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Abstract. The influence of temperature on the structural and mechanical properties of the
(0.9 C - 13.95 Mn) steel was investigated in this work. The high-manganese steel has underwent aging
treatments at temperatures 700, 750, 800 and 850 °C for different times. The experimental techniques used
are hardness test, scanning electron microscopy, optical microscopy and X-ray diffraction. The mechanical
behavior and microstructural evolution of the high-manganese steel during aging are almost the same. The
aging of the high-manganese steel was characterized by a rapid hardening while the overaging by a slow
softening. In aging, the dispersion of fine M;Cs carbides in the austenite led to an increase in hardness. In
overaging, the softening was caused by the coarsening of the M;Cs carbides.

1 Introduction

The austenitic manganese steels are ferrous alloys
containing approximately 1.0 to 1.4 % of carbon and 10
to 14 % manganese [1]. The original austenitic
manganese steel invented by Sir Robert Hadfield in
1882 contains 1.25 % carbon and 12 % manganese [2].
This steels are used in various fields such as ore
processing,  earthmoving, mining, railroading,
lumbering, ...etc [3].

Various modifications of the original austenitic
manganese steel have been proposed, but just a few
patents have been adopted as significant improvements
[4]. They generally involve variations in carbon and
manganese content, with or without the addition of
elements such as chromium, molybdenum, vanadium,
nickel, titanium and bismuth [5]. Several researches
have been performed on the manganese steels in order
to study the influence of temperature [6 - 10] or
composition [11 - 14] on their mechanical and structural
properties.

The microstructure obtained after aging process
depend on the steel composition and the heat treatment
parameters (i.e. time and temperature) [15, 16]. The
amount, morphology, number and distribution of
carbides have a great impact on the steels mechanical
properties and their service life [17]. For low
temperature aging (less than 400 °C), the manganese
steels does not exhibit significant transformations of the
microstructure. In contrast, for high temperature aging
(above 400 °C), the studies shows the carbides
precipitation at grain boundaries and in matrix with
different morphologies [18 - 21].
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The manganese steels are used in many industries
because of their mechanical characteristics. They
combine excellent wear resistance with high ductility
and strength [22]. However, under severe working
conditions, these steels deteriorate due to
microstructural changes such as intermetallic phases’
formation, carbides growth, microcrack propagation ...
etc.

It is important to understand the changes that occur
in the steels during prolonged aging. In this context, the
main objective of this study is to understand the long-
term aging mechanism of the high-manganese
(0.9 C - 13.95 Mn) steel.

2 Materials and Methods

2.1 Chemical composition and heat treatments
of the (0.9 C — 13.95 Mn) steel

The as-received steel contains essentially 0.9 % carbon
(weight percentage) and 13.95 % manganese. The
chemical elements composition constituting the
(0.9 C - 13.95 Mn) steel is given in Table 1.

Table 1. The chemical composition of
the (0.9 C — 13.95 Mn) steel.

Fe C Mn Si Cr Mo Ni Cu

81.87 | 0.90 | 13.95] 0.79 | 1.90 | 0.08 | 0.21 | 0.30
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The phase diagram of the (0.9 C - 13.95 Mn) steel
was calculated by ProCast® software. Figure 1 shows
the fraction of liquid, austenite and M-Cs carbides for a
range temperature from 600 to 1400 °C.

From phase fractions versus temperature diagram,
the high-manganese steel is biphasic composed of the
austenite and the M,C; carbides at temperatures 700,
750, 800 and 850 °C.
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Fig. 1. Phases fraction as a function of temperature for
the (0.9 C - 13.95 Mn) steel.

First, the (0.9 C - 13.95 Mn) steel is aged at four
different temperatures 700, 750, 800 and 850 °C for
different times. Then, the samples (15 * 15 * 10 mm?)
after each heat treatment are water quenched.

2.2 Hardness Test

The hardness profiles of the (0.9 C - 13.95 Mn) steel
during aging and overaging are obtained with a
TESTWELL hardness tester. The hardness evaluation
method used is Rockwell C (HRC) (the indenter is a
spherical ~diamond-tipped cone  with a 120°  angle
and 0.2 mm tip radius and a total load of 150 Kgf ) [23].

The hardness test protocol adopted consists of
performing several indentations on the flat polished

surface of the sample.

2.3 Microscopic study

The (0.9 C — 13.95 Mn) steel microstructure was
examined by a PHILIPS XL.30 ESEM scanning electron
microscopy  coupled with energy  dispersive
spectroscopy (EDS) and a OPTIKA metallograph
equipped with a AIPTEK high-resolution camera. The
nital 2% solution (2 ml of nitric acid + 98 ml of ethanol)
was used to etch the austenite and the M;Cs carbides
[24].

2.4 X-ray diffraction

X-ray diffraction spectra of the (0.9 C — 13.95 Mn) steel
samples are obtained using a BRUKER D8 Advance
diffractometer of BRAGG-BRENTANO geometry.
Monochromatic radiations are produced from copper

tubes (Ko=1.5406 A) operating at 40 kV and 40 mA.
The scan interval (20) is between 10 and 100 ° with an
angular step of 0.06 ° per second.

