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Abstract

This paper presents a study to improve the performance of Fe-Mn-C cast steels containing 1.7% and 2.7% Cr by weight, using two
treatment methods (thermal and mechanical) applied separately to two different steel grades. This approach enables an extended
service life for components such as crusher liners, mill hammers, and level crossings, without requiring complete recasting. The
experimental techniques used for characterization included spark optical emission spectroscopy, optical microscopy, scanning
electron microscopy, as well as micro- and macro-hardness testing. Steel 1, with a composition of 15.51% Mn, 2.68% Cr, and 1.29%
C, was heat-treated at 1070 °C and quenched in water, using different holding times and thicknesses. It was found that increasing
the holding time from 30 to 50 minutes and reducing the thickness from 150 to 100 millimeters led to a complete and homogeneous
dissolution of carbides. As a result, Steel 1 exhibited increased ductility. Steel 2 contains 13.45% Mn, 1.72% Cr, and 1.21% C. It
underwent manual mechanical treatment, which resulted in surface hardening due to the transformation of austenite into
martensite.
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Introduction

Manganese steel, invented by Sir Robert Hadfield in 1882, contains about 1.2% C and 12% Mn and has a face-centered
cubic structure (Adler et al., (1986)). This type of steel combines high ductility and hardness with good wear resistance
(Grassel et al., (2000)). Carbon promotes alloy hardening by precipitation, while manganese improves mechanical
properties at elevated temperatures (Chen et al., (2010)). Austenitic manganese steel is still widely used, though often
with slight compositional modifications. Scientific articles have proven that increasing the percentage of manganese to
5-10% and adjusting the percentage of carbon to 0.1-0.2% improves mechanical performance. During intercritical
annealing, Luo et al. (2011) established experimental and numerical evidence showing that a high-manganse content
promotes the formation of thermally stable austenite. Shi et al. (2010) found that steels with a high proportion of
metastable austenite, thanks to strain-induced transformation, exhibit increased work hardening and a better balance
between strength and ductility. Merwin (2007) also demonstrated that low-carbon, manganese-rich percentages lead
to significant improvements in ductility and energy absorption, making these steels suitable for advanced forming
processes.

Given their importance in the industrial field, steels have been the subject of extensive studies aimed at gaining a better
understanding of their metallurgical behavior (Abdulgadir et al., (2024), Farida and Suratman (2023), Arifvianto et al.,
(2020), Pusparizkita et al., (2020), Soler et al., (2017), Ben Lenda et al., (2021), Benmaziane et al., (2022)). The
mechanical properties of manganese steel are renowned for their interesting combination of hardness and ductility
(Chen et al., (2020) and Niu et al., (2010)). Although not the hardest, this steel has a remarkable ability to harden when
subjected to impact. Thanks to these characteristics, it is often preferred in many industrial applications. Among these
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studies is the work of S. Ayadi and A. Hadji, (2021) whose study examines the impact of chemical composition and heat
treatment on the microstructure and wear resistance of manganese steels. According to their results, the rise in
temperature during heat treatment favors two phenomena: martensitic transformation, on the one hand, and carbide
dissolution on the other. As a result, the hardness of manganese steels increases and their wear behavior improves
(Ayadi and Hadji (2021)). Further, Yildirim et al. (2024) examined the effect of heat treatment on the microstructure,
hardness and impact strength of high-manganese steels. Their research revealed that carbide solubility increases as
heat treatment temperature rises, leading to a noticeable increase in toughness. However, they also observed that as
the austenitizing temperature increases, the hardness decreases.This phenomenon is explained by the increase in the
amount of carbides dissolved in the austenitic structure as the austenitizing temperature rises (Yildirim et al., (2024)).
Besides, in a study conducted by D. Barikkowski et al., (2024) the influence of work-hardening on the microstructure and
hardness of Hadfield steel was examined. Their results indicate a clear improvement in the alloy's hardness following
solution heat treatment and work hardening (Barikowski et al., (2024)).

