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a b s t r a c t

The effects of the Mn content on the magnetic properties and microstructure of the Fe–Mn–Mo alloys have
been investigated by means of scanning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction, and Mössbauer spectroscopy. Experiments reveal that two types of thermal-
induced martensites, � (h.c.p.) and �′ (b.c.c.) martensites, form in the as-quenched alloys and these
transformations have athermal characters. � and �′ martensites coexist in the Fe–Mn–Mo alloys with
eywords:
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13.4–17.2 wt%Mn content. However, the Mn content affects considerably the amount of martensites and
the amount of �′ martensite decreases drastically while the amount of � martensite increases with an
increase in Mn content. Furthermore, only � martensite appears in the case of 20.2 wt%Mn. Mössbauer
spectra of the alloys reveal a paramagnetic character with a singlet for the � (f.c.c.) austenite and �
martensite phases and a ferromagnetic character with a broad sextet for �′ martensite phase. With an
increase in Mn content, the magnetic character of the Fe–Mn–Mo alloys changes and the ferromagnetic

plete
össbauer spectroscopy character disappears com

. Introduction

The martensitic transformations in Fe–Mn alloys have attracted
uch attention for many years, since they are associated with the

nique shape memory, good mechanical properties, and commer-
ial importance [1–4]. The shape memory effect in these alloys
elated to stress-induced � (f.c.c.) → � (h.c.p.) martensitic transfor-
ation. It is caused by reversion of stress-induced � martensite on

eating [5,6].
In the Fe–Mn alloys, two distinct types of martensite structures,

amely � and �′ martensites, might form depending on the Mn
ontent in the austenite � phase. Martensite formed on cooling
s �′ below 10 wt%Mn and is � above 15 wt%Mn. These marten-
ites can also coexist in the alloys with Mn content between 10
nd 15 wt% [7,8]. However, both kinds of martensites show differ-
nt transformation characteristics and physical properties [9–11].
n these alloys, there is a strong relationship between the mag-
etic behaviour and austenite–martensite phase transformation.
he martensitic product phase can exhibit ferromagnetic, antifer-

omagnetic, and paramagnetic behaviours depending on its type
espite the paramagnetic nature of the austenite parent phase.

paramagnetic → antiferromagnetic ordering reaction can also
ccur upon cooling in both the austenite � and the � marten-
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ly in the case of 20.2 wt%Mn.
© 2009 Elsevier B.V. All rights reserved.

site phases of the Fe–Mn alloys, and such a magnetic transition
in austenite phase stabilizes � phase relatively to the competing �
phase [12–14].

The addition of third elements to Fe–Mn alloys influences sig-
nificantly their several physical properties such as the martensitic
transformation, shape memory effect, magnetic behaviours, and
mechanical properties. For example, adding small amount of Si
improves the shape memory effect [7], while Mo addition increases
the strength and hardness of these alloys [3]. Therefore, Fe–Mn–X
alloys have attracted much attention. Sarı et al. investigated the
influence of Mo on the magnetic properties and martensitic trans-
formation characteristics of a Fe–Mn alloy [2]. Durlu [15,16] studied
in detail the forming of the � martensite in a Fe–Mn–Mo alloy. On
the other hand, no satisfactory works have been reported about
influence of Mn content in Fe–Mn–Mo alloys. Particularly, the mag-
netic properties of austenite–martensite transformation in these
alloys were not examined sufficiently by Mössbauer spectroscopy
technique. The present study focuses on the effect of the Mn content
on the magnetic properties and the microstructure of Fe–Mn–Mo
alloys. The kinetical, morphological, crystallographic, and mag-
netic properties of the Fe–Mn–Mo alloys have been investigated by
means of SEM, TEM, X-ray diffraction, and Mössbauer spectroscopy.
2. Experimental

The alloys employed in the present study were prepared by vacuum induc-
tion melting under an argon atmosphere from pure (99.9%) alloying elements and
quenching as cylindrical rods with 1 cm diameter and 10 cm length. Their chemical

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:talipkirindi@yahoo.com
dx.doi.org/10.1016/j.jallcom.2009.09.004
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Fig. 1. SEM micrographs showing the microstructure of quenched alloys: (a) Fe–13

ompositions were obtained by using electron dispersion spectroscopy technique
Table 1).

