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The paramagnetic-antiferromagnetic transition and the γ→ ε martensitic transformation of
Fe-Mn (Mn 15–32 wt%) alloys have been investigated by resistivity, dilatometry and X-ray
diffraction (XRD). The results show that paramagnetic-antiferromagnetic transition
increases the resistivity and the volume of alloys, whereas the γ→ ε martensitic
transformation reduces the resistivity and volume of alloys. The Aε

f that was determined by
the dilatometric method is not the temperature that ε martensites in the Fe-Mn alloys have
reverse transformed to austenites completely. Mn additions reduce Ms, increase TN and the
lattice parameter of austenite in the Fe-Mn alloys. Both the antiferromagnetic transition and
the γ→ ε martensitic transformation lead to an increase in the lattice parameter of
austenite. The lattice parameters both above TN and below TN decrease linearly with
temperature. The lattice parameter below Ms increases first and then decreases. Moreover,
the α (110) and ε (002) atomic planes in the Fe-15Mn-0.15C alloy are separated into two
peaks: 2θ for ε(002) is 44.16◦, 2θ for α(110) is 44.47◦. C© 2000 Kluwer Academic Publishers

1. Introduction
In addition to Ni, Mn is another fcc(γ ) stabilizing ele-
ment. Consequently, material scientists have long con-
sidered Fe-Mn based austenitic steel as a possible al-
ternative to Fe-Ni based austenitic-steel. Among the
high manganese austenitic-steels, these groups may
be distinguished: Fe-Mn-Cr, Fe-Mn-Al and Fe-Mn-C.
The Fe-Mn-Cr has been used as heat-resistance steel,
stainless steel, nonmagnetic retaining ring steel and
so on. It is also suitable for fusion reactor structural
applications as regards a reduced activation property
[1, 2]. The high nitrogen alloying is essential to Fe-
Mn-Cr alloy due to the relatively low strength of the
Fe-Mn-Cr alloys [3, 4]. In the Fe-Mn-Al alloys, Al
strongly depresses theγ→ ε martensitic transforma-
tion, improves the corrosion-resistance and oxidation-
resisting properties. Some researchers expected to de-
velop a Fe-Mn-Al stainless steel [5]. However, the
more recent experiments have proven it unfavorable
[6, 7]. Nevertheless, Fe-Mn-Al alloy is suitable for
cryogenic and nonmagnetic applications [8, 9]. A heat-
resistance and high-strength steel based on Fe-Mn-Al

alloy was also successfully developed [10]. Hadfield
steel (Fe-Mn-C) is the most important alloy based on
Fe-Mn system, which is characterized by the harden-
ing of surface due to the inducedγ→ ε martensitic
transformation and deformed twins upon impacting
[11, 12].

The paramagnetic-antiferromagnetic transition in the
Fe-Mn alloy is an interesting phenomenon to attract
both material scientists and physicists. For physicists,
Fe-Mn alloy is another typical gap-type itinerant an-
tiferromagnet besides Cr [13, 14]. In the past two
decades, Zhang [15–17] has investigated the effects of
Al, Si and Ge on the paramagnetic-antiferromagnetic
transition of the Fe-Mn system, and a weakening of the
itinerant electron characteristics of anti-ferromagnetism
by doping with these elements was found. Recently,
Fe-Mn alloy has been used as biased layer in spin-
valve multi-layer structure [18, 19]. Material scientists
take advantage of the paramagnetic-antiferromagnetic
transition to develop Fe-Mn based functional alloys,
such as precision resistance alloy, Covar alloy and so
on [20, 21].
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As far as the Fe-Mn binary alloys are concerned, there
mainly existsε andα phases between 10–15wt%Mn;
γ andε phase between 15–28wt%Mn;γ phase above
28wt%Mn. Mn depresses both theγ→ ε martensitic
transformation andγ→α martensitic transformation
[22]. The strain inducedγ→ ε martensitic transfor-
mation and its reverse transformation in Fe-Mn binary
alloys can only give rise to a weak shape memory effect
(SME) [23]. In 1982, Satoet al. [24] obtained complete
SME by adding 1%Si to Fe-30Mn alloy. This impor-
tant discovery stimulated the investigation onγ→ ε

martensitic transformation in Fe-Mn alloys. Since then,
Fe-Mn-Si shape memory alloys have been the most ac-
tive subject in the study of Fe-Mn based alloys [25–30].