Manganese steels are widely used in Moroccan foundries. However, they are unsuitable for use in the as-cast state due
to the presence of excess manganese and chromium carbides, which make them brittle (Agunsoye and Talabi, (2016);
Vdovin et al., (2017)). In fact, the carbide precipitation at grain boundaries promotes the propagation of microcracks
(Barnkkowski et al., (2024)). The aim of this study is to thermally and mechanically treat these types of steel in order to
obtain a steel that would be suitable for several industrial applications. Previous studies focus almost exclusively on
wrought Hadfield alloys containing less than 0.5% Cr by weight, and in this paper, the Fe-Mn-C cast steels studied contain
a higher chromium content (1.7 to 2.7% Cr by weight) (Allain et al., (2004), De Cooman et al., (2012), Bouaziz et al.,
(2011)). In our study, we focused on two types of manganese steel; the first steel is composed mainly of 15.51% Mn,
2.68% Cr, and 1.29% C, while the second steel is composed of 13.45% Mn, 1.72% Cr, and 1.21% C. For the first steel,
heat treatment was carried out at an austenitizing temperature of 1070°C, followed by water quench cooling. For the
second steel, a mechanical treatment was applied. Then, we characterized these steels using the following techniques:
optical emission spectrometry, optical microscopy, scanning electron microscopy, as well as macro-hardness and micro-
hardness tests.

Materials and methods

Alloy Elaboration

The alloys studied are manganese steels. Steel 1 consists essentially of 15.51% Mn, 2.68% Cr and 1.29% C, while Steel 2
contains 13.45% Mn, 1.72% Cr, and 1.21% C. Our alloys are produced as follows: the elements are melted in an electric
arc furnace equipped with carbon electrodes at a temperature of almost 1500°C (Balogun et al., (2008)). Before casting
the raw steel into molds, its chemical composition has been refined by adding various elements (manganese, chromium,
silicon, copper, nickel, phosphorus, vanadium, tungsten, molybdenum, cobalt, niobium, sulfur, aluminum, and titanium)
to produce the two grades.

Heat and Mechanical Treatments

We fixed the treatment temperature, time and nature of the cooling bath and then, studied the influence of the holding
time in the furnace and the thickness of the specimen by comparing the structure of the steel before and after
treatment. Steel 1 was heat-treated at an austenitizing temperature of 1070 °C, followed by water quenching. The
parameters of the three heat treatments carried out on steel 1 are presented in Table 1.

Table 1 Heat treatment parameters of the steel 1.
Heat treatment 1 Heat treatment 2 Heat Treatment 3
Specimen thickness (mm) 150 150 <100
Treatment temperature (°C) 1070 1070 1070
Furnace holding time (min) 30 50 50
Cooling bath Water Water Water
Cooling time (min) 10 10 10

The austenitizing temperature was set at 1070 °C in order to dissolve the carbides and avoid the melting range. Two
holding times (30 and 50 minutes) were selected to compare partial and complete homogenization of the carbides. In
order to reflect practical conditions, samples with thicknesses of 150 mm (as cast) and less than or equal to 100 mm
(machined) were examined. All samples were then soaked in water for 10 minutes in order to maintain a fully austenitic
matrix and prevent carbide re-precipitation. Steel 2 was clamped in a vise using a pair of pliers, then successive manual
forces were applied to the surface of the specimen using a hammer at room temperature. Using a 2 kg hammer dropped
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from a fixed height of 150 mm, an experienced operator performed ten identical blows on each sample. The protocol
was repeated on three identical samples. Plastic deformation of a crystalline material modifies its properties by
influencing its internal structure (Allain (2004)). These evolutions in properties and microstructure are known as work
hardening.

