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Abstract In this study, Fe-12.50Mn-1.10C-1.70Cr-0.40Mo-0.40Si-0.50(max)P-0.50(max)S
(Hadfield alloy) and Fe-28.4Mn-0.86C-1.63Al-0.42Cu-1.80Mo-1.59Si-0.60W (Fermanal
alloy) (Wt. %) in the aged condition were compared in terms of its tribological and
microstructural properties. The x-ray diffraction (XRD) patterns were refined with the
lines of the austenitic γ -phase, Chromium Iron Carbide (Cr2Fe14C), Iron Carbide (Fe2C),
and Iron Oxide (Fe0.974O (II)) for the Hadfield alloy, and the lines of the austenitic γ -
phase, martensite (M), Mn1.1Al0.9 phase and iron carbide (Fe7C3) for the Fermanal alloy.
Mössbauer spectra were fit with two sites for the Hadfield alloy, which displayed as a broad
singlet because of the austenitic disordered phase, and had a magnetic hyperfine field dis-
tribution, which corresponds to the Cr2Fe14C ferromagnetic carbides found by XRD. There
were two paramagnetic sites, a singlet, which corresponds to the austenite disordered phase,
and a doublet, which can be attributed to the Fe7C3 carbide. The obtained Rockwell C
hardness for aged Hadfield and Fermanal alloys were 43.786 and 50.018 HRc, respectively.
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1 Introduction

In 1882, one of the first alloyed steels, manganese steel, which is composed of approxi-
mately 1.2% C and 12% Mn, was discovered by a metallurgist, Sir Robert Abbot Hadfield.
The discovery of this steel is recognized as a landmark in metallurgical history, which was
seen as the beginning of the age of alloy steels [1]. This alloy possesses properties such as
high work hardening, high toughness, good ductility and wear resistance [2]. Currently, this
steel is still widely used with some variations of its C and Mn compositions and the addition
of alloying elements, such as chromium, vanadium, nickel, molybdenum, aluminum, nitro-
gen, among others [3]. The common compositions established by ASTM Standard A128
[4] for this steel allow for composition ranges from 1.0 to 1.4% C and from 10 to 14% Mn.
Commercial alloys with manganese contents higher than 12% are seldom used because of
their cost [5]. Hadfield steels have an austenitic microstructure after thermal treatment at
temperatures higher than 500 ◦C, followed by a quench [6]. To modify the properties of
Hadfield’s steels, alloy elements are used. The combination of mechanical properties make
Hadfield steels useful in many fields, and, it can be used in crawler treads for tractors,
grinding mill liners, impact hammers and grinding mill liners [5].

After the development of Hadfield steels, other alloys based on the steel concept of
this austenitic manganese steel with varying compositions followed [7]. One such alloy is
the Fe-Mn-Al-C alloy or “Fermanal” steel, which was developed to replace some conven-
tional stainless steels (Ni-Cr steels) [8]. This austenitic steel exhibit a good strain hardening
behavior and is considered to be an economic substitutes for conventional austenitic stain-
less steels because it contains aluminum and manganese instead of chromium and nickel
[9, 10]. In Fermanal steels, Mn levels between 28–47% stabilize the FCC austenitic phase,
which improves their mechanical properties. G.L. Kayak [11] observed the carbon effects
on the austenitic structure. An alloy with 30% Mn and 10% Al had an α-single-phase struc-
ture after quenching if it had 0.05% C and a two phase structure if it had 0.25% C. The level
of α-phase decreases with increasing carbon; at 1% C, the structure was γ single-phase.