The low stacking fault energy in Fe-Mn alloy makes it
easy to decompose a perfect dislocation into partial dis-
locations. Theγ→ εmartensitic transformation occurs
as a Shockley partial dislocation gets across every sec-
ond (111) layer. Therefore, transmission electron mi-
croscopy (TEM) is the most useful tool to observe the
stacking faults,εmartensite and twins in Fe-Mn alloys.
High-resolution electron microscopy (HREM) has also
been successfully used in the study of Fe-Mn based
alloys [29, 30]. These observations are essential to the
understanding of the mechanism of theγ→ ε marten-
sitic transformation and its reversion transformation.
Relatively, there are only a few reports on the X-ray
diffraction (XRD) study in the Fe-Mn system [31, 32].
The main reason is that XRD can only present the bulk
information of structure. Nevertheless, XRD is superior
to TEM in determining the crystal structure and lat-
tice parameter precisely. In the present article, we will
first discuss theγ→ ε martensitic transformation and
paramagnetic-antiferromagnetic transition behavior of
Fe-Mn alloys (Mn 15–32%) by resistivity measurement
and dilatometry. Then we study the variation of the lat-
tice parameter of austenite with temperature in Fe-Mn
alloys by high temperature XRD, to understand the fine
change of crystal size duringγ→ ε martensitic trans-
formation and paramagnetic-antiferromagnetic transi-
tion in Fe-Mn alloys.

2. Experiment methods
The alloys were made by induction melting in an
argon gas atmosphere. The ingots were forged into
20× 20 mm2 rods. Table I listed the chemical compo-
sitions together with the N´eel temperatures (TN) mea-
sured by MB-2 magnetic balance. The rods were solid
solution treated at 1273 K for 1 h, followed by water
quenching to obtain homogeneous structure. The sam-
ple for dilatometry (φ3.5× 50 mm2) and the sample
for XRD experiments (1.5× 15× 23 mm3) were ob-
tained by electric spark cutting. The XRD samples were

TABLE I Chemical compositions (wt%) of alloys tested

Alloy Mn C Si P S TN(K)

1 15.29 0.15 <0.005 <0.003
2 19.56 0.16 <0.005 <0.005 0.009 375
3 24.09 0.19 400
4 32.65 0.076

grinded and polished mechanically first, and then elec-
tropolished in a solution of 10 pct HClO4 and 90pct
CH3COOH. The thermal expansion curve was mea-
sured in a sequence of 500 K→ 100 K→ 500 K by
a DP-49 dilatometer equipped with a cryostat, and an
electrolyzed copper rod was used as a temperature cal-
ibrator. The X-ray diffraction measurements were per-
formed using a Rigaku D/Max-rA diffractometer with
copper radiation using 50 kV voltage and 140 mA cur-
rent. In order to reduce the oxidation of sample, the high
temperature attachment of diffractometer was evacu-
ated by a rotation pump. After being heated to 573 K
(523 K for Fe-24Mn and Fe-32Mn alloys) at a heat-
ing rate of 20 K/minute, the XRD sample was cooled
at a rate of 5 K/minute. The XRD spectrum was mea-
sured at each selected temperature with a fluctuation
of about±1 K. The scanning rate of the diffractometer
was 0.02◦/step, 10 second/step when a lattice param-
eter was measured. The lattice parameter of austenite
was calculated by the averaging that ofγ (111),γ (200),
γ (220) andγ (311), due to the weakness of reflection
at higher angles in the high temperature measurements.
The lattice parameter ofαmartensite was calculated by
averaging that ofα(110) andα(211). The lattice param-
eters ofε martensite were calculated by averaging that
of ε(002),ε(101),ε(102),ε(110) andε(112). The scan-
ning rate was 0.05◦/step, 0.2 second/step, when a full
XRD spectrum between 40◦ and 100◦ was determined.
The lattice parameters measured at high temperature
attachment were corrected by comparing both results
measured at high temperature attachment and standard
sample attachment with a graphite monochromator at
room temperature. The standard sample attachment had
been calibrated using standard Si sample.

