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Optimization of heat treatment process for cast steel 50SL
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The attainment of the necessary mechanical and operational properties in cast steels typically involves heat treat-

ment, leading to a consequent increase in the final part’s cost by 30–60 %. In this study, we have enhanced the heat 

treatment process for cast steel 50SL, streamlining the entire procedure into a single cycle rather than the conven-

tional two-cycle method required for cast steels. This process involves homogenization annealing followed by subse-

quent quenching through reheating, alongside appropriate tempering to achieve the desired mechanical and opera-

tional characteristics. Through our research, it was demonstrated that the optimal heat treatment regimen for cast 

components of railway cars involves heating to 950 °C, maintaining this temperature, followed by controlled cooling 

in a furnace to 850 °C, with a brief hold before final cooling in water. Subsequent tempering is conducted at 350 °C 

for 2 hours. This refined heat treatment protocol, consolidated into a single thermal heating process, significantly 

reduces the duration of the entire heat treatment cycle by 2.4 times and slashes costs by a factor of 4. Consequently, 

products fabricated from steel 50SL exhibit mechanical properties 10–12 % superior to those achieved through the 

conventional heat treatment approach, comprising annealing with furnace cooling, reheating for quenching, and 

subsequent tempering. 
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Introduction

Enhancing the efficiency of freight transportation ne-

cessitates the implementation of modern technologies and 

components. Improving the efficiency and functionality of 

freight car bogie parts can be accomplished through limited 

alterations in design parameters and material properties re-

lated to friction wedges [1–5]. The friction wedge, situated 

within the vibration damping unit of the freight car bogies, 

serves to prevent the car body from swaying during motion. 

In this context, the effectiveness of the wedges is determined 

by qualities such as strength and durability. Traditionally, the 

enhancement of any design is assessed through simplifica-

tion, increased manufacturability, material substitution, and 

reduced metal consumption [6–8]. Consequently, particular 

attention is directed towards enhancing the quality and op-

erational reliability of railway castings [9–11]. 

Earlier, during the process of creating and designing a 

new friction wedge for a vibration damping unit in a freight 

car bogie, a novel wedge design was developed. A utility 

model patent was obtained, accompanied by the creation of 

a drawing and technical specifications for further develop-

ment. By optimizing the design parameters of the friction 

wedge, the contact area of its vertical working surface was 

increased by 8 % compared to similar models. This enhance-

ment significantly bolstered the service life and reliability of 

the developed friction wedge design [12, 13]. To further en-

hance strength and wear resistance, it is suggested to manu-

facture the friction wedge using medium-carbon low-alloy 

steel 50SL, the chemical composition of which is detailed 

in Table 1.  

The “friction wedge” part features a complex three-di-

mensional shape that can only be achieved through casting, 

Table 1. Chemical composition of steel 50SL according to GOST 977-88

Steel grade
Mass percentage of elements, %

C Si Mn Ni S P Cr Cu Al

50SL 0.46–0.57 1.2–1.6 0.4–0.7 0.25 max 0.03 max 0.025 max 0.35 max 0.2 max 0.2 max
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presenting a significant challenge for alternative manufac-

turing methods. Additionally, stringent criteria are imposed 

on both the design and material of the friction wedge. Spe-

cifically, the structural integrity of the friction wedge must 

withstand loads of 2.5 MN without undergoing plastic de-

formation. The primary material requirement for the fric-

tion wedge is exceptional resistance to abrasive-frictional 

wear, while maintaining a hardness within the range of 260 

to 340 HB. Typically, these properties are attained through 

heat treatment procedures, encompassing homogenization 

annealing of castings, quenching with reheating, and subse-

quent tempering at temperatures ranging from 350 to 450 °C 

[14–16]. However, such heat treatment significantly elevates 

the cost of the final “friction wedge” part. Moreover, due to 

the extensive duration of the annealing process, often span-

ning tens of hours, the production cycle of “friction wedge” 

components is considerably prolonged, with homogeniza-

tion annealing of castings alone occupying approximately 

30 to 45 % of the overall production time.

