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Abstract

Fe—Mn quenched alloys with Mn content between 13 and 27 wt% have been studied using X-ray diffraddshalier spectroscopy,
differential scanning calorimetry and dilatometry. The samples have been structurally characterized using X-ray diffractiosshadid
spectroscopy. The composition dependence of the relative fractiopludise was determined by dilatometry anddgbauer spectroscopy.

Using a differential scanning calorimeter, measurements of the absorbed heat accompanyingthgartensitic transformation were also
performed. The relative fractions efphase determined by dilatometry agree well with those reported in Schumann’s classical work [H.
Schumann, Arch. Eisendttenw. 38 (8) (1967) 647—656] for Mn contents up to about 22 wt% Mn, but for higher concentrations, a larger
fraction was found. The discrepancy was explained in terms of the differences between the present heat treatments and those applied |
Schumann. However, relative fractionssophase determined by désbauer spectroscopy resulted systematically larger than those obtained
from dilatometry. On the other hand, independent calculations of the transformation heat were performed for the different compositions. They
resulted from multiplying the fraction by the calculated — y enthalpy change obtained from a recent assessment of the Gibbs functions

of the e and~y phases from literature. Absorbed heat values calculated using ésstduek fractions, reproduced well the experimental
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 temperaturg6]. The martensite so obtained is called “ther-
mal” in opposition to that formed by application of stresses
Stimulated by the possibility of interesting applications [7].
of the shape—memory effect, extensive basic and applied Most of the previously reported experimental studies have
research have been performed over the years in the Fe—Mrbeen devoted to the determination of the starting temper-
systen{1-5]. Inthis system, the shape—memory effectis gov- atures of the direct martensic transformation on cooling
erned by a martensitic transformation betweentieCC or (i.e.,y — ), and the reverse transformation on heating (i.e.,
“austenite”) and the (HCP or “martensite”) phases. Thus, &— ), Ms and As, respectively[6,8]. Both Ms and As
the design of improved shape—memory alloys depends cru-decrease smoothly with increasing Mn content up to a con-
cially upon a detailed understanding of thk transforma- centration at which these temperatures approach the critical
tion. temperature for antiferromagnetic ordering, i.e., theeN
In the Fe—Mn systemy is a stable high temperature temperatureTy [6,9]. There, the onset of antiferromagnetic
phase while the: phase is metastable at all temperatures. ordering stabilizes thg phase relatively t@, and a dras-
In alloys with relatively low Mn content, the — & marten- tic decrease oMs and As with increasing Mn content is
sitic transformation can be induced by quenching from high observed.
From a thermodynamic viewpoint, the interesting quantity
« Corresponding author. Tel.: +54 221 4246062; fax: +54 221 4252006, 1S the molar Gibbs energy difference betweamdy phases,
E-mail address: cotes@fisica.unlp.edu.ar (S.M. Cotes). AGY® = GY, — Gz, which represents the thermodynamic
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driving force for the martensitic transformatida0—12]
Since AG%/8 has to be referred to the amount ©fphase

actually formed, the martensite relative fraction in quenched
alloys is a key quantity in connecting the thermodynamic and

27

fractions versus composition relation for quenched Fe—Mn
alloys.

structural accounts of the martensitic transformation in this 2. Experimental

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 composif{ib].
His results might be summarized as follows:

(@) In alloys with Mn contents lower than 10wt%, only
the martensitically formed’ phase (BCC) is obtained
at RT. They — o’ martensitic transformation produced
on cooling from 1273 K inhibits the formation of the
phase. In this composition range, thg temperature of
they — o’ 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— o’ and they — ¢
transformations are very clo§g].

(c) In alloys with Mn content between 15 and 23 wt%, the

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 elsewfEs¢el6]

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’@50
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 whade temperatures (i.e.,
the lowesttemperature atwhich the transformation is detected
on cooling) fall at or below RT6] were cooled down to 77 K
before performing the experiments.

amount of phase presentin the quenched samples varies

from 40to 50%. The rest of the material is untransformed
v phase.

In alloys with Mn contents larger than 23 wt%; the
amount ofe phase decreases with increasing Mn con-
centration. In alloys with more than 27 wt% Mn the
phase is not detectdd3]. However, it should be men-
tioned that small amounts efphase in alloys with more
than 27wt% Mn have been reportgt?,14] The dis-

(d)

2.2. Experimental techniques

The XRD measurements were performed in a Philips
PW1710 diffractometer using the monochromatic Ca K
radiation, in Bragg—Brentano’s geometry, with a step mode
collection of 0.02, 1s by step, with 2 ranging from 10 to
100°.

