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Abstract

Fe–Mn quenched alloys with Mn content between 13 and 27 wt% have been studied using X-ray diffraction, Mössbauer spectroscopy,
differential scanning calorimetry and dilatometry. The samples have been structurally characterized using X-ray diffraction and Mössbauer
spectroscopy. The composition dependence of the relative fraction of� phase was determined by dilatometry and Mössbauer spectroscopy.
Using a differential scanning calorimeter, measurements of the absorbed heat accompanying the� → � martensitic transformation were also
performed. The relative fractions of� phase determined by dilatometry agree well with those reported in Schumann’s classical work [H.
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Schumann, Arch. Eisenchüttenw. 38 (8) (1967) 647–656] for Mn contents up to about 22 wt% Mn, but for higher concentrations,
fraction was found. The discrepancy was explained in terms of the differences between the present heat treatments and thos
Schumann. However, relative fractions of� phase determined by M̈ossbauer spectroscopy resulted systematically larger than those o
from dilatometry. On the other hand, independent calculations of the transformation heat were performed for the different composit
resulted from multiplying the� fraction by the calculated� → � enthalpy change obtained from a recent assessment of the Gibbs fu
of the � and� phases from literature. Absorbed heat values calculated using the Mössbauer� fractions, reproduced well the experimen
differential scanning calorimetry data, except when a high density of stacking faults are expected in the sample.
© 2005 Published by Elsevier B.V.
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1. Introduction

Stimulated by the possibility of interesting applications
of the shape–memory effect, extensive basic and applied
research have been performed over the years in the Fe–Mn
system[1–5]. In this system, the shape–memory effect is gov-
erned by a martensitic transformation between the� (FCC or
“austenite”) and the� (HCP or “martensite”) phases. Thus,
the design of improved shape–memory alloys depends cru-
cially upon a detailed understanding of the�/� transforma-
tion.

In the Fe–Mn system,� is a stable high temperature
phase while the� phase is metastable at all temperatures.
In alloys with relatively low Mn content, the� → � marten-
sitic transformation can be induced by quenching from high
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temperature[6]. The martensite so obtained is called “th
mal” in opposition to that formed by application of stres
[7].

Most of the previously reported experimental studies h
been devoted to the determination of the starting tem
atures of the direct martensic transformation on coo
(i.e.,� → �), and the reverse transformation on heating (
� → �), MS and AS, respectively[6,8]. Both MS and AS
decrease smoothly with increasing Mn content up to a
centration at which these temperatures approach the c
temperature for antiferromagnetic ordering, i.e., the Nèel
temperature,T �

N [6,9]. There, the onset of antiferromagne
ordering stabilizes the� phase relatively to�, and a dras
tic decrease ofMS and AS with increasing Mn content
observed.

From a thermodynamic viewpoint, the interesting quan
is the molar Gibbs energy difference between� and� phases
�G

�/�
m = G

�
m − G�

m, which represents the thermodynam
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driving force for the martensitic transformation[10–12].
Since�G

�/�
m has to be referred to the amount of� phase

actually formed, the martensite relative fraction in quenched
alloys is a key quantity in connecting the thermodynamic and
structural accounts of the martensitic transformation in this
system.

In a classical study based on X-ray diffraction (XRD),
dilatometry (D) and metallography techniques, Schumann
determined the room temperature (RT) constitution of
quenched Fe–Mn alloys as a function of composition[13].
His results might be summarized as follows:

(a) In alloys with Mn contents lower than 10 wt%, only
the martensitically formed�′ phase (BCC) is obtained
at RT. The� → �′ martensitic transformation produced
on cooling from 1273 K inhibits the formation of the�
phase. In this composition range, theMS temperature of
the� → �′ transformation is higher than that of the� → �
martensitic transformation.

(b) In alloys with Mn content between 10 and 15 wt%, most
of the material in the quenched samples presents the�′
structure, but the� phase also occurs at RT. In this case,
the MS temperatures of both the� → �′ and the� → �
transformations are very close[6].

(c) In alloys with Mn content between 15 and 23 wt%, the
amount of� phase present in the quenched samples varies
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fractions versus composition relation for quenched Fe–Mn
alloys.

