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Abstract

High-manganese steel powder was fabricated by mechanical milling from manganese steel chips for use as the
matrix material in metal matrix composites (MMCs). The steel chips were milled using a planetary ball mill at
speeds from 300 to 450 rpm for 4 to 20 hours in a hexane medium. The resulting crystalline structure and phase
composition were analyzed via X-ray diffraction (XRD). Microstructure, surface morphology, and particle size
of the milled powder were examined using scanning electron microscopy (SEM) and laser diffraction particle
size analysis. Through the study of milling parameters (speed, duration), the final powder achieved the desired
FeMn phase composition with fine particle size suitable for composite applications.
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l. Introduction

Metal matrix composites (MMCs) have been studied, developed, and applied in many industries such
as cutting tools, grinding tools, aerospace, and automotive sectors due to their low cost and excellent mechanical
properties. MMCs often use ceramic reinforcements (e.g., TiC, SiC, TiB, , Al, O3 , B, C, WC, VC) combined
with a tough metal or alloy matrix to create materials with high hardness (wear resistance), toughness (impact
resistance), and strength (load-bearing capability).

High-manganese steel is an alloy steel containing a high Mn content (>10%) and is widely used in
mining, stone, cement, and mineral processing due to its excellent mechanical properties and chemical stability
[12]. After heat treatment, it exhibits an austenitic structure with high toughness and wear resistance under
impact conditions due to its work-hardening capability [21]. Manganese contents above 14% result in improved
wear resistance. However, wear resistance of steels with Mn <14% has also been improved with ceramic
particle reinforcement [17,18]. Therefore, to enhance service life, wear resistance, and mechanical properties,
steel matrix composites with ceramic reinforcements have been developed [10,19]. The combination of hard
TiC particles with a high-Mn austenitic steel matrix significantly improves wear resistance [1,23].

Composite fabrication technologies include solid-state synthesis and melt casting [15,9,6]. Solid-state
synthesis methods include powder metallurgy, self-propagating high-temperature synthesis (SHS), mechanical
alloying, and carbothermal reduction [16,20,4,7,2,3,13,22,8]. Melt casting offers advantages such as low cost,
scalability, and the ability to produce large and complex parts, but it requires high temperatures and may lead to
segregation during solidification [19,14]. Powder metallurgy is simple and suitable for producing composites
with a high ceramic content, precise control, stable and uniform particle distribution, and minimal material loss,
making it widely used for metal matrix composite production.

Powder production methods include physical (atomization), chemical (oxide reduction), electrolysis,
and mechanical (milling). This paper focuses on producing high-manganese steel powder for use as a composite
matrix using mechanical milling of steel chips.

1. Experimental Procedure
In this study, high-manganese steel powder was produced from manganese steel chips with the chemical
composition shown in Table 1.
Table 1. Chemical composition of the steel chips
Element C Si Mn P S Cr Mo Ni Cu Fe
% 0,962 [ 0,399 | 13,421 [ 0,041 [ 0,011 | 2,202 [ 0,062 | 0,399 | 0,201 | 82,364

The powder production process is illustrated in Figure 1. Steel chips with dimensions of 0.2x5x30 mm
were coarse-milled using a drum mill (drum size 200x350 mm) for 2 hours at 150 rpm with a ball-to-chip
weight ratio of 8:1 in a hexane medium. After coarse milling, the powder was sieved to obtain particles smaller
than 200 um and then further refined using a planetary ball mill under different milling regimes.
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Figure 1. Process flowchart for high-manganese steel powder production

Fine powder (M1) was compacted in a steel mold at 300 MPa. Porosity was measured by hydrostatic weighing
based on Archimedes’ principle to evaluate powder compressibility.

The compacted M1 powder was sintered at 1250°C for 2 hours in an argon atmosphere to analyze
microstructure, sinterability, and phase composition. Commercial powder (M2) was also compacted and sintered
under the same conditions for comparison.

The average particle size was measured by laser diffraction analysis. Powder morphology was observed via
scanning electron microscopy (SEM, Cambridge LEO-1450). Phase composition was determined by X-ray
diffraction (XRD, D8 ADVANCE).

I1. Results and Discussion
3.1. Effect of Milling Parameters on Particle Size
To investigate the effect of milling parameters on Mn steel powder particle size, the coarse-milled steel chips
(<200 pm) were further milled at speeds ranging from 300 to 450 rpm for durations from 0 to 20 hours. The
resulting particle size varied with speed and duration, as shown in Figure 2.
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Figure 2. Effect of milling time on particle size
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From figure 2 shows: During the initial 4 hours, particle size decreased rapidly, then more gradually between 4—
8 hours. Initially, large particles and a high collision rate between balls and particles caused rapid size reduction.
As particle size decreased, cold welding and reduced collision energy slowed further size reduction.

At each milling speed, particle size approached a minimum limit and then stabilized. Smaller particles increased
the system'’s free energy due to higher surface energy, promoting cold welding, which in turn counteracts further
fragmentation.

High grinding speed (large grinding energy), particle size decreases faster. Grinding efficiency increases rapidly
when speed increases from 300 to 400 rpm. At 450 rpm, if grinding time is extended, the powder particle size
increases, the cause may be due to high grinding energy heating the grinding mixture, promoting the cold
welding process.

3.2. Effect of Milling on Powder Compressibility
Powder compressibility was evaluated through density or porosity after compaction. At a pressure of 300 MPa,
porosity of the samples is shown in Figure 3.
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Figure 3. Effect of milling speed on porosity

With prolonged milling (12h, 16h), porosity increased as milling speed increased. For 8-hour milling, porosity
decreased with increasing speed from 300 to 400 rpm, va porosity increased at 450 rpm due to work hardening
of particles, which resisted compaction. To minimize porosity, excessive milling duration and speed should be
avoided. The lowest porosity (7.1%) was achieved at 400 rpm for 8 hours.

3.3. Effect of Milling on Particle Morphology and Sinterability

SEM images of milled powder (M1) are shown in Figure 4(a). Ball collisions flattened particles, increasing
surface area and enhancing inter-particle contact, which facilitated sintering.
Sintered samples exhibited strong bonding (Figure 5a) with low porosity (2.7%). In contrast, commercial
powder (M2) with coarser particles (~150 um, Figure 4b) showed poor bonding and higher porosity (11.9%)
after sintering (Figure 5b).

XRD analysis (Figure 6) of sintered M1 showed phases of Fe(Mn) solid solution and (FeMn); C carbides,
consistent with the Fe-C—Mn phase diagram. No oxidation or foreign phases were detected during milling,
compaction, or sintering.
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Figure 5. SEM images of sintered samples (1250°C, 2h) - M1 () and M2 (b)
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Figure 6. XRD of sintered M1 powder (1250°C, 2h)

V. Conclusion
High-manganese steel powder for use as the matrix in TiC/Mn steel composites was successfully
produced via mechanical milling. Under optimal milling conditions (400 rpm, 8 hours), the resulting powder
had an average particle size of 26.6 um, good compressibility, and excellent sinterability (porosity of 2.7%).
The phase composition aligned with theoretical expectations, confirming its suitability as a composite matrix
material.
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