The Mbssbauer spectra were taken using a 5 MCoRA

crepancy has been discussed in terms of the differencessource and recorded in a standard 512 channels constant

in the thermomechanical treatment applied or the detec-

tion methods adopte@].

The present study focuses on the determination of the rel-

ative fraction ofe martensite in quenched Fe—Mn alloys,
as a function of the Mn content, in the composition range
between 13 and 27wt% of Mn. The relative fractions are
obtained by using two complementary techniques, viz.,
dilatometry and Myssbauer spectroscopy (MS). The rela-
tive fraction values,f and f3;, from D and MS experi-

acceleration spectrometer. The samples were analyzed using
conversion electron Bsbauer spectroscopy (CEMS) with a
constant flux helium—methane detector. Transmission geom-
etry was also used to study some of the samples. Veloc-
ity calibration was performed against a i1 thick a-
Fe foil. All isomer shifts are referred to this standard at
298 K.

The dilatometric measurements were performed in a
homemade dilatometer with a temperature range from 100
to 620K. In this equipment, a linear variable differential

ments, respectively, are then combined with the calculatedtransformer type Hottinger W1E monitors the length of the

enthalpy changeAHY/¢ = HY — H®, extracted from the
assessment developed in REIO]. In this way, indepen-
dent predictions of the absorbed he@) @uring thee — ~y

transformation are obtained, which can be straightforward

compared with experimentd data. Additionally, an exper-

sample. The resolution used was #@nm. Experiments were
performed at heating and cooling rates of about 3 K/min. A
thermocouple was welded on the surface of the sample.
The calorimetric measurements were performed using
a Shimadzu-50 DSC calorimeter. Measurements were per-

imental database is developed based in differential scanningformed on heating at a constant rate of 10 K/min ia N

calorimetry (DSC) measurements of the> y transforma-

atmosphere. The maximum temperature reached on heating

tion heat. A comparison between the predicted and exper-was 600 K and the minimum temperature of the cooling step

imental data onQ is performed. Finally, with these vari-
ous pieces of information, a discussion is done on ghe

was 300 K. AbO3 powder was used as a reference in these
measurements.
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3. Data processing methods A prediction of the theoretical (th) value for the transfor-
mation heat was derived from the assessed enthalpy change,
3.1. Transformation temperatures AHY/?[10,16] using the following expression:
In order to determine thés andAF (i.e., the highest tem- Q}h = ff AHY/® 2

peratures at which the transformation is detected on heating) ] . ]
temperatures, the variations in the slope of the ratidLo, Where" the sub-indek(=D, M) refers to the dilatometric or
between the variation\L) of the sample length and the initial e Mossbauer measurements, respectively.

length (o) at RT, were analyzed as a function of temperature.

In addition, theAs andAr temperatures were obtained from

DSC measurements. 4. Results

The XRD patterns obtained for the various samples are
presented irig. 1 In the diffractogram corresponding to the

The relative fractions of the phase,fg and £, were alloy with 13.7 wt% Mn, diffraction peaks for the and o’
determined fromA L/Lg versusT curves using the following ~ Phasegl1] were observed, but only the reflections for the

3.2. Relative fractions

relation[17]: andy phases were detected in alloys with higher Mn contents.

. . Fig. 2presents the kdssbauer spectra recorded for the var-
& = 3& Vi 1) ious Mn concentrations. In agreement with the XRD results
' Ls Vi — Vg (Fig. 1), the spectrum of the alloy with 13.7 wt% Mn was

analyzed by taking into account the contribution of the fer-
romagnetica’ phase as well as the one. Only the two
central lines of thex’ sextets at-3 mm/s are observed in
the low velocity range spectrum. The contribution was

Here AL"=Lg — Ls, andLg andLs are the sample length
after (F) and before (S) the transformation, respectively, and
were determined from the heating and cooling curves at an

i i — Y ]
=(As+ . . L .
intermediate temperaturéy, = (As + Ag)/2. Vin gnd Vm are reproduced with three magnetic interactions, each one asso-
the molar volumes off ande phases, respectively, directly ; : ; X
) : . ciated with a different configuration around the Fe-aft8j.
evaluated from available lattice parameter versus composi- Y !
The resultinga’ hyperfine parametersB{ and §;, hyper-

tion data for the Fe-Mny ands phaseg11,12] fine field and isomer shift, respectively) and the relative

The relative phase fractions were also determined from . ) .
Mossbauer data. The spectra were fitted using Lorentzian/r2ctions fo. 1 and fa4) obtained from the high veloc-
’ ity spectrum wereByo=32.9 T, §o=0.013 mm/s,fp =0.36;

line shapes using a non-linear least-squares program with
constrairF:ts. The sgametMsbauer—Lamb ?actor wgs zgssumed B1=30.4T, 8,=-0.0mms, f1=0.3%; B2 =28.LT,
for the various phases. As a result of the fitting procedure,
the sub-spectra corresponding to each phase present in the
sample are obtained. Phase fraction of each phase is directly
the relative area of the corresponding sub-spectra.