2. Experimental

2.1. Alloys, samples and heat treatments

Fe and Mn, both of 99.98% purity, were used to prepare the
alloys in an arc furnace under Ar atmosphere. The melting
procedure has been described in detail elsewhere[15,16].
The resulting alloys weighed about 20 g each. These alloys
were encapsulated in a quartz tube with an Ar atmosphere,
kept 48 h at 1273 K, and then water-quenched breaking the
tube. The chemical composition of the alloys was determined
using wavelength dispersion spectrometry with a CAMECA
microprobe. The samples were obtained by cutting pieces
with a diamond blade-sawing machine. After polishing and
clearing the surface of the pieces, an annealing at 950◦C
during one hour in a quartz tube filled with Ar was performed,
with a subsequent water-quenching without breaking the tube
to avoid oxidation. The samples whoseMF temperatures (i.e.,
the lowest temperature at which the transformation is detected
on cooling) fall at or below RT[6] were cooled down to 77 K
before performing the experiments.
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from 40 to 50%. The rest of the material is untransform
� phase.

d) In alloys with Mn contents larger than 23 wt%;
amount of� phase decreases with increasing Mn c
centration. In alloys with more than 27 wt% Mn the�
phase is not detected[13]. However, it should be me
tioned that small amounts of� phase in alloys with mor
than 27 wt% Mn have been reported[12,14]. The dis-
crepancy has been discussed in terms of the differe
in the thermomechanical treatment applied or the de
tion methods adopted[6].

The present study focuses on the determination of th
tive fraction of� martensite in quenched Fe–Mn allo
s a function of the Mn content, in the composition ra
etween 13 and 27 wt% of Mn. The relative fractions
btained by using two complementary techniques,
ilatometry and M̈ossbauer spectroscopy (MS). The r

ive fraction values,f �
D and f �

M, from D and MS exper
ents, respectively, are then combined with the calcu
nthalpy change,�H�/� = H� − H�, extracted from th
ssessment developed in Ref.[10]. In this way, indepen
ent predictions of the absorbed heat (Q) during the� → �

ransformation are obtained, which can be straightforw
ompared with experimentalQ data. Additionally, an expe
mental database is developed based in differential sca
alorimetry (DSC) measurements of the� → � transforma
ion heat. A comparison between the predicted and e
mental data onQ is performed. Finally, with these va
us pieces of information, a discussion is done on t�
.2. Experimental techniques

The XRD measurements were performed in a Ph
W1710 diffractometer using the monochromatic Cu�

adiation, in Bragg–Brentano’s geometry, with a step m
ollection of 0.02◦, 1s by step, with 2θ ranging from 10◦ to
00◦.

The Mössbauer spectra were taken using a 5 mCi57CoRh
ource and recorded in a standard 512 channels co
cceleration spectrometer. The samples were analyzed
onversion electron M̈ossbauer spectroscopy (CEMS) wit
onstant flux helium–methane detector. Transmission g
try was also used to study some of the samples. V

ty calibration was performed against a 12-�m thick �-
e foil. All isomer shifts are referred to this standard
98 K.

The dilatometric measurements were performed
omemade dilatometer with a temperature range from

o 620 K. In this equipment, a linear variable differen
ransformer type Hottinger W1E monitors the length of
ample. The resolution used was 10−4 mm. Experiments wer
erformed at heating and cooling rates of about 3 K/mi

hermocouple was welded on the surface of the sample
The calorimetric measurements were performed u

Shimadzu-50 DSC calorimeter. Measurements were
ormed on heating at a constant rate of 10 K/min in2
tmosphere. The maximum temperature reached on he
as 600 K and the minimum temperature of the cooling
as 300 K. Al2O3 powder was used as a reference in th
easurements.
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3. Data processing methods

3.1. Transformation temperatures

In order to determine theAS andAF (i.e., the highest tem-
peratures at which the transformation is detected on heating)
temperatures, the variations in the slope of the ratio�L/L0,
between the variation (�L) of the sample length and the initial
length (L0) at RT, were analyzed as a function of temperature.
In addition, theAS andAF temperatures were obtained from
DSC measurements.