After thermally treating manganese steels, different combinations of mechanical stresses,
fracture resistances and ductilities can be obtained, over a wide range of temperatures
[10]. After casting, manganese steels are usually homogenized above 1050 ◦C to dissolve
carbides; then, water quenching is used to provide a uniform austenitic structure [12]. J.
Heredia [13] studied the influence of thermal treatment on the stability of the Hadfield steel
austenite phase with 12% Mn. The specimens were heat treated at 1050 ◦C for two hours,
followed by water quenching at room temperature. Some were subjected to heating stages
from 100–500 ◦C, and exposed to plastic surface deformation. For all specimens, there was
an austenitic matrix after austenizing, and it was demonstrated that the alloys retrained their
mechanical properties when their surfaces were plastically deformed. In the absence of an
inert atmosphere, a high solubilizing temperature often produces surface decarburization
and leads to a loss of manganese, leading to the formation of α-martensite on the surface
layer upon quenching [12]. The increase in the martensite content is good for increasing the
mechanical properties of the steel [8].

Alloys pass through a series of decomposition reactions when they age. When aging
occurs from 550 to 650 ◦C in Fermanal steels, carbides are distributed inside the austenitic
matrix [11]. A. Prodhan and A. Chakrabarti [14] studied phase transformations during
aging of Fe-Mn-Al-Si-C alloys that were treated at 1100 ◦C. They found precipitation
of the Al(Fe,Mn)Cx phase inside the austenite grain when aged between 500–800 ◦C.
J. Heredia [13] observed globular and transgranular acicular carbide precipitates in the
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Fig. 1 Heat treatment cycle for Fermanal and Hadfield steels

austenitic grains at temperatures above 400 ◦C. The high mechanical properties of the
alloy are due to the carbide precipitation inside the austenite [11, 14–16]. In this study,
the results of the tribological and microstructural behavior of two Hadfield and Fe-Mn-
Al-C alloyed steels under aged conditions are presented for comparison, establishing the
performance of Fe-Mn-Al-C steel (unconventional steel) under the effects of wear. We
aimed to evaluate whether Fe-Mn-Al-C is a good substitute for Hadfield steel (conventional
steel).

2 Experimental procedure

Under the as-cast condition, Fe-12.50Mn-1.10C-1.70Cr-0.40Mo-0.40Si-0.50(max)P-
0.50(max)S (Hadfield alloy) and Fe-28.4Mn-0.86C-1.63Al-0.42Cu-1.80Mo-1.59Si-0.60W
(Fermanal alloy) (Wt%) were subjected to cutting, heat treatment, and etching for analysis.
As-cast steels were cut in a rotating disc machine (MAXICUT). The samples were homog-
enized at 1050 ◦C for 5h, followed by quenching in a water and sodium chloride mixture
(brine). The aging process was performed from room temperature to 560 ◦C, and the tem-
perature was maintained for 5h. Figure 1 shows the heat treatment cycle for Fermanal and
Hadfield steels. Metallographic specimens were etched with a 20% solution of nitric acid
in ethanol for 15 s and a 4% solution of picric acid and ethanol for 20 s. The microstruc-
tures were characterized by using a Metallurgical Optical Microscope (MOM); also, the
IQmaterials program was used to support the metallographic analysis performed. Scanning
Electron Microscopy (SEM), X Ray Diffraction (XRD) with an X’Pert PRO PanAnalytical
difractometer using the Kα lines of Cu and, Transmission Mössbauer Spectroscopy (TMS),
using a 57Co (Rh) source and an α-Fe foil as the calibration sample. TMS spectra were
taken from powder filled from the surface of the disk, and fit with the MOSFIT program
[17]. The XRD patterns were refined with the GSAS program [18].

Hardness tests on the alloy surfaces were performed under aged conditions. Wilson
Rockwell Hardness Tester was used to perform macro-hardness measurements under the
ASTM E92 standard, and a Wilson microdurometer was used to perform micro-hardness
measurements based on the ASTM E384 standard, wherein a 50 N indentation load and
time of 15 s were used. A pin on disk tribometer (ASTM G99) was used for the wear resis-
tance measurements. The ball specimen was Cr steel (diameter 6 mm) with an applied load
of 3 and 10 N, sliding speed of 15 cm/s, and sliding distance of 1000m. The wear tests were
performed at room temperature.
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Fig. 2 Aged Hadfield alloy microstructures: a 50×, b 100×, c 200× and d 500×

3 Experimental results and discussion

Figure 2 shows micrographs of the aged Hadfield alloy taken at (a) 50×, (b) 100×, (c)
200×and (d) 500×. The aging time promoted the growth of acicular and irregular pre-
cipitates within the austenitic phase and formation of continuous precipitates at the grain
boundaries. The areas of the austenitic phase and precipitates generated within the grains
and at the boundaries were identified with the IQmaterials program, corresponding to
70.14% and 29.86%, respectively.