13.7 wt % Mn
A A

—

16.6 wt % Mn

A A A A

3.3. Transformation heat

The measured absorbed heatéssociated with the— v
transformation was evaluated from experimental DSC curves
(dQ/drversus; r: time) once the base line of the apparatus was
subtracted. For alloys whoseell temperature is close Az,
after the first heating from RT, the sample was cooled down
to a temperature greater thafs, and then a second mea-
surement was performed on heating. In this second heating
step, only they phase is present in the sample. Consequently,
only the magnetic heat flux due to the antiferromagnetic-
to-paramagnetic transformation-pfs detected. Afterwards,
the second heating curve multiplied by the relative fraction of
they phase obtained either by D or MS, was subtracted from
the first one. This procedure allows eliminating the magnetic
contribution to the signal, as well as the base line of the appa- 40 ' 60 ' 80
ratus. Finally, the absorbed heat associated with the structural
transformation was obtained by integrating the area under

the curve betwee.f(f_‘S) and«(Af). HQWQVGI’, thes® values Fig. 1. X-ray diffraction patterns labeled with the Mn contents. The reflec-
depend on the original phase fraction in each sample. tions belonging te, y anda’ phases, respectively, are indicated atthe bottom.
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A A A N

212wt % Mn
N | N N\
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Table 1
Relative fractions,f,\“jI and fy;), hyperfine magnetic field3{’) and isomer
shift (¥ andé®) obtained by analyzing the 8sbauer spectra
Mn (wt%) 8 (mmis) £ BY (T) 8 (mmis)  fuh
) 13.7% ~0.12; 007% - -
13.7 wt% Mn 16.6; —0.14 1.00, _ _ _
19.3 —-0.13 0.88 2.8 0.0% 0.13
16.6 wi% Mn 19.4 —0.14 078 2.4 0.09 0.22
21.2 —-0.13 0.66; 2.71 0.09 0.3%
25.% —-0.13 0.4% 2.9 0.09 0.56
—_ 27.3 —0.13 0.35 2.8 0.10, 0.65
:. 19.3 wt% Mn The errors are quoted as sub-index.
< |
o ¢
B Table 2
E Relative fraction ok phase ands andAr temperatures extracted from the
[ 19.4 wt% Mn present dilatometric curves
° .
£ Mn (wt%) As (K) Ar (K) 15
(]
Ev 13.% 481y 6063 0.28
16.65 488 5505 0.60,
o 19.3 464, 495 0.52
212 wt% Mn 1.4 472, 524 0.69;
B s e 21.2 462 506, 0.56,
247 433 4673 0.50
25.% 4045 455 0.12,
25.1 wt% Mn 26.5 403, 447, 0.30
27.3 417, 450, 0.17%
The errors are quoted as sub-index.
Table 3
The absorbed transformation he@, obtained from DSC measurements
compared with theQ}h values withi (=D, M) calculated by inserting in
Eq. (2) the ¢ relative fractions obtained from either, dilatometry and the
-1 0 1 Mosshauer measurements
v (mm/s
(mm/s) Mn (wt26) 0 (ig) ol vig) o8 ig)
Fig. 2. Mossbauer spectra recorded on samples with different Mn content. 16-& 16.6, 25.05 15.0
19.3 17.9% 20.Qy 12.03
. . 19. 17. 18. 16.
82+ =—0.013 mm/s fo+ =0.23;, which were associated to Fe >1 gi 14 2 14 % 12 %
probes with 0, 1 and 2 or more near neighbor Mn atoms, s 4 73 7.0, 2.0,
respectively. Only the single line of isomer slfiftassociated  27.3 37 5.0 2.0,

to the paramagneticphase was used to analyze the 16.6 Wt% The errors are quoted as sub-index.

of Mn alloy spectrum. It should be emphasized, however, that

the possible existence of a small amountygbhase in the

paramagnetic state also contributing to the spectrum canno@lloys a contribution due to the magnetic transitioy phase
be ruled out. The spectra recorded from higher Mn concen- at temperatures close 4 is also observed in the curves. In
trations alloys (>17 wt%) were satisfactorily described with Table 3the experimentap values are reported.