3.2. Relative fractions

The relative fractions of the� phase,f �
D andf �

M, were
determined from�L/L0 versusT curves using the following
relation[17]:

f �
D = 3

�L∗

LS

V �
m

V
�
m − V �

m
(1)

Here�L* = LF − LS, andLF and LS are the sample length
after (F) and before (S) the transformation, respectively, and
were determined from the heating and cooling curves at an
intermediate temperature,Tm = (AS + AF)/2. V

�
m andV �

m are
the molar volumes of� and� phases, respectively, directly
evaluated from available lattice parameter versus composi-
t
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A prediction of the theoretical (th) value for the transfor-
mation heat was derived from the assessed enthalpy change,
�H�/� [10,16], using the following expression:

Qth
i = f �

i �H�/� (2)

where the sub-indexi (= D, M) refers to the dilatometric or
the Mössbauer measurements, respectively.

4. Results

The XRD patterns obtained for the various samples are
presented inFig. 1. In the diffractogram corresponding to the
alloy with 13.7 wt% Mn, diffraction peaks for the� and�′
phases[11] were observed, but only the reflections for the�
and� phases were detected in alloys with higher Mn contents.

Fig. 2presents the M̈ossbauer spectra recorded for the var-
ious Mn concentrations. In agreement with the XRD results
(Fig. 1), the spectrum of the alloy with 13.7 wt% Mn was
analyzed by taking into account the contribution of the fer-
romagnetic�′ phase as well as the� one. Only the two
central lines of the�′ sextets at±3 mm/s are observed in
the low velocity range spectrum. The�′ contribution was
reproduced with three magnetic interactions, each one asso-
ciated with a different configuration around the Fe-atom[18].
T
fi tive
f c-
i
B

F flec-
t tom.
ion data for the Fe–Mn� and� phases[11,12].
The relative phase fractions were also determined

össbauer data. The spectra were fitted using Loren
ine shapes using a non-linear least-squares program
onstraints. The same M̈ossbauer–Lamb factor was assum
or the various phases. As a result of the fitting proced
he sub-spectra corresponding to each phase present
ample are obtained. Phase fraction of each phase is d
he relative area of the corresponding sub-spectra.

.3. Transformation heat

The measured absorbed heat (Q) associated with the� → �
ransformation was evaluated from experimental DSC cu
dQ/dt versust; t: time) once the base line of the apparatus
ubtracted. For alloys whose Néel temperature is close toAS,
fter the first heating from RT, the sample was cooled d

o a temperature greater thanMS, and then a second me
urement was performed on heating. In this second he
tep, only the� phase is present in the sample. Conseque
nly the magnetic heat flux due to the antiferromagn

o-paramagnetic transformation of� is detected. Afterward
he second heating curve multiplied by the relative fractio
he� phase obtained either by D or MS, was subtracted
he first one. This procedure allows eliminating the magn
ontribution to the signal, as well as the base line of the a
atus. Finally, the absorbed heat associated with the stru
ransformation was obtained by integrating the area u
he curve betweent(AS) andt(AF). However, theseQ values
epend on the original� phase fraction in each sample.
he resulting�′ hyperfine parameters (Bi and δi , hyper-
ne field and isomer shift, respectively) and the rela
ractions (f0, f1 and f2+) obtained from the high velo
ty spectrum were:B0 = 32.91 T, δ0 = 0.011 mm/s,f0 = 0.364;
1 = 30.71 T, δ1 =−0.024 mm/s, f1 = 0.345; B2+ = 28.11 T,

ig. 1. X-ray diffraction patterns labeled with the Mn contents. The re
ions belonging to�,� and�′ phases, respectively, are indicated at the bot
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Fig. 2. Mössbauer spectra recorded on samples with different Mn content.

δ2+ =−0.011 mm/s,f2+ = 0.234, which were associated to Fe
probes with 0, 1 and 2 or more near neighbor Mn atoms,
respectively. Only the single line of isomer shiftδ� associated
to the paramagnetic� phase was used to analyze the 16.6 wt%
of Mn alloy spectrum. It should be emphasized, however, that
the possible existence of a small amount of� phase in the
paramagnetic state also contributing to the spectrum cannot
be ruled out. The spectra recorded from higher Mn concen-
trations alloys (>17 wt%) were satisfactorily described with
the hyperfine interactions of� and� phases. SinceT �

N of the
present alloys is higher than RT[9], a non-resolved sextet
of magnetic hyperfine fieldB� and isomer shiftδ� was used
to describe this antiferromagnetic phase[7]. Table 1reports
the hyperfine parameters and the relative fractions extracted
from the analysis of the spectra.