Optical Emission Spectrometry

The spark emission spectrometer used was a JOBIN YVON METALYS. The specimens were prepared using a disc
resurfacer, as they had to be flat and free of defects. Spark optical emission spectrometry was employed to determine
the chemical composition of the alloys, based on the temporal analysis of the spectrum of optical radiation emitted by
the sample when subjected to a high-frequency pulsed electrical discharge (Soltanpour et al., (1982)).

Optical Microscopy and Scanning Electron Microscopy

To examine the structural changes, we used optical microscopy and scanning electron microscopy on rectangular
samples with dimensions of 10 x 10 x 10 mm?3. For manganese steels, micrographic analysis requires chemical etching
using a nitric alcoholic solution reagent (Nital 5%) consisting of 5 ml of nitric acid in 100 ml of pure ethanol. For
microscopic examination, we used an OPTIKA metallograph with a high-resolution AIPTEK camera, and a PHILIPS XL30
ESEM scanning electron microscope (SEM). Steel phases were analyzed using energy-dispersive spectroscopy (EDS)
combined with a SEM. The calculation of phase fractions was performed using image analysis software.

Macro-Hardness and Micro-hardness Tests

Hardness tests were effectuated on rectangular test samples measuring 25 x 25 x 10 mm?3 using a universal durometer
and following the Brinell method. In this method, the indenter is a 1.59 mm diameter steel ball with a load of 980 N.
The Vickers micro-hardness test was performed using a Vickers HM-210/220 micro-durometer, using a diamond
indenter with a square base and an apex angle between faces equal to 136°, under a load of 10 N. Each value reported
corresponds to the average of 5 measurements well distributed over the flat section. The samples were prepared using
abrasive paper (320, 600, 1200, and 4000 grit) rotating around a fixed axis with water lubrication to prevent any heating
that could cause structural changes.

Results

Analysis of the Chemical Composition of the Manganese Steels

Analysis of the Chemical Composition of the Steel 1

The analysis of the chemical composition of steel 1, determined by spark emission spectrometer, is presented in Table
2. According to standard NF A 32-058, the chemical composition of steel 1 is similar to that of the austenitic manganese
steel grade Z 120 MC 17 2-M.

Table 2 Chemical composition of steel 1.

Elements = Weight Percentage (wt%)

Iron 77.79
Manganese 15.51
Chromium 2.68

Carbon 1.29
Silicon 0.49
Copper 0.51
Nickel 0.82
Phosphorus 0.10
Vanadium 0.10
Tungsten 0.16
Molybdenum 0.09
Cobalt 0.16
Niobium 0.04
Sulfur 0.04
Aluminum 0.03

Titanium 58.30 ppm
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Analysis of the Chemical Composition of the Steel 2

Spark optical emission spectrometry analysis of steel 2 revealed that it consists of the elements listed in Table 3.
According to standard NF A 32-058, analysis of the composition of steel 2 closely corresponds to that of the austenitic
manganese steel grade Z 120 MC 12-M.

Table 3 Chemical composition of steel 2.

Elements  Weight Percentage (wt%)

Iron 81.53
Manganese 13.45
Chromium 1.72

Carbon 1.21
Silicon 0.74
Copper 0.31
Nickel 0.51
Phosphorus 0.10
Vanadium 0.07
Tungsten 0.14
Molybdenum 0.06
Cobalt 0.08
Niobium 0.04
Sulfur 0.02
Aluminum 0.01
Titanium 66.26 ppm

Microscopic Study of the Manganese Steels

Microscopic Study of the Steel 1

Prior to heat treatment, steel 1 exhibits a fully austenitic structure in its as-cast condition. Microscopic examination
reveals the presence of chromium and manganese carbides distributed throughout the microstructure. These carbides
are finely dispersed and exhibit two types of distribution: some are located within the austenitic grains themselves
(intragranular carbides), while others are preferentially situated at grain boundaries (intergranular carbides), as
illustrated in Figures 1(a) and 1(b). The carbides exhibit relatively small dimensions and a uniform spatial distribution
across the observed sections.