Special slices from the ingot alloys were cut by using diamond saw. Samples
ere sealed into quartz tubes and then heat treated in the austenite �-phase equi-

ibrium region. They were homogenized at 1200 ◦C for 12 h followed by quenching
nto water at room temperature. For SEM observations, the surfaces of the specimens

ere first mechanically polished and afterwards the damaged surface layers were
liminated by etching in a solution composed of 5% nitric acid and 95% methanol for
0 s. SEM observations were made in a JEOL 5600 scanning microscope operated at
0 kV.

Samples for TEM observations were prepared from the heat-treated specimens.
iscs of about 0.4 mm thick were cut from the samples with a low-speed diamond

aw and then thinned to 0.2 mm with 800 and 1200 grit emery papers and punched
nto 3 mm diameter discs. Finally, these discs were prepared by double jet electro-
olishing in Streurs-Tenupol jet unit with a solution of 92% acetic acid and 8%
erchloric acid at the temperature of 10 ◦C and a voltage of 20 V. The TEM obser-
ations were performed by a JEOL 3010 electron microscope operated at 300 kV

ith a double tilt specimen. In addition, the volume fraction of �′ and � martensites
ere measured by X-ray diffraction method in a Rigaku Geigerflex D-MaxB X-ray
iffractometer with Cu K� radiation and monochromatic.

Mössbauer spectroscopy was applied to study the magnetism and volume frac-
ions of both the austenite and martensite phases. Specimens examined by SEM were

able 1
hemical composition of the studied alloys (wt%).

Nominal composition Chemical composition (wt%)

Fe Mn Mo

Fe–13Mn–5Mo 81.4 13.4 5.2
Fe–17Mn–5Mo 78.3 17.2 4.5
Fe–20Mn–5Mo 75 20.2 4.8
n–5.2%Mo alloy, (b) Fe–17.2%Mn–4.5%Mo alloy and (c) Fe–20.2%Mn–4.8%Mo alloy.

used for Mössbauer spectroscopy measurements at room temperature. A spectrom-
eter with a 50 mCi 57Co radioactive source (diffused in Rh) was used during study. A
Normos-90 computer program was used to find out the Mössbauer parameters and
relative volume fractions of the austenite and martensite phases. The Mössbauer
spectra of examined alloys were calibrated with respect to �-Fe and isomer shifts
were given relative to the centre of the �-Fe.

3. Results and discussion

Fig. 1 shows the secondary electron image SEM micrographs
of the microstructures forming in the as-quenched alloys. The
martensite crystals formed in the grains and austenite grains
appear clearly in the alloys. It indicates that the martensitic trans-
formation starting temperatures (Ms) of the alloys is higher than
the room temperature. The martensite plates have different mor-
phologies in austenite grains. The figures show obviously that �
and �′ martensites coexist in the Fe–Mn–Mo alloys with 13.4 and
17.2 wt%Mn contents (Fig. 1a and b), whereas only � martensite
exists in the case of 20.2 wt%Mn (Fig. 1c). While the � marten-
site plates appear generally as parallel stacks of fine bands, the
�′ martensites form as little particles in thin plates tangle [1,6].
Most of the bands of � martensite pass through the whole grain,
i.e., from one end of grain boundary to the other, and the surface

relief is composed of many parallel scratches (Fig. 1). In addition,
microstructure observations reveal that the transformations in the
alloys have athermal characteristic. In this type transformation,
the nucleation of the martensite phases is generally consid-
ered as heterogeneous [17]. Nishiyama and Kajiwara found that
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(b) Fe–17.2%Mn–4.5%Mo alloy and (c) Fe–20.2%Mn–4.8%Mo alloy.
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Fig. 2. TEM images of alloys: (a) Fe–13.4%Mn–5.2%Mo alloy,

urther isothermal holding times cause either new nucleation sites
r the growth of prior martensite crystals in the same specimen
or some ferrous alloys [9,18]. To check out this well-known infor-