3. Experimental results and discussion
3.1. Resistivity
Fig. 1 shows the resistivity versus temperature rela-
tion of alloys during 500 K→ 100 K→ 500 K ther-
mal cycle. The resistivity of the Fe-Mn alloys increases
with increasing in Mn content. There is an obvious
break on the cooling curve of Fe-15Mn alloy, which
is the start temperature ofγ→ ε martensitic transfor-
mation (Mε

S). A resistivity loop is formed in the ther-
mal cycle because of the lagging ofε→ γ reverse
transformation. A larger loop area represents a larger
amount of martensite formed upon cooling in the al-
loy. It should be mentioned that the resistivity ofε
martensite in the Fe-Mn alloys is smaller than that of
austenite [33], while the resistivity ofε martensite is
larger than that of austenite in Fe-Mn-Si alloy [34].
Moreover, the paramagnetic-antiferromagnetic transi-
tion temperature could not be determined by means
of the resistive measurement, which implies that the
Néel temperature (TN) of Fe-15Mn alloy is close to
the Ms of the alloy. The resistivity of the Fe-20Mn
alloy is similar to that of Fe-15Mn alloy. The break
on cooling line is not as evident as that of Fe-15Mn
alloy, which also means that the amount of marten-
site formed upon cooling is smaller than that in the
later alloy. TheMs of Fe-20Mn alloy determined from
the cooling curve is also lower than that of Fe-15Mn
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Figure 1 Resistivity vs. temperature of Fe-Mn alloys upon 500 K→
100 K→500 K thermal cycle.

alloy. In addition to theγ→ ε martensitic transfor-
mation, the paramagnetic-antiferromagnetic transition
can also been observed in the Fe-20Mn alloy. The in-
crease in resistivity belowTN compared with the nor-
mal decrease of resistivity upon cooling is originated
by the paramagnetic→ antiferromagnetic transition,
which should be attributed to scattering of antiferro-
magnetic spin ordering on the conducting electrons
[35]. The temperature dependence of resistivity for
Fe-24Mn and Fe-32Mn alloys are different from that
of the former two alloys: their resistivity curves both
upon cooling and heating superimposes almost com-
pletely. Theγ→ ε martensitic transformation could
not been distinguished in the measurement of resis-
tivity for the alloys. The result verifies that Mn addi-
tions decrease theMs and thus depresses theγ→ ε

martensitic transformation in Fe-Mn alloys [22]. The
paramagnetic-antiferromagnetic transition of the two
alloys has been clearly detected in the resistivity versus
temperature measurement. The reason that the resistiv-
ity of Fe-32Mn alloy decreases more rapidly at lower
temperature is its lower C content (0.076%) compared
with the other alloys (≈0.16%) [36]. The temperature
at which the resistivity starts to deviate from the lin-
ear relation upon cooling is generally considered asTN
[35], as shown in Fig. 1, where it can be found that Mn
increases theTN in Fe-Mn alloy [13].

3.2. Dilatometry
Fig. 2a presents the dilatometric measurement in the Fe-
15Mn alloy during 500 K→ 100 K→ 500 K thermal
cycle. The process ofγ→ ε martensitic transforma-
tion upon cooling andε→ γ reverse transformation
upon heating can be observed clearly. The contrac-
tion of Fe-15Mn alloy duringγ→ ε martensitic trans-