Thus, optimizing the heat treatment regime to reduce 

its duration enables, on the one hand, cost reduction of the 

product, and on the other hand, enhancement of labor pro-

ductivity, consequently lowering the cost of finished prod-

ucts for the end consumer. To streamline the technological 

process and diminish the expense of finished castings for a 

friction wedge in a railway car bogie crafted from 50SL steel, 

it would be prudent to amalgamate the annealing and heat-

ing for quenching operations into a singular procedure. This 

consolidation eliminates the lengthiest (and correspondingly 

costliest) cooling stage, which occurs alongside the furnace 

during annealing. Prior investigations and scrutiny of regu-

latory literature concerning analogous 50SL steel grades 

[17] suggest the feasibility of optimizing the technological 

parameters of heat treatment, facilitating the integration 

of annealing and quenching operations within a single heat 

treatment cycle. 

The purpose of this work is to optimize the heat treatment 

regime in order to obtain a satisfactory complex of strength 

and ductility of castings from steel 50SL in one thermal cycle, 

excluding preliminary annealing of the castings. 

Materials and Methods 

An analysis of literature and patent sources shows that 

the combination of the operations of annealing castings and 

heating for quenching is successfully used mainly in foreign 

industry. The process that is essentially the closest is pre-

sented in [7, 17]. For steel 50SL this solution was revised: 

two-stage heating to the austenitization temperature was 

carried out to a temperature of 950 °C (Ac3 + (120–140 °C)  

with holding at this temperature for 1.5–2 hours (4/5 of the 

total holding time), then the holding temperature was re-

duced to 850–870 °C and kept at this temperature for 0.3–

0.4 hours. The total time of the two-stage high-temperature 

holding, including the time to reduce the temperature in the 

furnace chamber, did not exceed 3–3.5 hours. At the end 

of the high-temperature exposure, the parts were cooled 

in water and tempered for 2–2.5 hours at a temperature of  

330–370 °C. As a result of this heat treatment, the micro-

structure of friction wedge castings made of steel 50SL is 

bainite with a small amount (about 3–7 wt. %) of acicular 

ferrite, the average grain size corresponds to 8–9 points. The 

hardness of the friction wedge castings after heat treatment 

was 340 ± 40 HB. 

To ascertain the optimal heat treatment process 

concerning the desired hardness model experiments were 

conducted. These experiments involved cutting samples 

measuring 15 × 15 × 70 mm from the friction wedge casting 

body, which were subsequently subjected to heat treatment 

under following conditions: 

Mode No. 1 – heating to 850 °C, holding for 2.5 hours, 

cooling with the furnace to 250 °C, then in air; Mode  

No. 2 – heating to 950 °C, holding for 2 hours, cooling with 

the furnace to 850 °C, holding for 0.3 hours, cooling in water; 

Mode No. 3 – heating to 950 °C, holding for 2 hours, cooling 

with the furnace to 850 °C, holding for 0.3 hours, cooling in 

oil; Mode No. 4 – heating to 850 °C, holding for 2.5 hours, 

cooling in water; Mode No. 5 – heating to 850 °C, holding 

for 2.5 hours, cooling in oil; Mode No. 6 – heating to 950 °C, 

holding for 2.5 hours, cooling in still air; Mode No. 7 – heat-

ing to 950 °C, holding for 2 hours, cooling with the furnace to 

850 °C, holding for 0.3 hours, cooling in water; tempering at 

350 °Cfor 2 hours; Mode No. 8 – heating to 950 °C, holding 

for 2 hours, cooling with the furnace to 850 °C, holding for 

0.3 hours, cooling in oil; tempering at 350 °C for 2 hours.

At least six samples were subjected to heat treatment in 

each mode. These samples were extracted from workpieces 

treated under all modes for hardness measurement. Frac-

tographic, diffractometric, and metallographic studies were 

conducted.

Cutting templates for microstructural studies was carried 

out on a precision cutting machine “Microcut-201”, then 

the templates were pressed into a bakelite compound 

using a metallographic press “MetaPress”. Grinding and 

polishing were carried out on an automatic grinding and 

polishing machine “DigiPrep-P”. Metallographic analysis 

was performed using a Carl Zeiss Axio Observer Z1m 

metallographic microscope and the ThixoMet PRO software 

package according to methods [18–20]. 

The average grain score was measured according to 

GOST 5639-82. Hardness of samples was studied using hard-

ness tester TR 5006 (by Rockwell, GOST 23677-79) with a 

test load up to 1471 N (GOST 9013-59). The phase com-

position of the samples was determined using a DRON-6.0 

X-ray diffractometer. Studies of the fine structure of the 

samples were carried out on a Hitachi SU3800 scanning 

electron microscope using the EDS QUANTAX micro- 

X-ray spectral analysis method (Bruker) in the secondary 

(SE) and back-scattered (BSE) electron modes.

