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Abstract 
In this research, heat-treatment was used to determine changes in the microstructure and mechanical 

characteristics of austenitic manganese steel equivalent to ASTM A128-C. Carbide formed in as-cast 
conditions is transformed into dispersed hardened austenite to increase the toughness of the material 
because it can inhibit dislocation movement. Heat treatment is carried out in two heating stages. The 
first stage of heating was carried out at a temperature of 625°C with a holding time varying by 2.5, 3.5, 
and 4.5 h, and the second stage was carried out at a temperature of 1000°C with a constant holding 
time of 1.5 h. Microstructure observations were carried out to observe the structural morphology and 
carbide transformation in both the first and second stages of heating. Tensile and hardness tests were 
also carried out to determine the mechanical properties and their effect on two-stage heating. The 
research results show that the pearlite structure is formed in the first stage of heating with different 
lamella thicknesses. With the help of ImageJ software, the measured pearlite fraction was higher as 
the holding time increased in the first stage of heating. This affects the morphology of the carbide 
colonies formed in the second stage of heating. The higher the pearlite fraction, the more uniform the 
morphology of the carbide formed with round shapes that are more evenly distributed. These dispersed 
carbide colonies can increase the toughness of the material up to 17 times higher than the as-cast condition 
obtained through mechanical testing. 

1. Introduction 
 

Austenitic manganese steel is extensively utilized in industrial 
and heavy equipment requiring strong abrasion and impact resistance 
[1-3]. This use is made possible by the unique mechanical qualities 
of austenitic manganese steel, which include excellent toughness, 
ductility, hardness, and abrasion resistance [1,4]. Due to the formation 
of carbide precipitates, austenitic manganese steel in its as-cast state 
is very brittle and lacks the necessary physical characteristics to survive 
impact. It is possible to increase the mechanical characteristics of 
austenitic manganese steel with the addition of alloying elements [5,6], 
heat treatment [7,8], and work hardening [9,10,11]. Solution treatment 
is one of the heat treatments that may be used to enhance the mechanical 
characteristics of austenitic manganese steel. As-cast structures must be 
solution-treated at austenitic temperature for a particular amount of time 
and then water-quenched in order to get a complete austenite structure 
[7,12,13]. The austenite phase increases because of the high manganese 
concentration will act an austenite stabilizer [7,14]. The austenitizing 
temperature and holding time have a considerable impact on the final 
phase. When a solution-treated austenitic manganese steel undergoes 
plastic deformation, the FCC lattice, which has a greater slip system 

and generates extremely big dislocation movements, gains strength 
[11]. This process is characterized by an increase in surface hardness 
after plastic deformation of austenitic manganese steel by either impact 
or abrasion loads [5,10,15].  

Early works have reported the formation of dispersed hardened 
austenite occurs via a heat treatment procedure, which involves 
subjecting the casting to a temperature of 595°C and maintaining it 
at that level for a duration of 8 h to 12 h [16].  This results in the formation 
of significant quantities of pearlite within the structure. Subsequently, 
the material is subjected to a temperature of 980°C in order to enhance 
the structural integrity. This process transforms regions of pearlite 
into a finely grained austenite that contains a distribution of tiny carbide 
particles. These particles are unable to dissolve as long as the temperature 
of the austenization process does not surpass 1010°C. In addition, 
the fast-cooling procedure will result in the formation of dispersion-
hardened ausnetite. This type of ausnetite is known for its increased 
yield strength; higher hardness; and reduced ductility compared to 
the steel that undergoes complete or full solution treatment at elevated 
austenitization temperatures. The dispersion-hardening heat treatment 
permits the incorporation of a comparatively elevated carbon content, 
hence enhancing the resistance to abrasion.  



HERMAWAN, M. R., et al. 

J. Met. Mater. Miner. 34(1). 2024    

2 

Modification of the microstructure by forming spherical carbides 
is also carried out on medium-carbon steel to increase toughness and 
flexibility through heat treatment [17], with the formation mechanism 
shown in Figure 1. Spheroidization was carried out at a constant 
temperature of 700°C with a spheroidization time of 8 h, 12 h and 
16 h. In this study, it was found that spheroidizing time had the greatest 
influence on the percent spheroidized, and the initial microstructure 
contributed 31.1%. 