formation indicate that the volume ofε martensite is
smaller than that ofγ phase. The dilatometrical result
for the Fe-20Mn alloy is similar to that of Fe-15Mn
alloy, besides that its loop area is smaller than that of
the later, as shown in Fig. 2b. It means the less amount
of martensite formed in Fe-20Mn alloy. In addition,
the Ms of Fe-20Mn alloy is also lower than that of
Fe-15Mn alloy, which agrees with the result of resistiv-
ity. Moreover, there is a small upside inflexion on the
cooling curve just aboveMS of Fe-20Mn alloy, which
is caused by paramagnetic→ antiferromagnetic tran-
sition. Fig. 2c shows that there existsγ→ ε marten-
sitic transformation in Fe-24Mn alloy above 100 K,
although the amount of martensite formed is much
less than that of the alloys just described. It indicates
that the dilatometry is a more sensitive method to de-
tect theγ→ ε martensitic transformation in Fe-Mn
alloys than resistivity measurement. In Fig. 2c, the
decrease of thermal expansion coefficient caused by
paramagnetic→ antiferromagnetic transition can also
be found. As far as the Fe-32Mn alloy is concerned,
the dilatometric curves upon both cooling and heat-
ing superimpose completely, as shown in Fig. 2d. It
suggests that the paramagnetic-antiferromagnetic tran-
sition is the only transition occurring between 500 K
and 100 K for the alloy. A positive antiferromagnetic
magnetostriction leads a clear inflexion on the dilato-
metrical curve [20], andTN is determined as the tem-
perature which dilatometric curve begins to deviate
from the linear variation upon cooling, as shown in
Fig. 2. From the present dilatometric measurements,
we can conclude that theγ→ ε martensitic transfor-
mation reduces the volume of Fe-Mn alloy, whereas
the paramagnetic→ antiferromagnetic transition in-
creases it.

3.3. Room temperature X-ray diffraction
Fig. 3 shows the full XRD spectrum between 40–

100◦ for the alloys. As shown in the Fig. 3, besidesγ
andε, there also occurs theα phase in the Fe-15Mn al-
loy. However, only theγ andε phases exist in Fe-20Mn
alloy. The peak ofε (101) is clearly visible for Fe-24Mn
alloy, but its area is very small compared with that in
the Fe-15Mn and Fe-20Mn alloys. It means that there is
only a small amount ofε martensite in the alloy. In the
case of Fe-32Mn alloy, the peak ofε (101) disappears
completely, which implies that there only exists single
γ phase. The results of XRD experiments agree that
of the resistivity measurement and dilatometry well.
The lattice parameters ofγ, ε andα phase have been
measured precisely at a slow scanning rate, as shown in
Table II. It is found that the lattice parameter ofγ phase
increases with the Mn content. The values in Table II
are a little higher than in the classic result of Schmidt
[37], which might be ascribed to the influence of the
C content in the present alloys. In his work, the peak
of ε(002) superposes that ofα(110) for the Fe-Mn al-
loy. However, in present investigation, these two peaks
have been separated, as shown in Fig. 4. According to
the root-mean-square results in calculating the lattice
parameter ofε andα phases, as shown in Table III, it
is suggested that the low angle peak should beε(002),
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(a) (b)

(c) (d)

Figure 2 Thermal expansion of Fe-Mn alloys upon 500 K→ 100 K→ 500 K thermal cycle, (a) Fe-15Mn (b) Fe-20Mn (c) Fe-24Mn (d) Fe-32Mn.
The high temperature XRD will show that there still existε martensites aboveAf for Fe-15Mn and Fe-20Mn alloys.

2θ = 44.16◦, and the high angle peak should beα(110),
2θ = 44.47◦. The separation of the peaks is probably
due to the influence of C atoms in the present investiga-
tion, or the lower resolution of the Debye diffractometer
used by Schmidt [37] compared with the present Rigaku
D/Max-rA diffractometer used by us.

3.4. High temperature XRD
On the base of the resistivity and dilatometric mea-
surements, it is estimated that theε→ γ reverse trans-
formation of the alloys should have completed as the
alloys are heated above 523 K. However, high temper-
ature XRD shows thatε martensites still exist in the
Fe-15Mn and Fe-20Mn alloys although the tempera-
ture is as high as 573 K, as presented in Figs 5 and 6. A.
Sato [26, 38] and other authors [23] have already pro-
posed that theα martensite introduced andε marten-
site trapped by the otherεmartensite plates prevent the
ε→ γ reverse transformation and increase the temper-
ature of reversible motion of partial dislocations. The
present high XRD measurements confirm their results