the hyperfine interactions gfande phases. Sinc@,] of the

present alloys is higher than HB], a non-resolved sextet

of magnetic hyperfine fiel#, and isomer shifg, was used ~ S- Discussion

to describe this antiferromagnetic ph4gg Table lreports

the hyperfine parameters and the relative fractions extracted TheAs temperatures determined by D and by DSC mea-

from the analysis of the spectra. surements (filled symbols) are comparedrig. 5with pre-

In Fig. 3 some typicalAL/Ly versusT curves are pre-  Viously reported data (open symbo[4)'] and with values
sented. Thefg relative fractions, as well as thes andAr calculated using the model developed in R&6]. A reason-
temperatures extracted from these experiments are listed irbly good agreement is observed between the presentand the
Table 2 previously reported D values. THg temperatures from DSC

Fig. 4 shows DSC curves taken on heating. The curves follow the general trend but they are systematically lower,
corresponding to 13.7, 16.6, 19.3, 19.4 and 21.2wt% Mn Probably due to the higher sensitivity of the DSC technique
showed only the structural signal, but at higher Mn content to detect the start of the transformation compared with D.
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Fig. 3. Dilatometric curves labeled with the Mn contetg, Ar and T\, temperatures are also indicated.
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Fig. 4. Calorimetric DSC curves recorded on samples with different Mn content. é’daletetnperaturé",] of the corresponding alloy is indicated.
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500
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Fig. 5. Composition dependence of the temperature obtained from: (a)

filled circle: the present calorimetric measurement, (b) filled square: the
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Fig. 7. Relative fractions of the phase determined in the present work

present dilatometric measurements and (c) open square: data taken fronfrom: (a) dilatometric measurements (filled square) and @jsbauer spec-

Ref.[17]. The solid line corresponds to the calculategvs. composition
line [16] and the dashed line represents the composition dependenéelof N
temperaturdy, [9].

The relative fractions of thephase obtained from D mea-
surements (filled symbols) are comparedFig. 6 with those
obtained by Schumanfi3] (solid lines) and Marinelli et

troscopy (filled circle).

as well as to the rather general features ofthemartensitic
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 presentin thg phase, might be counted by theédssbauer

al. [17] (open symbols). In general, our results indicate a technique as regions leading to an overestimation of the rel-
larger fraction ofe phase than the previously reported ones ative fractions ok martensite. In this view, the effect would

[13,17] which will be discussed in the following. The dif-
ference between the present results and those in[R&f.

be more important for Mn concentrations where the stacking-
fault energy is relatively low, i.e., for alloys containing about

might be attributed to the different method of evaluating phase 15 wt% Mn[8]. On the other hand, in order to account quan-

fraction of e phase from the dilatometric curves. The differ-
ences between our results and those in R&, in particular
for those alloys in the region with more than 22 wt% Mn,

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

might be ascribed to differences in the adopted heat treat-technique detects macroscopic changes, caused by-the
ments applied to the samples. In the present work, the alloystransformation, involving a considerable expansion of the

with Mg temperatures lower than Rg,15]were cooled down
to 77 K in order to obtain the maximum possible amount of
e phase. This procedure was not followed in R28].

The relative fractions of phase obtained from D mea-
surements and from MS are comparedrig. 7. The fy; are
systematically and significantly larger th#§, and the differ-

interatomic distances, especially in the &axis direction of

e structure[8]. In a thermally induced martensitic transfor-
mation, various crystallographically equivalent variants of
martensite are formed inside each griifi]. In the reverse
transformation, these domains efmartensite must trans-
form inside the austenite matrix. Then, due to differences in

ence between them decreases with increasing Mn content. Wehe elastic constants of both phases, the volume change due
shall now argue that this discrepancy might be associated withto the retransformation could probably be affected. Conse-
the different characteristic scales probed by these techniquesguently, the macroscopic volume change could result lower

100 T i T j
— 20 @ o 1
9 .
~ y-austenite 1 o B
[
o L] 1 b
@ = o
- «'-martensite - - 1 @ .
8 50 o = [ ] 1 2 e o
o @ 10} 1
b4 °
o - o
8 . .
£ e-martensite
o m
0 1 1
0 10 20 30 L ,
wt% Mn 20 25
wt% Mn

Fig. 6. Relative fractions determined by dilatometry on samples quenched

from 1273 K. (a) Filled square: present work and (b) open square[R@f. Fig. 8. Absorbed heat)) associated with the — -y transformation vs. Mn
The solid lines describe the fractions of the various phases according to Ref.(wt%) obtained from DSC measurements. (a) Filled circle: present work and
[13]. (b) open square: Ref17].
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T T tion of stacking-faults in the untransformgdhase 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 Myssbauer fractions are adopted in the calcu-
10 1 lation.

Q (J/g)
#0
» i &

»0Oe
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