Results and Discussion

Table 2 shows the main characteristics of the obtained 

structure of samples cut from 50SL steel castings, depending 

on the parameters of the heat treatment modes. 

The structure of the sample heat-treated according to 

mode No. 1 comprises a ferrite-pearlite mixture, character-

ized by the presence of ferrite in both isolated grains and  
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as a network along the former austenite grain boundaries. 

The resulting annealed grain exhibits an average score of 6, 

while the former austenite grain, upon determination, pre-

sents a score of -3. 

In contrast, the structure of the sample treated under 

mode No. 1 manifests hardened martensite, with an average 

grain score of 9. The scoring of the former austenite grain 

remains indeterminable. The phase composition of this 

sample predominantly consists of quenched martensite, 

although approximately 4–7 vol. % of retained austenite is 

observed, a presence confirmed through diffraction studies.

The structure of the sample treated under mode No. 3 

displays quenched and partially tempered martensite, char-

acterized by an average grain score of 9. 

In the case of oil quenching at a temperature of 850°C, 

the phase composition of the sample comprises retained 

austenite, thin-plate pearlite (troostite), and martensite. 

The structural-phase composition, determined through a 

combination of metallographic and diffractometric analy-

ses, reveals austenite at approximately 5 vol. %, martensite 

at about 70 vol. %, and troostite constituting the remainder 

(approx. 25 vol. %). This indicated phase composition is 

further corroborated by durometric tests, demonstrating a 

sample hardness of 57 HRC post-quenching. The presence 

of retained austenite is notably monitored and confirmed via 

X-ray diffractometry.

The microstructure of the sample, subjected to treatment 

under mode No. 4, primarily consists of hardened mar-

tensite. However, a distinction lies in the grain size, which in 

this instance is larger, corresponding to 7–8 points. Although 

residual austenite in this sample is not observed via optical 

and electron microscopy in a structurally free state, its pres-

ence is distinctly evident in the diffraction patterns of the 

sample. Hardness measurements reveal the isotropic nature 

of the structural-phase state post-quenching, with hardness 

values ranging from 61 to 63 HRC. 

In the case of replacing the cooling medium from wa-

ter to oil (mode No. 5), significant alterations occur in the 

structural-phase state of samples fabricated from cast steel 

50SL. In this scenario, the proportion of martensite does not 

exceed 20 vol. %, with the remaining volume of phases, as  

determined by optical microscopy, corresponding to troos-

tite. Hardness measurements of oil-quenched samples  

yielded results of 48–52 HRC. Beyond microscopic exam-

ination, the structural and phase state of the samples was  

further validated through diffraction analysis. 

The structure of the sample subjected to heat treatment 

under mode No. 6 manifests as a ferrite-pearlite composite, 

wherein ferrite exists as discrete grains, with a portion of the 

ferrite localized as reticular precipitates along the boundaries 

of the former austenite grain. The resultant grain size averag-

es at 9. The rating of the former austenitic grain corresponds 

to a value of 7. This structure exhibits lower hardness values  

at 30–32 HRC compared to hardened samples. Despite 

literature sources suggesting that a temperature of 950 °C 

is somewhat elevated based on analogues of steel grades 

with similar chemical compositions, the chosen tempera-

ture, held for 2.5 hours, sufficiently homogenized both the 

chemical and structural-phase states in one heat treatment 

cycle, considering the initial structural-phase state inherent 

to cast steel. Consequently, the need for prolonged homog-

enization annealing of castings before heat treatment was 

obviated. The conducted analysis of the phase composition 

of the sample leads to the assertion that its structural-phase 

state, on the whole, is in equilibrium, with no significant 

distortions observed in the crystal lattices of all phases.

The most interesting for the production are the results re-

vealed after application of heat treatment according to modes 

No. 7 and No. 8, which contribute to obtaining a more uni-

form structure of the studied samples. Therefore, here it is 

expedient to analyze in more detail the data obtained by 

means of phase composition and microstructure studies.

The structure of the sample heat-treated according to 

mode No. 7 is tempered martensite. In photographs of the 

microstructure taken at high resolution (Fig. 1), a small 

amount of retained austenite is visible (about 0.7 vol. %). The 

average grain score, determined by the length of martensite 

needles, corresponds to 10. 