Figure 3 shows SEM images of the microstructure of the aged Hadfield alloy, and high
precipitate levels on the surface and at the grain boundaries were observed, which con-
trast with the results obtained via Metallurgical Optical Microscopy. Table 1 shows the
compositions spectra, in weight percent, found by Energy-dispersive X-ray spectroscopy
(EDX). The Mn, Cr and Fe compositions did not significantly change, however, the carbon
composition was higher in spectrum #1.

Figure 4 presents the XRD pattern of the aged Hadfield sample taken at room tempera-
ture. The pattern was refined with the lines of the austenitic γ -phase (A), Chromium Iron
Carbide, Cr2Fe14C (C1), Iron Carbide, Fe2C (C2), and Iron Oxide, Fe0.974O (II) (O). Table 2
shows the spatial group, lattice parameters, weight proportion, and crystallite sizes obtained
from the refinement of the observed phases. The weight proportions agreed with the results
obtained by Metallurgical Optical Microscopy. The parallel and perpendicular crystallite
sizes are the same for C2 and for O, therefore, the crystallites are symmetric for these phases.
Some parameters appear without error because they were fixed after a number of iterations.

Figure 5 shows the Mössbauer spectrum of powder obtained from the aged Hadfield
sample. The powder was obtained after filling the surface of the sample with a diamond
file. This spectrum was fitted with two sites: a broad singlet, which can be attributed to the
austenitic disordered phase [19], and the magnetic hyperfine field distribution, which cor-
responds to the detected ferromagnetic carbides, as well as the XRD study, to the Cr2Fe14C
phase, which is iron rich, and to the Fe2C phase, which is ferromagnetic [20, 21]. Some
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Fig. 3 Aged Hadfield alloy microstructures taken by SEM

Table 1 EDX composition spectra of the aged Hadfield sample

Spectrum In stats C Si Cr Mn Fe Total

1 Yes 10.45 0.81 1.86 12.28 74.61 100.00

2 Yes 6.67 0.77 1.98 13.21 77.37 100.00

Max. 10.45 0.81 1.98 13.21 77.37

Min. 6.67 0.77 1.86 12.28 74.61

distribution fields are greater than others, which could be due to differences in Fe environ-
ments in the Cr2Fe14C and Fe2C phases. The iron oxide phase found by XRD could not be
detected by Mössbauer spectrometry. We tried to insert the iron oxide phase into the spec-
trum as a doublet [22], however, it did not fit, showing that the iron fraction of this phase
is lower than in the other two phases, or that this doublet is screened by the broad singlet
of austenite. Table 3 shows the Mössbauer parameters obtained from the fit of the aged
Hadfield sample. Some parameters appear without error because they were fixed.

Figure 6 shows the micrographs of the aged Fermanal alloy taken at (a) 50X, (b) 100X,
(c) 200X, and (d) 500X. An austenitic structure with a continuous network of precipitates
on the grain boundaries and globular precipitates inside the austenitic matrix are observed.

Figure 7 shows a SEM image of the microstructure of the aged Fermanal alloy, which
had austenite grains with boundary precipitates. Table 4 shows the composition spectra
determined by EDX, in weight percent, which were obtained at different points of Fig, 7.
Spectrum #1 has 4.44% oxygen and 3.39% Al, therefore, an aluminum oxide or incrustation
with manganese could be formed. Spectra #2, #3, #4 and #5 do not change much, however,
the C and Al levels are high, and could be impurities inside the surface.