ation, quenched alloys were subsequently kept in water at room
emperature for 30 min and these specimens were investigated by
EM again. Later observations revealed the absence of isothermal
artensite crystals.
Fig. 2 shows the TEM bright field images of quenched alloys at

oom temperature. Here the � and �′ martensite plates are seen
learly in the alloys. On the other hand, only � martensite appears
n the Fe–20.2%Mn–4.8%Mo alloy (Fig. 2c) In addition, the stacking
aults appear obviously in austenite phase (Fig. 2b and c). They cre-
te embryos for the � martensite formation. The models describing
martensite formation were based on the assumption of over-

apping stacking faults on every second close-packed plane of the
ustenite phase and the transformation occurs with the movement
/6<1 1 2> Shockley partial dislocations [15,16]. The formation of
he �′ martensite crystals has been established to be mainly asso-
iated with dislocations in prior austenite phase and they appear
islocated austenite areas [9,19].

The amount of � and �′ martensites occurred in the alloys was
lso evaluated by X-ray diffraction method. Fig. 3 shows X-ray
iffraction patterns of the alloys. The figure indicates clearly that
he intensities of � martensite peaks increase while the intensi-
ies of �′ martensite peaks decrease with increasing Mn contents.
he peak of �′(2 0 0)is clearly seen for Fe–13.4%Mn–5.2%Mo and
e–17.2%Mn–4.5%Mo alloys whereas it disappear in the case of
e–20.2%Mn–4.8%Mo. Only � martensite and austenite � peaks

ppear in this case. The results of X-ray experiments agree that
EM and TEM observations well.

The magnetic characters of the austenite and martensite phases
ave been examined with Mössbauer spectroscopy technique. Fig. 4
hows the Mössbauer spectra obtained at room temperature on the

Fig. 3. X-ray diffraction patterns of the alloys: (a) Fe–13.4%Mn–5.2%Mo alloy, (b)
Fe–17.2%Mn–4.5%Mo alloy and (c) Fe–20.2%Mn–4.8%Mo alloy.
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Table 2
Some Mössbauer parameters of the alloys.

Alloys (wt%) � + � phase (%) �′ phase (%) ı�+� ± 0.002 (mm/s) ��′ ± 0.001 (mm/s) Bhf (�′) (Tesla)
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−0
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Fe–13.4Mn–5.2Mo 28.136 71.864
Fe–17.2Mn–4.5Mo 74.816 25.184
Fe–20.2Mn–4.8Mo 100 –

uenched alloys. Spectra are characterized by a broad sextet and
central singlet in the alloys with 13.4 and 17.2 wt%Mn contents
hile only singlet exists in Fe-20.2%Mn–4.8%Mo alloy. As is well

nown, in Mössbauer spectroscopy, ferromagnetic (or antiferro-
agnetic) character of materials displays a typical sextet whereas

aramagnetic structure exhibits only a singlet. Besides, �′ (b.c.c.)
hase is a ferromagnetic while � (f.c.c.) and � (h.c.p.) phases dis-
lay generally paramagnetic character in Fe–Mn alloys [20–22].
herefore, in Fig. 4, the sextets belong to ferromagnetic �′ marten-
ite phase as the paramagnetic singlets can be ascribed either to �
ustenite phase or to � martensite phase. The results show that
aramagnetic → ferromagnetic transition occurs also along with
→ �′ martensitic transformation in the alloys. In addition, Fig. 4

xhibits that ferromagnetic sextet area decreases as Mn content
ncreases and it entirely disappears in the case of 20.2%Mn. Thus,
he ferromagnetic character of the Fe–Mn–Mo alloys gradually
isappears. It stem from changing of martensite structure. Fer-
omagnetic �′ martensite phase vanishes and only � martensite
hase, which has paramagnetic character, occurs in the Fe–Mn–Mo
lloy with high Mn content.