As can be seen from the microstructure shown in Fig. 1, 

this heat treatment mode made it possible to completely  

Table 2. Structure of 50SL steel samples depending on parameters of heat treatment modes

Mode Parameters of heat treatment modes Main characteristics of the structure

1 Heating to 850 °C, holding for 2.5 hours, cooling in a furnace  
to 250 °C, then in air

ferrite-pearlite mixture, 
average grain grade – 6

2 Heating to 950 °C, holding for 2 hours, cooling with the furnace to 850 °C, 
 holding for 0.3 hours, cooling in water

hardened martensite, 
average grain grade – 9

3 Heating to 950 °C, holding for 2 hours, cooling with the furnace to 850 °C,  
holding for 0.3 hours, cooling in oil

hardened martensite and troostite,
average grain grade – 9

4 Heating to 850 °C, holding for 2.5 hours, cooling in water hardened martensite, 
average grain grade 7–8

5 Heating to 850 °C, holding for 2.5 hours, cooling in oil troostite + martensite (20 vol. %)
average grain grade – 8

6 Heating to 950 °C, holding for 2.5 hours, cooling in still air ferrite-perlite mixture, ferrite is represented  
in the form of individual grains;
average grain grade – 9

7 Heating to 950 °C, holding for 2 hours, cooling with the furnace to 850 °C,  
holding for 0.3 hours, cooling in water. Tempering at 350 °C, 2 hours

tempered martensite,
average grain grade – 10

8 Heating to 950 °C, holding for 2 hours, cooling with the furnace to 850 °C,  
holding for 0.3 hours, cooling in oil. Tempering at 350 °C, 2 hours

tempered martensite,
average grain grade – 10
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homogenize the chemical composition of the steel in a rela-

tively short time of about 3–3.5 hours and then carry out 

quenching followed by tempering. Sulfide inclusions are 

mainly represented by manganese sulfide MnS, oxide in-

clusions are represented by iron oxide FeO and have pre-

dominantly a shape close to globular. The structural state 

of the sample is tempered martensite; the average length of 

martensite needles is 18–20 μm. 

SEM photographs of the microstructure confirm the 

data obtained from optical microscopy (Fig. 2). As evident 

from the presented images, the presence of the martensite 

phase is affirmed – its needle-like structure is distinctly vis-

ible, with an average angle between individual needles of ap-

proximately 63°, indicative of the martensite phase. In high-

resolution microstructure photographs, cementite deposits 

can be discerned, exhibiting a shape resembling globules 

and positioned along the boundaries of martensite needles. 

The average size of cementite precipitates is approximately 

70–90 nm, with individual particles reaching sizes of up to 

400 nm; however, their incidence comprises only 0.3 % of 

the total number of cementite particles. Notably, cementite 

inclusions with sizes ranging from 70 to 90 nm constitute  

92 % of the total number of cementite precipitates. 

As evidenced by the diffraction pattern depicted in  

Fig. 3, the structural-phase state of the sample is in 

equilibrium, characterized by the presence of ferrite and 

cementite phases. Notably, there are no reflections indicating 

retained austenite. The ferrite reflections exhibit slight 

shifts and broadening, suggesting deformation of its crystal 

lattice compared to pure ferrite, likely due to the presence 

of dissolved carbon atoms. Additionally, the characteristic 

reflections of defect-free cementite indicate the formation 

of cementite inclusions through diffusion processes during 

tempering. 

The structure of the sample heat-treated according  

to mode No. 8 is a mixture of ferrite in an amount of 4–6 

vol. % and tempered martensite (the rest). In photographs of 

the microstructure, including those taken at high resolution, 

retained austenite is not detected. The average grain score, 

determined by the average length of martensitic needles, is 

10. The average ferrite grain score is 11. Based on this, heat 

treatment mode No. 8 did not allow complete homogeniza-

tion of the chemical composition of the steel in comparison 

with mode No. 7, due to the presence of structurally free 

ferrite. The structural state of the sample is predominantly 

tempered martensite; the average length of martensite nee-

dles is 18–20 μm. In addition to martensite, the samples also 

contain a ferrite phase, localized in the form of individual 

island accumulations of ferrite grains up to 15 μm in size.  

The microstructure images obtained using SEM also 

confirm the optical microscopy data (Fig. 4). 