Figure 8 presents the XRD pattern of the aged Fermanal sample at room temperature.
The pattern was refined with the lines of austenitic γ -phase (A), martensite (M), Mn1.1Al0.9
phase (M1) and Iron Carbides, Fe7C3 (C). The spatial group, lattice parameters, weight
proportion, and crystallite sizes obtained from the refinement of the observed phases are
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Fig. 4 XRD pattern of the aged Hadfield sample

Table 2 Structural parameters obtained from the refinement of the aged Hadfield sample

Phase Spatial group Lattice parameters Weight proportion (%) Crystallite sizes

a(Å) b(Å) c(Å) �perp(nm) �paral(nm)

±0.0002 ±0.0002 ±0.0002

Austenite Fm3m 3.6479 3.6479 3.6479 63.001 94.07 93.60

Cr2Fe14C Fm3m 7.2000 7.2000 7.2000 13.422±0.001 22.17 18.10

Fe2C Pnnm 4.2912 4.7171 2.7264 15.39±0.010 128.40 128.40

Fe0.974O (II) R3m 3.0265 3.0265 7.5179 8.185 0.85 0.85

shown in Table 5. Crystallites are symmetric for the martensite phase. Some parameters
appear to lack errors because they were fixed after a number of iterations.

Figure 9 shows the Mössbauer spectrum of the aged Fermanal sample. This spectrum
was fit with a singlet, which corresponds to the austenite disordered phase, and a doublet,
which can be attributed to the Fe7C3 carbide [23]. As observed in the spectra and in Table 6
the spectral area of the carbide is comparable to that of the austenite, as a result of the
high Fe level in this phase. The disorder could be attributed to the quenching from high
temperatures; in which the disordered austenite structure is frozen at a low temperature.
The martensite phase detected by XRD, which is ferromagnetic, does not appear in the
Mössbauer spectrum because its iron atoms content is lower than 2%. Some parameters
appear to lack error because they were fixed.

The obtained Rockwell C hardness values for the aged Hadfield and Fermanal alloys
were 43.786 and 50.018 HRc, respectively. This shows that the aging process allows for
the formation of high hardness precipitates and a stable austenitic matrix. The difference
between these values may be because the level of precipitates in the aged Hadfield alloy is
higher, making this alloy more brittle than the aged Fermanal alloy. Figure 10 shows the
areas to which the microhardness test was performed to the aged Hadfield alloy; the clear
zone matrix (a) has an average hardness of 32.98 HRc; the precipitates generated at the
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Fig. 5 Mössbauer spectrum of the aged Hadfield sample. The paramagnetic site corresponds to the austenite
phase and the hyperfine magnetic field distribution corresponds to carbides

Table 3 Hyperfine interactions parameters obtained from the refinement of the aged Hadfield sample

Aged Hadfield δ(mm/s) �(mm/s) �Q(mm/s) H (kOe) A (%) Phase

Singlet −0.131±0.007 0.598±0.004 81.24 Austenite + wüstite(?)

HMFD −0.111 0.300 0.23±0.05 287.29 18.76 Cr2Fe14C + Fe2C

50x 100x

200x 500x

a b

dc

Fig. 6 Aged Fermanal alloy microstructures: a 50×, b 100×, c 200×, and d 500×
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Fig. 7 Aged Fermanal alloy microstructures taken by SEM

Table 4 EDX composition spectra of the aged Fermanal sample

Spectrum In stats C O Al Si Mn Fe Total

1 Yes 4.44 3.93 1.36 27.86 62.41 100.00

2 Yes 7.38 4.31 1.93 26.91 59.47 100.00

3 Yes 8.54 5.45 1.62 24.93 59.46 100.00

4 Yes 8.02 5.04 1.88 26.12 58.94 100.00

5 Yes 8.44 4.95 1.90 25.46 59.24 100.00

Max. 8.54 4.44 5.45 1.93 27.86 62.41

Min. 7.38 4.44 3.93 1.36 24.93 58.94

Fig. 8 XRD pattern of the aged Fermanal sample
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Table 5 Structural parameters obtained from the refinement of the aged Fermanal sample

Phase Spatial group Lattice parameters Weight proportion (%) Crystallite sizes

a(Å) b(Å) c(Å) �perp (nm) �paral (nm)