The Mössbauer parameters such as isomer shifts (ı), hyper-

ne magnetic fields (Bhf) with the calculated % volume fractions of
hases are given in Table 2. It is almost impossible to sort the para-
agnetic � and � phases out by Mössbauer spectrometry at room

emperature [23]. Therefore, the volume fractions of � and � phases
re evaluated together in Table 2. According to Mössbauer results,

ig. 4. Room temperature Mössbauer spectra for quenched alloys: (a)
e–13.4%Mn–5.2%Mo alloy, (b) Fe–17.2%Mn–4.5%Mo alloy and (c) Fe–20.2%
n–4.8%Mo alloy.
.2379 −0.1104 30.54

.247 -0.086 30.59

.233 – –

the volume fractions of �, � and �′ phases change with Mn content
in the alloys (Fig. 5). While the amount of � martensite increases,
the amount of �′ martensite decreases significantly with increas-
ing Mn content (Fig. 5 and Table 2). On the other hand, the Mn
content does not influences considerably internal magnetic field
in the Fe–Mn–Mo with 13.4 and 17.2 wt%Mn contents while the
magnetic field disappear in Fe–20.2%Mn–4.8%Mo alloy (Table 2).

In Fe–Mn alloys, studies on the austenite → martensite phase
transformations have revealed that austenite � phase can be trans-
formed to � and �′ martensites, and � → �′ transformation is also
possible under some physical conditions. The � → � → �′ transfor-
mation can be induced by plastic deformation. This transformation
behaviour is quite sensitive to the Mn content of alloy [8,9]. Our
results show that the Mn content affects considerably the type of
martensite in Fe–Mn–Mo alloys. Martensite formed on cooling is
�′ (b.c.c.) and � (h.c.p.) in 13.4–17.2 wt%Mn alloy and is � in a high
20.2%Mn alloy. Thus, it can be said that increasing of Mn content
in Fe–Mn–Mo alloys stabilizes the � martensite with respect to �′

martensite. According to Maji and Krishnan [24], the formation of �′

martensite is responsible for incomplete recover and acts by imped-
ing reverse motion of the Shockley partial dislocations. Therefore,
shape memory effect of the alloy can be increased with an increase
in Mn content.

This study shows that the martensitic transformation behaviour
in Fe–Mn–Mo alloys is quite sensitive to the Mn content of alloy
just as in Fe–Mn alloys. With an increase in the Mn content, the
amount of � martensite increases while the amount of �′ martensite
decreases, and the �′ martensite completely disappears in the case
of 20.2%Mn alloy with high Mn content. On the other hand, the
amount of �′ martensite increases in the case of low Mn content
and it can expected that only �′ martensite appears in the case of
less than 10%Mn as in Fe–Mn alloys [7–9]. Thus, the ferromagnetic

character along with smaller paramagnetic austenite appears for
lower Mn concentration.

Fig. 5. Volume fractures of occurred phase for the alloys used in this work as a
function of Mn content.
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. Conclusions

In this paper, the effects of the Mn content on the magnetic prop-
rties and microstructure in Fe–Mn–Mo alloys were investigated
nd the results were summarized as follows:

. Experiments reveal that two types of thermal-induced marten-
sites, � and �′ martensites, form in the Fe–Mn–Mo alloys and
these transformations exhibit athermal characters. The Mn con-
tent in Fe–Mn–Mo alloys affects type of martensite. � and �′

martensites coexist in the case of 13.4–17.2 wt%Mn contents,
while only � martensite exists in the case of high Mn content.

. With an increase in the Mn content, the volume fractions of
the phases change and the amount of �′ martensite decreases
significantly while the amount of � martensite increases. The
increasing Mn content stabilizes the � martensite with respect
to �′ martensite.

. The Mössbauer spectra of the alloys show that the �′ martensite
phase has a ferromagnetic character whereas the � austenite and
� martensite phases display a paramagnetic character. The spec-
tra reveal that paramagnetic → ferromagnetic transition occur
along with � → �’ martensitic transformation in the alloys. The
magnetic character of the Fe–Mn–Mo alloy change with Mn
content. The ferromagnetic character disappears as Mn content
increases due to changing of martensite structure with high Mn
content.
cknowledgements
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