Fig. 1. Microstructure of a sample made of steel 50SL,  
heat-treated according to the mode No. 7

Fig. 2. Cementite precipitation along the boundaries  
of martensitic needles in 50SL steel, heat-
treated according to mode No. 7

Fig. 3. X-ray diffraction pattern of a sample made of steel 
50SL, heat-treated according to the mode No. 7

Fig. 4. Cementite precipitation along the boundaries of 
martensitic needles in 50SL steel, heat-treated 
according to the mode No. 8
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In a high-resolution SEM image of the microstructure, 

cementite precipitates with a globular shape are discernible 

along the boundaries of martensite needles. The average size 

of these precipitates ranges from 50 to 60 nm, with individual 

particles reaching sizes of up to 200 nm. However, the total 

number of such particles is lower compared to heat treat-

ment mode No. 7. This discrepancy is most likely due to 

the slower cooling rates experienced by the sample in oil, 

allowing for greater time for the diffusion redistribution of 

carbon within the martensite. Consequently, the resulting 

martensite formed during oil quenching is less defective and 

less stressed. Subsequent tempering of the oil-hardened sam-

ple leads to a less intense redistribution of carbon, resulting 

in a decrease in the quantity of cementite precipitates along 

with an increase in their dispersion. 

It is worth considering separately the precipitates of the 

ferrite phase. These precipitates are entirely devoid of ce-

mentite precipitates (see Fig. 4), indicating their formation 

in the higher temperature range prior to the initiation of the 

martensitic transformation. Consequently, this suggests the 

diffusion-driven displacement of carbon, concomitant with 

the formation of the most perfect crystal lattice 	-phases. 

This assertion finds support in the diffraction data (Fig. 5), 

where the reflections of the 	-phase and cementite in the 

diffraction pattern correspond to the states of maximum 

equilibrium for the studied phases. 

Thus, the proposed heat treatment mode No. 7 for cast 

steel 50SL has significant prospects for increasing produc-

tion efficiency, reducing costs and improving product quality. 

Industrial tests of mode No. 7 of heat treatment of 50SL 

cast steel have shown that it allows to reduce the time of the 

complete cycle of heat treatment 2.4 times, and to reduce 

its cost 4 times. The study of the complex of mechanical 

properties of products made of 50SL steel showed an increase 

of 10–12 % in comparison with heat treatment including 

annealing, cooling with a furnace, quenching with reheating, 

followed by tempering.

Potential economic benefits from the implementation of 

the solutions outlined include a reduction in production cy-

cle time while simultaneously providing improved properties 

and characteristics of products and, as a result, strengthen-

ing the position of enterprises in a competitive market. Of 

significant interest is the further development of structural 

applications of 50SL steel after heat treatment according 

to recommended conditions in the manufacture of various 

small-sized shaped products of buildings and structures, for 

example, connectors for assembling various structural ele-

ments, etc. 
Conclusions

1. According to the results of the conducted studies of 

the structural-phase state using optical, scanning electron 

microscopy and X-ray diffractography, the most optimal 

structural-phase state is possessed by steel 50SL, heat-

treated according to mode No. 7: heating to 950 °C, holding  

for 2 hours, cooling with the furnace to 850 °C, holding for 

0.3 hours, cooling in water. Tempering at 350 °C, 2 hours.

2. Compared with traditional heat treatment, including 

annealing of castings and then their heat treatment (quench-

ing and subsequent tempering) with reheating, the proposed 

technology (heat treatment according to mode No. 7) makes 

it possible to obtain a more uniform microstructure in a 

shorter time – the full cycle of heat treatment using the pro-

posed technology has a total duration no more than 5 hours, 

while the full cycle of heat treatment, including annealing 

of castings with their cooling together with the furnace for  

8 hours, quenching with reheating and subsequent temper-

ing, has a duration of at least 12 hours.

3. The developed heat treatment mode for one ther-

mal heating makes it possible to reduce the time of the full 

heat treatment cycle by 2.4 times, reduce its cost by 4 times 

and thereby obtain products from steel 50SL, which have a 

10–12 % higher set of mechanical properties Compared to 

the traditionally used heat treatment, consisting of anneal-

ing, furnace cooling, quenching with reheating followed by 

tempering. 

The research was carried out within the state assign-
ment in the field of scientific activity of the Ministry of Sci-
ence and Higher Education of the Russian Federation (theme 
FZUN-2024-0004, state assignment of the VlSU). 
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