as a function of planned operating conditions

e Boron-microalloyed high-strength cast iron with less than 0.003 % S are characterized by high crack resistance.

e Direct hardening of high-strength cast iron microalloyed with boron is an effective method of hardening the metal
matrix

e Cryogenic treatment of the cast iron samples secured a complete conversion of supercooled austenite into
martensite

e The time given for austenitization during direct hardening and combined heat treatment of boron-microalloyed
high-strength cast irons significantly affects the morphology and the ratio of structural constituents

References

[1] Polajnar, M., Kalin, M., Thorbjornsson, 1., Thorgrimsson, J. T., Valle, N., & Botor-Probierz, A. (2017). Friction
and wear performance of functionally graded ductile iron for brake pads. Wear, 382-383, 85-94.
doi:10.1016/j.wear.2017.04.015

[2] Goergen, F., Mevissen, D., Masaggia, S., Veneri, E., Brimmers, J., & Brecher, C. (2020). Contact Fatigue Strength
of Austempered Ductile Iron (ADI) in Gear Applications. Metals, 10(9), 1147. doi:10.3390/met10091147

[3] Megna . (2022) . Application of Austempered Ductile Irons to structural components of railway vehicles. The
University of Florence, ING/IND-14. Doctoral Candidate, Italy, pp.129.

[4] Tong, L., Zou, Q., Jie, J., Li, T., & Wang, Z. (2020). Wear Behavior of Ductile Iron Wheel Material Used for Rail-
Transit Vehicles under Dry Sliding Conditions. Materials, 13(12), 2683. do0i:10.3390/ma13122683

[5] Krawiec H. , Vignal V., Lelito J., Krystianiak A., Ozga P. (2021). In-situ monitoring of the corrosion behaviour
of austempered ductile iron (ADI) under cyclic salt spray exposure. Corrosion Science,185, pp.109437.



[6] Dakre, Vinayak; Peshwe, D. R.; Pathak, S. U.; Likhite, Ajay (2017). Mechanical Characterization of Austempered
Ductile Iron Obtained by Two Step Austempering Process. Transactions of the Indian Institute of Metals, —.
doi:10.1007/512666-017-1099-5

[7] Gorny, M., Gondek, L., Tyrata, E. et al. Structure Homogeneity and Thermal Stability of Austempered Ductile
Iron. Metall Mater Trans A 52, 2227-2237 (2021). https://doi.org/10.1007/s11661-021-06214-8

[8] Bendikiene, R.; Ciuplys, A.; Cesnavicius, R.; Jutas, A.; Bahdanovich, A.; Marmysh, D.; Nasan, A.; Shemet, L.;
Sherbakov, S. Influence of Austempering Temperatures on the Microstructure and Mechanical Properties of
Austempered Ductile Cast Iron. Metals 2021, 11, 967. https://doi.org/ 10.3390/met1 1060967

[9] Gazda, A., Warmuzek, M. & Bitka, A. (2018). Optimization of mechanical properties of complex, two-stage heat
treatment of Cu-Ni (Mn, Mo) austempered ductile iron. J Therm Anal Calorim 132, 813-822
doi.org/10.1007/s10973-018-7004-6

[10] Wentao Zhou , Derek O.Northwood D., ChengLiu (2021). A steel-like unalloyed multiphase ductile iron. Journal
of Materials Research and Technology, Volume 15, p. 3836-3849.  doi.org/10.1016/j.jmrt.2021.10.021

[11] Yang, C., Cui, X., & Liu, C. (2017). Multiphase matrix structure of unalloyed austempered ductile iron. Materials
Science and Technology, 34(3), 261-267. doi:10.1080/02670836.2017.1370815

[12] Wang, J.; Di, X.; Li, C.; Wang, D. (2021) The Influence of Ni on Bainite/Martensite Transformation and
Mechanical Properties of Deposited Metals Obtained from Metal-Cored Wire. Metals, 11, 1971.
doi.org/10.3390/ met11121971

[13] Gulapura A. (2018). Thermodynamic modelling of martensite start temperature in commercial steels. Materials
Science, Materials science and engineering, pp.48.

[14] Janicki, D. (2021). The friction and wear behaviour of in-situ titanium carbide reinforced composite layers
manufactured on ductile cast iron by laser surface alloying. Surface and Coatings Technology, 406, 126634.
doi:10.1016/j.surfcoat.2020.12663

[15] Cheng H. (2018). Effect of Cr content on microstructure and mechanical properties of carbidic austempered
ductile iron. Materials Testing, 60(1), 31-39

[16] Bendikiene R. (2020). Study of austempered ductile cast iron enriched by particular ratio of nickel, molybdenum
and copper. Proceedings 29th International Conference on Metallurgy and Materials, Brno, Czech Republic, pp. 62-
67.

[17] Medynski D., Janus A. (2019). Effect of Cr, Mo and Al on structure and selected mechanical properties of
austenitic cast iron. Archives of foundry engineering, Volume 19, 39 —44. doi: 10.24425/afe.2019.129627

[18] Benam A. (2015). Effect of alloying elements on austempered ductile iron (ADI) properties and its process:
Review. China Foundry, Vol. 12, no. 1, pp. 54 — 70.

[19] Garegin Zakharov G., Khidasheli N., Chikhradze M., Salome Gvazava S. (2021). Wear behaviour of
austempered, ductile iron microalloyed with boron under different contact load by dry sliding wear conditions. IOP
Conf. Ser.: Mater. Sci. Eng. (WMMES 2021) Volume 1190, 012004.  doi: 10.1088/1757-899X/1190/1/012004
[20] Tavadze G., Khidasheli N., Tabidze R., Gordeziani G., Gvazava S. (2020). Influence of Hot Plastic Deformation
on Austenization Process during Austempering of Ductile Iron. Bull. Georg. Natl. Acad. Sci. Volume 14, Issue 3, pp.
80-83