This research will focus on increasing the toughness and surface 
hardness of austenitic manganese steel equivalent to ASTM A128 
Grade C. This material was chosen because it has a higher chromium 
content compared to other grades. The formation of dispersed carbide 
colonies is the aim of this research, which is expected to increase the 
toughness of the material because these carbide colonies can hinder 
dislocation movement. So, a high chromium content, such as in grade 
C, can help research because chromium is a carbide formation. The 
process of forming carbide colonies, which we call dispersed hardened 
austenite, is carried out through two-stage heating. In the first stage 
of heating, the carbide from metal casting is transformed into pearlite, 
and then the pearlite is transformed into small carbide colonies with 
an austenite matrix in the second stage of heating. However, this 
research is also limited to observing morphology through micro-
structure and tensile and hardness tests to determine the effect of 
carbide colonies on mechanical properties, especially toughness and 
hardness, without observing in more detail the type and properties of 
the carbide. 
 

 
Figure 1. Mechanism of formation dispersed hardened austenite [17]. 

2.   Experimental  
 
2.1  Materials 

 
As stated in Table 1, the material employed in this investigation 

is austenitic manganese steel with a high chromium concentration 
which is equivalent to ASTM A128 grade C. Since chromium is a 
carbide formation, the chromium alloy element in this research has 
more chromium to facilitate the production of dispersed hardened 
austenite during the heat treatment procedure [5,18,19]. In this 
investigation, samples were taken from metal casting operations that 
used a high-frequency crucible induction furnace powertrack 150 R 
to 30 R and a pouring temperature of 1500℃ in the foundry laboratory 
of the Bandung Manufacturing Polytechnic. High-manganese steel 
scrap that has been melted with other metal alloys serves as the raw 
material. To reduce casting product flaws, a Y-block mold is being 
employed. 
 
2.2  Method 

 
Y-block samples obtained from metal casting results were then 

cut and fabricated into samples for tensile testing, hardness testing, 
metallographic testing, scanning electron microscopy (SEM), and 
x-ray diffraction (XRD). Optical Electron Spectrometry (OES) was 
utilized to analyze chemical composition using a Thermo Scientific 
machine of the ARL3460 model. At room temperature, ASTM E8-
compliant tensile test samples were prepared on a Zwick-Roell Z250 
machine with a constant loading rate of 1 mm∙min‒1. A micro vickers 
FR-1e was used to analyze the hardness of a specimen with a minor 
load of 98.07 N, a major load of 980.7 N, and a holding time of 15 s. 
The microstructural analysis was performed using the metallographic 
method; in accordance with ASTM E3-01 specifications; and SEM 
for high magnification. A D8 advance Bruker machine was used to 
conduct XRD analysis on samples that had undergone mechanical 
treatment and those that had only undergone heat-treatment. 

The mechanical properties of the material were investigated using 
as-cast and heat-treated samples. Using the Nabertherm Muffle Furnace 
L3/11 heat-treatment furnace with Flap Door, the heat-treatment 
process was conducted in two phases of heating, with the first stage 
heating at a temperature of 625°C and the second stage heating at 
a temperature of 1000°C. The variations of heat treatment process 
shown in Table 2. Experiments were conducted to determine the 
optimal structural morphology and mechanical properties generated 
by a two-stage solution treatment by altering the heating duration 
in the first stage at 625°C. 

 
Table 1. Chemical composition of the research samples. 
 

Material C (%) Mn (%) Cr (%) Si (%) P (%) 
Austenitic manganese steels 1.21 12.8 2.5 0.76 0.006 
 
Table 2. Variations in heat treatments processes. 
 

Sample Temperature in stage 1 
(℃) 

Holding time in stage 1 
(h) 

Temperature in stage 2 
(℃) 

Holding time in stage 2 
(h) 

1 625 2.5 1000 1.5 
2 625 3.5 1000 1.5 
3 625 4.5 1000 1.5 
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3.  Results and discussion 
 
3.1 Microstructure analysis 
 

For as-cast and as-treated samples with three types of metallographic 
examinations have been conducted. As illustrated in Figure 2, the 
microstructure of the as-cast sample comprises of carbide and austenite 
as the major phases. This austenite phase is the result of a high manganese 
concentration, an austenite stabilizer [7,20]. At the grain boundaries, 
this material's carbides exhibit both lamellar and acicular structures. 