±0.0002 ±0.0002 ±0.0002

Austenite Fm3m 3.6597 3.6597 3.6597 76.382±0.001 12.14 121.38

Martensite I4/mmm 2.8748 2.8748 3.0600 0.191 25.02 250.21

Mn1.1Al0.9 P4/mmm 2.7720 2.7720 3.4895 19.806 2.89 29.32

Fe7C3 Pnma 4.5364 6.8931 11.9112 3.983±0.003 34.56 15.36

Fig. 9 Mössbauer spectrum of the aged Fermanal sample

grain boundaries (b) have higher microhardnesses than the matrix, with an average of 58.18
HRc; and the precipitates inside the austenite grains (c) have the highest average hardness
of 61.81 HRc.

Figure 11 shows the areas to which the microhardness test were performed in the aged
Fermanal alloy; austenite matrix has an average hardness of 49.9 HRc, while the grain
boundary precipitates and precipitates inside the matrix had an average hardness of 66.1
HRc.

The samples were subjected to the pin on Disk tests at room temperature. For each load,
three tests were performed to improve the statistical adjustment of the friction coefficient.
For aged Hadfield samples with an applied load of 3 N in the stability zone the friction
coefficient (FC) behavior was similar. For an applied load 10 N, many fluctuations were
observed and the friction coefficient did not stabilize early. Sample #3 stabilized at 900m
after a period of high fluctuations. One of the possible reasons for the fluctuations at the 10
N applied load is because the microstructure of aged Hadfield has a large portion of second
phases or precipitates that would be expected to allow wear resistance. However, high loads
can deform and break those phases forming hard shavings which would form a three-body
system that would cause a high rate of wear on the material, and, therefore, a high fric-
tion coefficient. With a 3 N load applied to the aged Fermanal sample, friction coefficient
stability was quickly reached. Only samples #1 and #2 were stabilized without fluctua-
tions The sample #3 friction coefficient stabilized at 920 m. For the 10 N applied load,
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Table 6 Hyperfine interactions parameters obtained from the refinement of the aged Fermanal sample

Aged fermanal δ(mm/s) �Q �(mm/s) A (%) Phase

Doublet 0.050±0.049 0.501±0.006 0.201±0.012 49.75 Fe7C3

Singlet −0.093±0.003 – 0.207±0.018 50.25 Austenite

Fig. 10 Microhardness of the aged Hadfield phases

100x 500x

49.9 HRc

66.1 HRc
a b

Fig. 11 Microhardness of the aged Fermanal phases

the time to stabilize was longer for the 3 samples. Because the stability zone did not have
considerable fluctuations the friction coefficient was low and similar. The microstructure
of the sample was harder and a low portion of precipitates caused tensions in the austenite
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Table 7 Friction coefficient obtained from the Pin on Disk tests

Type Applied Load Sample Max friction Average steady Average

coefficient state sliding friction

friction coefficient

coefficient

Aged Hadfield 3N 1 0.5013 0.4610 0.4603

2 0.6270 0.4520

3 0.6040 0.4680

10N 1 0.7220 0.6420 0.594

2 0.7590 0.6500

3 0.8390 0.4900

Aged Fermanal 3N 1 0.6327 0.3989 0.4349

2 0.4159 0.3949

3 0.5370 0.4868

10N 1 0.7344 0.4190 0.4266

2 0.6570 0.4060

3 0.7300 0.4550

crystalline structure. The maximum friction coefficient and average steady state sliding
friction coefficient are shown in Table 7 for both the Hadfield and Fermanal samples.

4 Conclusions

According to the results, the mechanical properties of Fermanal steel, such as hardness,
micro hardness and wear resistance, are better than those of Hadfield steel. Carbide pre-
cipitation and martensite transformation were observed in Fermanal steel, while only the
first was observed in Hadfield steel. This can be interpreted as a consequence of the ther-
mal treatments, which produce martensite in the Fermanal sample, and this phase improves
the mechanical properties of steel. The wear test on Fermanal steel increases the martensite
fraction, improving its mechanical properties, as reported by Ramos et al. [8].
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