100 pm

50 pm

(a) (b)
Figure 1  Optical micrograph of steel 1 in the as-cast condition. Scale bars: (a) 100 um; (b) 50 pm.

Scanning electron microscopy combined with energy-dispersive X-ray spectroscopy was employed to determine the
chemical composition and thereby identify the nature of the carbide precipitates present in steel 1 in its as-cast
condition (Figure 2(a)). Quantitative spectral analyses were performed using energy-dispersive X-ray spectroscopy (EDS)
at two selected locations: point C3, positioned within a carbide particle, and point M2, located in the adjacent austenitic
matrix. The resulting EDS spectra, presented in Figures 2(b) and 2(c) respectively, clearly indicate that the carbides in
steel 1 are predominantly enriched in manganese and chromium, confirming their identity as (Cr,Mn)-rich carbides.
Elemental mapping using EDS was performed to illustrate the spatial distribution of the main elements in steel 1. Figures
2d, 2e, 2f, and 2g shows the maps for iron, carbon, chromium, and manganese, demonstrating that carbon, chromium,
and manganese are enriched in carbide precipitates, while iron is predominantly located in the austenitic matrix.
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Figure 2  Microstructural and compositional characterization of steel 1 in the as-cast condition: (a) SEM image showing
carbides in the austenitic matrix, (b) EDS spectrum of carbide, (c) EDS spectrum of austenitic matrix, and elemental
distribution maps for (d) chromium, (e) manganese, (f) carbon, and (g) iron.
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Comparative optical microscopy examination of steel 1 before (Figure 3(a) and 3(b)) and after heat treatment 1 (Figure
3(c), Figure 3(d)) reveals a slight decrease in the carbide fraction following the 30 minutes austenitizing treatment at
1070°C. However, carbide precipitates remain abundant at grain boundaries throughout the austenitic matrix. This
persistence of intergranular carbides indicates that the combination of the 30 minutes holding time and the 150 mm
specimen thickness was insufficient to achieve complete carbide dissolution.

5

Figure 3  Optical micrographs of steel 1 before (a, b) and after (c, d) heat treatment 1.

Heat treatment 2, employing a longer holding time of 50 minutes at 1070°C, achieved partial carbide dissolution at the
specimen surface (Figure 4(c), 4(d)). However, the core microstructure (Figure 4(e)) remained largely unchanged
compared to the as-cast state, with excess carbide precipitates still observed at grain boundaries. This difference in
carbide dissolution between surface and core is attributed to the limited thermal penetration in the 150 mm thick

specimen.
-

m
m

00 p

Figure 4  Optical micrographs of steel 1: (a, b) as-cast, (c, d) surface after heat treatment 2, and (e) core after heat
treatment 2.
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To evaluate the effect of specimen dimensions, heat treatment 3 used the same parameters as treatment 2 (1070°C, 50
minutes) but with reduced thickness (< 100 mm). Comparison of the as-cast microstructure (Figure 5(a)) with that
obtained after treatment 3 (Figure 5(b)) shows that the austenitic matrix is now essentially free of carbides. Reducing
the thickness decreases diffusion distances, allowing chromium and manganese to redistribute more rapidly and
uniformly throughout the austenitic matrix. Additionally, the smaller cross-section ensures better thermal homogeneity,
enabling uniform carbide dissolution throughout the specimen (Ismail et al., (1981)).

90 um 90 pm

Figure 5  Optical micrographs of steel 1: (a) as-cast and (b) after heat treatment 3.

Quantitative image analysis confirms a change in the carbide fraction following heat treatment. As indicated in Table 4,
the carbide fraction decreases from 6.2 £ 0.3% in the as-cast condition to 4.1 £ 0.2% after heat treatment 1. For a holding
time of 50 minutes (Heat treatment 2), the carbide fraction decreased further to 1.8 + 0.2%. Applying the same heat
treatment to a thinner specimen (Heat treatment 3) led to an almost complete dissolution of the carbides.