In Fig. 3 some typical�L/L0 versusT curves are pre-
sented. Thef �

D relative fractions, as well as theAS andAF
temperatures extracted from these experiments are listed in
Table 2.

Fig. 4 shows DSC curves taken on heating. The curves
corresponding to 13.7, 16.6, 19.3, 19.4 and 21.2 wt% Mn
showed only the structural signal, but at higher Mn content

Table 1
Relative fractions (f �

M andf �
M), hyperfine magnetic field (Bγ ) and isomer

shift (δγ andδε) obtained by analyzing the M̈ossbauer spectra

Mn (wt%) δε (mm/s) f �
M Bγ (T) δγ (mm/s) f

�
M

13.72 −0.121 0.071 – – –
16.65 −0.141 1.002 – – –
19.35 −0.131 0.881 2.81 0.091 0.111

19.45 −0.141 0.783 2.41 0.091 0.222

21.24 −0.131 0.664 2.71 0.091 0.342

25.16 −0.131 0.442 2.91 0.091 0.566

27.33 −0.131 0.353 2.81 0.101 0.657

The errors are quoted as sub-index.

Table 2
Relative fraction of� phase andAS andAF temperatures extracted from the
present dilatometric curves

Mn (wt%) AS (K) AF (K) f �
D

13.72 4819 6063 0.282

16.65 4885 5506 0.601

19.35 4644 4952 0.521

19.45 4723 5242 0.691

21.24 4624 5064 0.561

24.78 4335 4673 0.502

25.16 4045 4553 0.121

26.51 4037 4473 0.301

27.33 4172 4502 0.171

The errors are quoted as sub-index.

Table 3
The absorbed transformation heat,Q, obtained from DSC measurements
compared with theQth

i values withi (= D, M) calculated by inserting in
Eq. (2) the � relative fractions obtained from either, dilatometry and the
Mössbauer measurements

Mn (wt%) Q (J/g) Qth
M (J/g) Qth

D (J/g)

16.65 16.61 25.06 15.04

19.35 17.94 20.04 12.03

19.45 17.33 18.03 16.03

21.24 14.31 14.03 12.02

25.16 7.31 7.01 2.01

27.33 3.71 5.01 2.01

The errors are quoted as sub-index.

alloys a contribution due to the magnetic transition of� phase
at temperatures close toAS is also observed in the curves. In
Table 3the experimentalQ values are reported.

5. Discussion

TheAS temperatures determined by D and by DSC mea-
surements (filled symbols) are compared inFig. 5with pre-
viously reported data (open symbols)[17] and with values
calculated using the model developed in Ref.[16]. A reason-
ably good agreement is observed between the present and the
previously reported D values. TheAS temperatures from DSC
follow the general trend but they are systematically lower,
probably due to the higher sensitivity of the DSC technique
to detect the start of the transformation compared with D.
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Fig. 3. Dilatometric curves labeled with the Mn content.AS, AF andTm temperatures are also indicated.

Fig. 4. Calorimetric DSC curves recorded on samples with different Mn content. The Nèel temperatureT �
N of the corresponding alloy is indicated.
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Fig. 5. Composition dependence of theAS temperature obtained from: (a)
filled circle: the present calorimetric measurement, (b) filled square: the
present dilatometric measurements and (c) open square: data taken from
Ref. [17]. The solid line corresponds to the calculatedAS vs. composition
line [16] and the dashed line represents the composition dependence of Nèel
temperatureT �

N [9].

The relative fractions of the� phase obtained from D mea-
surements (filled symbols) are compared inFig. 6with those
obtained by Schumann[13] (solid lines) and Marinelli et
al. [17] (open symbols). In general, our results indicate a
larger fraction of� phase than the previously reported ones
[13,17], which will be discussed in the following. The dif-
ference between the present results and those in Ref.[17]
might be attributed to the different method of evaluating phase
fraction of� phase from the dilatometric curves. The differ-
ences between our results and those in Ref.[13], in particular
for those alloys in the region with more than 22 wt% Mn,
might be ascribed to differences in the adopted heat treat-
ments applied to the samples. In the present work, the alloys
with MF temperatures lower than RT[6,15]were cooled down
to 77 K in order to obtain the maximum possible amount of
� phase. This procedure was not followed in Ref.[13].