The International Center for Diffraction Data
(ICDD) cards used to identify the peaks are n° (31-0619)
for the austenite and n° (5-720) for the M;C; carbides.

3 Results and discussions

3.1 Hardness test

Figure 2 shows the hardness evolution of the
(0.9 C - 13.95 Mn) steel aged at 700, 750, 800 and 850
°C as a function of time. We can observe that the
hardness-time curves consists of two steps (aging and
overaging) at different aging temperatures. The aging of
the (0.9 C - 13.95 Mn) steel is characterized by a rapid
increase and the overaging by a slow decrease of
hardness.

It is also noted that, by increasing the aging
temperatures, the maximum peak of the hardness-time
curves decreases.
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Fig. 2. Hardness versus time of the (0.9 C - 13.95 Mn) steel at
different aging temperatures.

3.2 Microscopic study

Figure 3 represent the metallographic observations of
the (0.9 C - 13.95 Mn) steel microstructure aged at 700
°C for different times.

Figure 3(a) show the (0.9 C - 13.95 Mn) steel
microstructure for 10 minutes of aging. In this optical
image, we can observe an intergranular precipitation of
the M;C; carbides. The M;C; carbides are initially
located in the grain boundaries due to their high
interfacial energy.

Figure 3(b) and 3(c) show the precipitation of the
globular M;C; carbides inside the grains after a holding
time of 20 minutes. After a first intergranular
precipitation of the M;C; carbides, an intragranular
precipitation occurs. We note that the precipitation of
the M;C; carbides is heterogeneous with the austenitic
matrix. The appearance of these fine intragranular
carbides, closely spaced and well distributed in the
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matrix, explains the increase in the hardness of the
(0.9 C - 13.95 Mn) steel.

Significant interactions between the M;Cs carbides
are observed for 60 minutes of aging (Figure 3(d)). The
softening that occurs in the overaging is caused by the
coarsening of the M;C; carbides. The fine precipitates
observed earlier will progressively disappear in favor of
the larger ones and they will end up being few, large and
widely spaced.
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Fig. 3. Optical micrographs of the (0.9 C — 13.95 Mn) steel
microstructure aged at 700°C for (a) 10, (b) and (c) 20,
and (d) 60 minutes.

Figure 4 shows a scanning electron microscope
image of the (0.9 C — 13.95 Mn) steel aged at 800 °C for
10 minutes. The results obtained corroborate with the
phase fraction versus temperature diagram calculated by
JMatPro® software (Figure 1). According to the EDS
analysis (spectrum 1), the intergranular carbides are
M-C; type composed mainly of 39.06 % iron, 54.23 %
chromium and 8.2 % carbon.

We also observe that the area of the austenitic matrix
adjacent to the M;C; carbides are depleted in iron and
chromium. The results (spectrum 2) indicate that it
contains 69.23 % iron and 0.68 % chromium.

.

Fig. 4. SEM micrograph of the (0.9 C — 13.95 Mn) steel
microstructure aged at 800 °C for 10 minutes.

3.3 X-ray diffraction

Figure 5(a) shows the X-ray diffraction spectra of the
09 C - 1395 Mn) steel in aging at different
temperatures. By increasing the temperature, the four
spectra peaks do not exhibit any shift. Based on the
ICDD cards, the peaks correspond to the austenite (Y)
(face-centered cubic structure,a=b =c¢ = 3.6 nm).

It is also noted that no trace of the M;C; carbides was
detected by the X-ray diffraction technique; this is
probably due to their small size. Particles with small size
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and low fraction cannot be detected by this analytical
technique, because the peak becomes very broad and it
will be difficult to distinguish it from the background
[25].

The spectra carried out in overaging of the
(09 C - 1395 Mn) steel (figure 5(b)) at different
temperatures show good agreement with microscopic
study. By comparing the spectra of the two stages, we
notice the appearance of new peaks. The changes
observed in the spectra are due to the formation of the
M;C; carbides (hexagonal structure, a = 1.398 nm and ¢
=0.4523 nm).

We are able to conclude that the increase of the M7Cs
carbides fraction and their growth to reach a detectable
size by this technique, leads to the appearance of peaks
of visible intensity [26, 27].
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Fig. 5. X-ray diffraction spectra of the (0.9 C - 13.95 Mn) steel
in (a) aging and (b) overaging at temperatures 700, 750, 800
and 850 °C.

4 Conclusions

In this paper, we studied the influence of thermal aging
on the mechanical and structural behavior of the
(0.9 C - 13.95 Mn) steel. The following conclusions can
be drawn:

1. Through the hardness tests, we found that the
hardness-time curves consist of two stages. The
aging phase is characterized by a rapid increase in
hardness while the overaging is accompanied by a
slow decrease of this mechanical property.

2. Microscopic observations revealed that the

precipitation of the M;C; carbides occurs first at the
grain boundaries and then propagate into the grains
interior of the (0.9 C - 13.95 Mn) steel. For short-
term aging, the intragranular M;C; carbides are fine
and closely spaced. For long-term aging, the
intragranular M;Cs carbides are large and widely
spaced.
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