Table 4 Fraction of carbide surface area for each heat treatment condition applied to steel 1.

Condition Carbide area fraction (%)
As-cast 6.2+0.3
Heat treatment 1 4.1+0.2
Heat treatment 2 1.8+0.2
Heat treatment 3 <0.1

Micrographic Study of Steel 2

Before mechanical treatment, steel 2 exhibits an austenitic structure characterized by excess precipitates of chromium
and manganese carbides located at the grain boundaries (Fig. 6). These precipitates typically form as a result of the
tendency of alloying elements such as chromium and manganese to segregate at grain boundaries, where they react
with carbon to form carbides. This accumulation of carbides at grain boundaries can negatively affect the steel's
mechanical properties, notably its hardness and resistance to intergranular corrosion. Therefore, a thorough
understanding of this initial microstructure is essential to optimize subsequent heat and mechanical treatments, in order
to improve the steel's performance and long-term durability.

Figure 6  Optical micrograph of steel 2 in the as-cast condition. Scale bars: (a) 90 um; (b) 20 um.
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The mechanical treatment transforms the austenitic structure of the surface of steel 2 (Figure 7(a) and 7(b)) into
martensite (Figure 7(c), and 7(d)), resulting in increased surface plasticity (De Cooman (2004)). The formation of
martensite is generally associated with improved hardness and strength, and in this case, it also contributes to increased
surface plasticity. This improvement in plasticity can be attributed to the finer microstructure and homogeneous phase
distribution resulting from the mechanical treatment, which allows the steel to absorb and distribute deformation more
effectively without fracturing. As a result, mechanically treated steel 2 offers a favorable combination of hardness and
plasticity, making it particularly suitable for applications requiring high wear resistance and the ability to deform without
fracture under heavy loads.

Figure 7  Optical micrographs of steel 2: (a, b) before and (c, d) after mechanical treatment.

Hardness Measurements of the Manganese Steels

Macro-hardness of the Steel 1

To quantify the microstructural changes, macro-hardness testing of steel 1 was performed before and after applying
each of the three heat treatments, with measurements taken at both the core and surface (Table 5). For the surface
and core of the samples, heat treatments 1 and 2 reduced the macro-hardness of steel 1 compared to its as-cast
condition. The macro-hardness values measured at the core exceeded those at the surface. We conclude that increasing
the holding time is necessary to ensure a uniform temperature distribution throughout the entire sample, allowing the
carbides to fully dissolve across the treated volume. Following treatment 3, the macro-hardness of the specimens
decreased compared with their as-cast condition, reaching a value of 190 + 3.8 HB at the surface and 195 + 3.6 HB at
the core. After treatment 3, the macro-hardness values at both the surface and the core are almost equal, which is
explained by the complete and homogeneous dispersion of the carbides in the steel 1. It can be observed that the
smaller the volume to be treated, the more the carbides will dissolve, as we can easily achieve temperature uniformity
in our sample.

Table 5 Core and surface macro-hardness of steel 1 before and after heat treatments.

Surface hardness Core hardness

(HB) (HB)
Before heat treatment 270+5.2 262 +4.8
After heat treatment 1 238 +4.5 249+3.9
After heat treatment 2 201+4.2 236+3.7

After heat treatment 3 190+3.8 195+3.6
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Micro-hardness of Steel 2

Table 6 presents the core and surface micro-hardness of steel 2 after mechanical treatment. Before treatment, the
micro-hardness of manganese steels is relatively low, with values of 230 + 5.4 HV at the surface and 253 £ 4.9 HV at the
core of Steel 2. The mechanical treatment increased the surface micro-hardness of the specimen to 540 + 6.3 HV,
primarily due to the formation of the martensitic phase. While no change is observed in the core, which retains its initial
hardness of approximately 262.4 + 5.1 HV. This confirms that the core structure remains austenitic, with chromium
carbide precipitates within the grains, similar to the microstructure of the as-cast steel.