According to the phase equilibrium diagram for Fe-Mn, this material 
is hyper-eutectoid, hence cementite forms at the grain boundaries. 
Due to this feature, this material has the propensity to create austenite-
based pre-eutectoid cementite. Carbides generated near grain boundaries 
are often an issue, since their presence may induce cracking, rendering 
the material incapable of withstanding strong mechanical stresses. 

With a solution treatment technique [21,22], the carbide at this grain 
boundary may be converted into a pearlite phase. The creation of pearlite 
is initiated by the nucleation of Fe3C cementite in austenite grains [23, 24]. 
Cementite develops by the diffusion of carbon atoms, hence, a layer of 
ferrite forms surrounding cementite in areas of carbon deficit [25]. 

       

Figure 2. Microstructure of as cast condition. 
 

       
 

 

Figure 3. The microstructure formed in the first stage of heating, (a) at a holding time of 2.5 h, (b) at a holding time of 3.5 h, and (c) at a holding time of 4.5 h. 
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During the first phase of heating, carbide grain boundaries was 
converted into pearlite. At this point in the heating process, temperature 
and time influence the diffusion of carbon atoms. The lower temperature 
slows the diffusion of carbon atoms, resulting in a shorter diffusion 
distance and a thinner lamella, while the holding time influences the 
quantity of carbon atoms that may diffuse. As illustrated in Figure 3, 
carbon atoms disperse more the longer the holding time.  

A quantitative study was performed using the ImageJ program 
[26], to confirm that more pearlite structures were created as the 
holding time increased in the first heating step, with the findings 
displayed in Figure 4. Based on these findings, it is obvious that the 
holding time has an effect on the carbon atoms that may disperse, 
hence influencing the pearlite structure that forms. 

       

Figure 4. Pearlite fraction curve.

 

  

             

 

Figure 1. Carbide morphology develops during two-stage heating and area of carbide colonies at (a) 2.5 h, (b) 3.5 h, and (c) 4.5 h of holding time in the 
first stage of heating. 
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The heating temperature was set at 1000℃ in the second stage 
of heating with a holding time of 1.5 h for all samples; both samples 
were heated for 2.5 h, 3.5 h, and 4.5 h in the first stage of heating, then 
quenched with agitated water media. Pearlite, which was created during 
the first step of heating, is converted into carbide colonies known  
as distributed hardened austenite during this stage of heating. The 
metallographic findings in Figure 5 show that a two-stage heating 
procedure was used to effectively generate dispersed hardened 
austenite. The carbide was purposefully not totally dissolved during 
the creation of this microstructure because this carbide is believed 
to be able to survive the movement of dislocations without losing the 
ductile qualities of austenitic manganese steel. 

Figure 5 shows variations in the shape of dispersed hard austenite 
as well as variations in holding time applied to the preheating cycle 
and the graph to the right is an estimate of the area of dispersed hardened 
austenite carbide colonies measured using ImageJ software [26]. 
On the graph, the Y axis shows the frequency or number of dispersed 
hardened austenite grains contained in the sample and the X axis 
shows the size of the dispersed hardened austenite. The curve's shape 
suggests that the colonies created are of varying sizes, with the area 
values that occur most often found near the curve's greatest peak. The 
lowest area was 407 µm2 as a result of heat treatment with 4.5 h holding 
time and the greatest area was 2106 µm2 as a result of a 2.5 h holding 
time. The findings from these tests show that the longer the holding 
time in the first heating step, the smaller the carbide area. In this 
situation, the pearlite morphology created during the first step of 
heating may be the source of the production of carbide colonies in 
various places. In two-stage heating, the fineness of the lamellae in 
pearlite determines the production of dispersed hardened austenite 
carbide colonies. 