on the thermal inducedγ→ ε martensitic transforma-
tion, and also show the insufficiency of dilatometrical
methods in determining theAεf . In another words, the
Aεf temperature determined from the dilatometric curve
only represents the finishing of reverse transformation
for thoseεmartensites that transform to austenite easily.
Thoseε martensites, which are related toα martensite
or trapped by otherε martensite plates, will transform
slowly at higher temperature. In order to prevent excess
oxidation and demanganization of sample surface, the
highest measuring temperatures for the Fe-15Mn and
Fe-20Mn alloys are chosen to be 573 K. Fig. 7 shows
theγ→ ε martensitic transformation for the Fe-15Mn
alloy. Between 573 K andMs of the Fe-15Mn alloy,
there is only a little change in the peak area ofε phase.
However, as the alloy is cooled belowMs, the peak area
of γ (111) decreases, and the overlapped peak ofε(002)
andα(110) increases, as shown in Fig. 7. It should be
noted that theε(002) andα(110) overlapped peaks can-
not be distinguished in Fig. 7, since the resolution of the
high temperature XRD measurements is much inferior
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TABLE I I Lattice parameter ofγ, ε andα phases in Fe-Mn alloys at
room temperature

εγ α

Alloy a a c a

1 0.3595 0.2539 0.4093 0.288
2 0.3604 0.2535 0.4102
3 0.3606 0.2548 0.4085
4 0.3614

Figure 3 XRD spectrum of Fe-Mn alloys showing the structure change
of Fe-Mn alloys with Mn-content at room temperature.

Figure 4 XRD spectrum of Fe-15Mn-0.15C alloy at room temperature,
showing peak separation ofε(002) andα(110).

to that of standard ambient XRD. Several researchers
[33, 38, 39] have reported that the start temperature of
α→ γ reverse transformation in Fe-Mn alloys is higher
than 700 K, which means that theαmartensite is stable
during the present thermal cycle. Therefore, the change
of the peaks in Fig. 7 is exclusively originated from the
γ→ ε martensitic transformation.

TABLE I I I Root-mean-square results by different fitting procedure
for α(110) andε(002) of Fe-15Mn-0.15C alloy

Double peak Double peak
Single peak fitting (low fitting (low

Fitting procedure fitting angle beα) angle beε

oot-mean-square ofε 913× 10−3 411× 10−3 761× 10−3

oot-mean-square ofα 62× 10−3 099× 10−3 759× 10−3

Figure 5 XRD spectrum of Fe-15Mn-0.15C alloy showing the existence
of ε martensite at 573 K.

Figure 6 XRD spectrum of Fe-20Mn-0.16C alloy showing the existence
of ε martensite at 573 K.

Fig. 8 shows the relation between the lattice pa-
rameter of austenite and temperature upon cooling. In
the cases of the Fe-32Mn and Fe-24Mn alloys, two
linear relations have been divided byTN; the slope of
the linear relation belowTN is smaller than that above
TN. This is consistent with the dilatometric results just
described and previously reported [40] result by XRD.
The thermal expansion coefficients both aboveTN
and belowTN have been calculated according to the
slopes, as shown in Table IV. The results determined by
lattice parameter are very close to those determined by
dilatometric measurements. TheTN of Fe-32Mn alloy
is the highest among the four alloys, so the temperature
range measured aboveTN is relative narrow; the error
in the thermal expansion coefficient is consequently
larger. The phase transformation temperatures mea-
sured by resistivity, dilatometry and XRD are also
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TABLE IV Phase transformation temperature (K) and thermal expansion coefficient (α) of Fe-Mn alloys (10−6/K)

TN Ms As α(>TN) α(<TN)

Alloy R D XRD R D D D XRD D XRD

1 340 361 470 20.5 19.8
2 372 306 319 427 20.5 18.2
3 401 403 395 280 20.3 18.7 11.2 9.1
4 453 446 448 18.3 22.8 8.8 8.8

∗R is resistive measurement, D dilatometry, and XRD X-ray diffraction.

Figure 7 XRD spectrum of Fe-15Mn-0.15C alloy showing the forma-
tion process ofε martensite.