Table 6 Micro hardness at the core and surface of steel 2 after mechanical treatment.

Micro-hardness on surface (HV) Micro-hardness at core (HV)

Micro-hardness

540 +6.3 262.4 +5.1
after treatment

Discussion

The hardness decrease observed after solution treatment and quenching is consistent with previous findings on
Hadfield-type steels. For the Hadfield grade containing 1.2% C and 12% Mn without alloying additions, the heat
treatment sequence of solution treatment at 1050°C for 45 minutes followed by quenching significantly reduces the
overall hardness from approximately 260 HB to around 200 HB (Ayadi, S., & Hadji, A. (2021)). These results are attributed
to the almost complete dissolution of chromium- and manganese-rich carbides. Treatment 3 yields a final hardness of
195 + 3.6 HB, which can be similarly explained by the full dissolution of chromium- and manganese-rich carbides. Yildirim
et al. (2023) observed that doubling the quenching time at a temperature of 1100 °C leads to a decrease of
approximately 25 HB in overall hardness, highlighting the role of elemental diffusion in the softening of high-manganese
steels (Yildirim et al. (2024)). In our study, extending the holding time from 30 to 50 minutes also reduced hardness,
which decreased from 238 + 4.5 HB to 201 + 4.2 HB, indicating that diffusion-controlled softening is also the determining
mechanism in our material.

The significant increase in surface hardness observed in Steel 2 after mechanical treatment can be explained by the
deformation behavior of austenitic manganese steels. These steels have moderate initial hardness, but undergo
significant hardening even under low strain levels, resulting in high resistance to friction (Detrez (1977), Michalon et al.,
(1976)). Mechanical properties are improved by two mechanisms: martensite formation and the appearance of
dislocations around new martensite regions due to volume expansion during the transformation of austenite into
martensite (Bellhouse and McDermid (2010), Jacques et al., (2001)). The strain-induced martensitic transformation
(TRIP), assisted by mechanical twinning (TWIP), accommodates shear strain, elevates dislocation density, and sustains
a high work-hardening rate, allowing an increase in surface hardness to 540 + 6.3 HV without compromising the ductility
of the austenitic core (Allain et al., (2004), Jacques et al., (2001), Bouaziz et al., (2011), Bellhouse et al. (2010)).

Conclusions

This study examines two distinct treatment methods for improving Fe—Mn—C cast steels containing 1.7 wt.% and 2.7
wt.% Cr. The proposed approaches provide a practical and cost-effective means of extending the service life of industrial
components operating under severe loading conditions, mechanical stresses, without requiring complete recasting or
alloy modification.

Initially, both steel grades exhibited brittleness due to the formation of intergranular carbides enriched in manganese
and chromium. To address this limitation, three hyper-quenching treatments at 1070 °C were applied to Steel 1.
Increasing the holding time from 30 to 50 minutes led to partial dissolution of surface carbides, while further reducing
the section thickness from 150 mm to 100 mm achieved complete and homogeneous dissolution throughout the
sample. This process resulted in a refined and uniform microstructure, enhancing ductility and overall structural
integrity. For Steel 2, a mechanical surface treatment induced a localized transformation of the surface layer from
austenite to martensite. This phase transformation significantly increased surface hardness from 230 + 5.4 HV to 540 +
6.3 HV, while maintaining a tough austenitic core.

Overall, the results confirm that combining controlled heat treatment and mechanical treatments leads to substantial
improvements in mechanical performance and structural integrity, while providing an effective means to finely adjust
the hardness—toughness balance in Fe—Mn—C cast steels. Such an approach offers a reliable and economical pathway
to enhance the mechanical reliability and operational lifetime of critical steel components in mining, construction, and
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heavy machinery applications. In addition, these findings highlight the potential of such treatments as practical and
economical alternatives for enhancing the durability and service performance of high-stress industrial components.
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