The relative fractions of� phase obtained from D mea-
surements and from MS are compared inFig. 7. Thef �

M are
systematically and significantly larger thanf �

D, and the differ-
ence between them decreases with increasing Mn content. We
shall now argue that this discrepancy might be associated with
the different characteristic scales probed by these techniques,

F ched
f .
T to Ref.
[

Fig. 7. Relative fractions of the� phase determined in the present work
from: (a) dilatometric measurements (filled square) and (b) Mössbauer spec-
troscopy (filled circle).

as well as to the rather general features of the�/� martensitic
transformation in the Fe–Mn system. MS is a nanoscopic
technique that investigates a few atomic distances around
57Fe probes. Then, the stacking-faults, which are expected to
be present in the� phase, might be counted by the Mössbauer
technique as� regions leading to an overestimation of the rel-
ative fractions of� martensite. In this view, the effect would
be more important for Mn concentrations where the stacking-
fault energy is relatively low, i.e., for alloys containing about
15 wt% Mn[8]. On the other hand, in order to account quan-
titatively for the difference between the dashed and dotted
lines inFig. 7, this mechanism would require a non-plausible
large amount of faulted material. Contrasting with this, the D
technique detects macroscopic changes, caused by the� → �
transformation, involving a considerable expansion of the
interatomic distances, especially in the “c” axis direction of
� structure[8]. In a thermally induced martensitic transfor-
mation, various crystallographically equivalent variants of
martensite are formed inside each grain[19]. In the reverse
transformation, these domains of� martensite must trans-
form inside the austenite matrix. Then, due to differences in
the elastic constants of both phases, the volume change due
to the retransformation could probably be affected. Conse-
quently, the macroscopic volume change could result lower

F n
( k and
(

ig. 6. Relative fractions determined by dilatometry on samples quen
rom 1273 K. (a) Filled square: present work and (b) open square: Ref[17].
he solid lines describe the fractions of the various phases according

13].
ig. 8. Absorbed heat (Q) associated with the� → � transformation vs. M
wt%) obtained from DSC measurements. (a) Filled circle: present wor
b) open square: Ref.[17].
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Fig. 9. Absorbed heat associated with the� → � transformation vs. Mn
(wt%). The experimental value (Q) is compared with the calculated ones
using the enthalpy change[16] and the� phase fractions obtained either by
MS or by D, respectively. (a) Open square: DSC results, (b) filled circle:
calculated usingf �

M and (c) triangle up: calculated usingf �
D.

than the expected, leading to an underestimation of the� rel-
ative fraction.

The composition dependence of theQ values, accord-
ing to the present measurements (filled symbols) and those
reported in Ref.[14], is presented inFig. 8. The agreement
between these two datasets is excellent within experimental
error, except for a single measurement corresponding to the
lowest Mn concentration.

In order to further test the present ideas, we will consider
the information inTable 3, which comes from DSC, D and MS
measurements. A graphical comparison, presented inFig. 9,
indicates that theQth values estimated thermodynamically
by applying Eq.(1) reproduce reasonably well the experi-
mental ones only when thef �

M Mössbauer relative fractions
are inserted in Eq.(1). Indeed, a discrepancy between exper-
iments and calculations is noted for the alloy with 16.6 wt%
Mn. Of course, in this particular case thef �

M might in fact
be enhanced by the presence of a small amount of faulted�
phase.

Additional experimental and theoretical work is necessary
to fully understand the striking discrepancy.

6. Summary and conclusions

A systematic study of the relative fraction of the� marten-
s rmed,
u py
a eter
d ion-
d plana
t tra-

tion of stacking-faults in the untransformed� phase and the
transformation of the martensite variants inside the austen-
ite matrix have been considered. An indirect support to the
present results was obtained by predicting the absorbed trans-
formation heat. The measured DSC values are reproduced
only when the M̈ossbauer fractions are adopted in the calcu-
lation.
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