Figure 8 Lattice parameter of austenite vs. temperature for Fe-Mn
alloys. Ms is the data determined by dilatometrical measurement.TN

is determined by the intersection of linear relations above and belowTN

in the figure.

listed in Table IV. For the Fe-15Mn and Fe-20Mn alloys
in whichγ→ εmartensitic transformation occurs con-
siderably, the change of the lattice parameter of austen-
ite with temperature is quite different from that of the
Fe-24Mn and Fe-32Mn alloys. An approximate linear
relation aboveMS remains for two alloys. However, as
the temperature decreases belowMS, the lattice param-
eter of austenite seems to be constant, even increases a
little. Then it decreases again as the alloy is cooled to
lower temperature. In other words, theγ→ ε marten-
sitic transformation has resulted in a nonlinear variation
of the austenitic lattice parameter with temperature. The
reason may be the decreasing of the volume ofεmarten-
site compared with that of austenite. For example, on
the average, twice the spacing of the (111)γ of Fe-20Mn
alloy in the present investigation is 0.4162 nm, while
the length of theC axis for theε martensite is only
0.4102 nm. Moreover, the length of the〈110〉γ axis is
0.2548 nm, while the length of〈100〉ε axis is 0.2535 nm.
Therefore, as theγ→ εmartensitic transformation oc-
curs, not only the two sides but also the longitudinal di-
rection of theεmartensite will subject to tension stress,
as shown in Fig. 9. The tension stress leads to the con-
traction of the alloy, and at same time, the increasing of
lattice parameter of austenite to self-accommodate the
local environment of different grain. Besides, theTN
andMS of these two alloys are too close each other; the
positive antiferromagnetic magnetostriction can not be
distinguished clearly. Nevertheless, the nonlinear be-
havior of the lattice parameter of austenite belowMS
should include its contribution, although a positive an-
tiferromagnetic magnetostriction can not make a non-
linear change of lattice parameter [41].

Figure 9 Schematic drawing to explain the increase of the lattice pa-
rameter in austenite uponγ→ εmartensitic transformation. The internal
tensive stress due to smaller volume ofε martensite compared with that
of γ results in the increase of lattice parameter of austenite.
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4. Conclusion
The paramagnetic-antiferromagnetic transition and the
γ→ εmartensitic transformation in Fe-Mn alloys have
been investigated by means of resistivity, dilatometry
and XRD. The experimental results can be summarized
as follows:

(1) Both resistive and dilatometric methods can
be employed in the study of the paramagnetic-
antiferromagnetic transition and theγ→ ε martensitic
transformation in Fe-Mn alloys. The paramagnetic-
antiferromagnetic transition leads to an increase in the
resistivity and the volume of the alloy, whereas the
γ→ ε martensitic transformation leads to a decrease
in resistivity and volume of alloys in the Fe-Mn sys-
tem. Dilatometry is a more sensitive method to detect
the γ→ ε martensitic transformation than resistivity.
However, high temperature XRD shows that theAf de-
termined by the dilatometric method does not repre-
sent the temperature at which all theεmartensites have
transformed to austenite.

(2) Mn additions decrease theγ→ ε martensitic
transformation and theγ→α martensitic transforma-
tion, increases the resistivity,TN and the lattice param-
eter of austenite in the Fe-Mn alloys. There areα, ε
and γ phases in the Fe-15Mn-0.15C alloy;γ and ε
phases in the Fe-20Mn-0.16C alloy; a small amount of
theε phase in Fe-24Mn-0.19C alloy; singleγ phase in
Fe-32Mn-0.076C alloy. For the Fe-15Mn-0.15C alloy,
the peak ofα(110) is separated from peak ofε(002):
2θ = 44.16◦ for α(110), 2θ = 44.47◦ for ε(002).

(3) Both the paramagnetic-antiferromagnetic tran-
sition and theγ→ ε martensitic transformation in-
crease the lattice parameter of austenite in the Fe-
Mn alloys. The lattice parameter of austenite above
TN and belowTN changes linearly with temperature.
However, the anomalous expansion originated from
the γ→ ε martensitic transformation makes the lat-
tice parameter of austenite increase first, then decrease
again. The smaller volume of theε martensite com-
pared with austenite may be responsible for the anoma-
lous expansion of austenite duringγ→ ε martensitic
transformation.
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