SEM characterization was performed where there were carbide 
colonies with spherical and lamellar morphologies to identify the 
morphology of disseminated hardened austenite, as illustrated in 
Figure 6. Based on the driving force in thermodynamics, which comes 
from the decrease in energy between the carbide surface and the 
matrix. These different forms of secondary carbides occur due to 
the inhomogeneous distribution of driving force kinetics, which is 
a diffusion phenomenon from the carbide surface into the matrix. 
Qualitatively characterized in Figure 6, where round carbides are 
represented by dotted lines in rectangular sections and lamellar carbides 
are represented by continuous lines. Several pearlite structures are 
produced during the first step of heating. This is due to the various 
carbide sizes and holding times during the first heating. The observed 
pearlite microstructure is divided into two types: fine and coarse 
pearlite. Since the cementite lamellae in fine pearlite are thinner, 
the lamellae and solvent separation requires less time than in coarse 

pearlite. As a result, the rate of rounding off carbide colonies in fine 
pearlite microstructure is faster than in coarse pearlite. 
 
3.2  Mechanical properties analysis 
 

Tensile and hardness tests are used to evaluate mechanical 
characteristics. The toughness value is computed in the tensile test 
using the equation Ut=u+y2x f [21] where Ut is tensile toughness, 
u is ultimate tensile strength, y is yield strength, and f is elongation. 
Relative toughness is added as a comparison between the results of 
the thermal treatment procedure and the as-cast material's toughness 
values with the test results and calculations provided in Table 3. 
 

 

Figure 6. Carbide morphology in other colony areas in spherical and lamellar 
forms from a holding time of 2.5 h in stage one heating 
 

 

Figure 7. The phenomenon of orange peeling on the gage length surface. 

Table 3. Tensile test result. 
 
Sample 
 

Yield Strength 
(Mpa) 

Tensile Strength 
(Mpa) 

Elongation 
(%) 

Toughness 
(J·m-3) 

Relativet Toughness 
 

as-cast 366 573 2.6 12.2 1 
as-treated 2.5 h holding time 364 814 31.5 182.5 15.2 
as-treated 3.5 h holding time 344 811 35.4 204.5 16.7 
as-treated 4.5 h holding time 336 806 36.2 206.6 16.9 
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Figure 8. Fracture of the tensile test specimen. (a) top view, (b) side view.

The as-cast sample with a toughness of 12.2 J·m‒3 has the lowest 
value due to the presence of carbide at the grain boundaries. This carbide 
renders the material brittle, resulting in a poor toughness rating. In 
contrast, the as-heat treated sample had a substantially greater 
toughness owing to the dissolving of carbide at the grain boundaries, 
which resulted in the formation of distributed austenite carbide 
colonies. The relationship between the colony size and distribution 
of dispersed hardened austenite carbides and the ultimate tensile 
strength and elongation values is very close. The increased holding 
time in the first step will reduce the yield strength and ultimate tensile 
strength, but increase the elongation. Hence, the holding time procedure 
in stage one effects the tensile strength of this material; the longer 
the holding time, the higher the tensile strength. 

On the gage length surface of the tensile test specimen, as seen 
in Figure 7, there occurs an intriguing occurrence known as orange 
peeling. Immediately upon yielding, this process causes crinkling 
and the creation of fissures on the gage-length surface. Depending 
on grain orientation; grain size; and the presence of inhibitors in the 
crack propagation mechanism [27], the fracture that results from 
an orange peeling event propagates to a particular depth inside the 
specimen. The presence of dispersed hardened austenite carbide, which 
is generated by two-stage heating, is crucial for inhibiting fracture 
development towards the interior of the gage length. The surface 
fractures are induced not only by grain boundary cracking, but also 
by martensite developed on the surface as a consequence of plastic 
deformation during the tensile test, which results in a shearing 
mechanism. As is well knowledge, martensite is hard and brittle. 

The "orange peeling" effect is induced by austenite grains on the 
gage-length surface that have an active slip system as a result of plastic 
deformation during the tensile test. A twin deformation strengthening 
mechanism will emerge from the grain orientation, which features an 
active slip system on the gage length surface. This result is in accordance 
with the result of M. Abbasi, et al. [27] and Rittel, et al. [28]. 

Twin deformation causes twin planes to develop in an austenite 
grain, dividing it into n-parts. These two planes are known as "twin 
boundary". The presence of twin boundaries might impede the mobility 
of dislocations, resulting in the buildup of dislocations on the twin 
boundaries conferring high hardness and strength [5,28,29]. Since 
austenite grains with twin borders are strong, they cannot accept the 
grains' stretching and crinkling shapes. This material's orange peeling 

phenomena is created by a mix of cracking and crinkling. Grain 
boundary cracking and the martensitic transformation process induce 
cracking, whereas the twin strengthening mechanism causes crinkling. 
Figure 8 depicts the kind of fracture that occurs in the as-treated 
specimen. The fracture tends to be flat, indicating that the fracture 
type is brittle. The mechanism of martensitic transformation and 
twinning transformation creates no necking phenomena during the 
hardening process [30], therefore orange peeling and brittle fracture 
are extremely likely to occur in this material as a result of martensitic 
and twinning transformation. 

Figure 9 depicts the findings of metallography performed on 
a gage length exposed to a tensile test to check that martensite forms 
appropriately in this material. 

Based on the results of the XRD test on samples that were only 
subjected to two-stage heating without any mechanical treatment, 
martensite with the formation of an alpha prime peak was confirmed, 
as shown in Figure 10. The appearance of martensite peaks in samples 
that were only subjected to two-stage heating was likely caused by 
friction during the sample cutting process and plastic deformation 
during the grinding and polishing process. While the material that 
has been mechanically treated after two phases of heating exhibits 
an increase in martensite structure intensity of the martensite structure 
and formed an alpha prime peak. 

 

 

Figure 9. The microstructure of the material after two stages of heating 
and plastic. 
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Figure 10. XRD test results on samples that were only subjected to two-stage 
heating. 
 

 

Figure 11. Micro-Vickers hardness value curve on samples that have been 
subjected to two stages of heating. 

 
In addition to the mechanical characteristics arising from the 

tensile test, the gage-length cross-section of the plastically deformed 
tensile test specimen was subjected to Micro-Vickers hardness testing. 
Up to a depth of 4 mm, the testing procedure is conducted on the 
surface-proximal portion. As with the tensile test, this hardness test 
was conducted on all samples that had been heated in two stages, 
both as heat-treated samples in the variation of the first stage holding 
time of 2.5 h, as heat-treated samples in the variation of the first stage 
holding time of 3.5 h, and as heat-treated samples in the variation 
of the first stage holding time of 4.5 h with the hardness value curve 
depicted in Figure 11. 

The hardest surface has the greatest hardness rating based on 
the three hardness test findings shown above. Figure 7 illustrates 
the presence of crinkcling on the surface, which are a result of grain 
boundary cracking and the martensitic transformation mechanism. 
This suggests that the surface exhibits greater brittleness, a characteristic 
that is substantiated by the results of the hardness test. The hardness 
result was not uniform in the hardness test performed at a depth of 
2 mm to 4 mm. This occurs as a result of the indentation process. The 
indenter may come into contact with grain boundaries, martensite, or 
dispersed hardened austenite carbide colonies. The indentation process 
results in a wide, non-uniform dispersion of hardness. Because of 
the high carbon concentration in these sections, grain boundary and 
dispersed hardened austenite have high hardness values. 

4. Conclusion 
 
Two-stage heating with the first stage at 625℃ with holding times 

of 2.5 h, 3.5 h, and 4.5 h and the second stage at 1000℃ and holding 
time of 1.5 h on high-chromium austenitic manganese steel material 
creates dispersed hardened austenite, an austenite phase with fine 
carbide colonies. The heating period of the first stage influences the 
pearlite fraction, which refines the carbide grains and elongates the 
space between colonies on distributed hardened austenite carbide 
when heated in the second stage at 1000℃ for 1.5 h. This materials 
toughness may be increased to 17 times its as-cast value with a two-
stage heating procedure. This rise in toughness value is followed by 
an extension of the initial holding time. The increase in tensile 
strength is proportional to the duration of the first step of heating. 
Due to the production of martensitic and twinning transformations 
at the surface, excessive plastic deformation of this material will 
result in an increase in surface hardness. 
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