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A new experimental study of A~ and M s in the Fe-Mn system has been performed by using two 
complementary experimental techniques, via, dilatometry and electrical resistivity measurements, 
which are applied to the whole composition range where the transformation can be detected, i.e., 
between 10 and 30 pct Mn. We used the A s and M s temperatures as input information in an analysis 
based on thermodynamic models for the Gibbs energy of the face-centered cubic (fcc) and hexagonal 
close-packed (hcp) phases. In these models, the magnetic contribution to Gibbs energy is accounted 
for, which allows us to study, by calculation, the influence of  the entropy of  magnetic ordering upon 
the relative stability of the phases. The picture of magnetic effects upon the fcc/hcp transformation 
that emerges from our work is as follows. At low Mn contents, the martensitic transformation tem- 
peratures are larger than the Nrel temperature of the fcc phase, and both A~ and Ms decrease linearly 
with increasing Mn. This encourages an extrapolation to zero Mn content, and we use that to critically 
discuss the available information on the fcc/hcp equilibrium temperature for Fe at atmospheric pres- 
sure. At sufficiently large Mn contents, we have M, < T1,, which implies that the fcc phase orders 
antiferromagnetically before transforming to the hcp phase. Since hcp remains paramagnetic down 
to lower temperatures, the ordering reaction in fcc leads to a relative stabilization of this phase, 
which is reflected in a drastic, nonlinear decrease of Ms. 

I. INTRODUCTION 

IT has long been known that a metastable hexagonal 
close-packed (hcp) structure, so-called e phase, can be ob- 
tained at low temperatures by rapidly cooling the face- 
centered cubic (fcc)-(y) structure alloys of the Fe-Mn sys- 
tem.[~ The transformation between 3' and e is marten- 
sitic,t41 and there is an extensive literature devoted to the e 
martensite, the systematics of its occurrence, and its influ- 
ence upon the properties of the material.[~231 The interest 
in this system has been renewed since it was reported t251 
that Fe-Mn alloys show the so-called shape-memory effect 
(SME), which is governed by the fcc ~ hcp martensitic 
transformation. A significant observation of the former stud- 
ies is that the SME in this system is not strong, and it 
deteriorates at sufficiently large Mn content. Since this af- 
fects the possible technical applications of these alloys, 
there has been a considerable interest in the search for meth- 
ods to improve the SME in alloys based on Fe-Mn. Much 
of the work reported during the last decade has been de- 
voted to the effect of adding Si to the binary system,[26~oI 
but other ternary, quaternary, and quinary alloys of various 
compositions have been studied experimentally.t4~45J The 
test of specific multicomponent alloys provides useful in- 
formation for the design of new materials with SME, but 
the search for a detailed understanding of this effect de- 
mands a more systematic approach. It seems necessary first 
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to focus on the behavior of the Fe-Mn system, then proceed 
with the relevant ternary systems, and finally consider the 
quaternary and higher-order alloys. This methodology has 
proved to be very useful in the field of thermodynamic 
modeling of multicomponent phase diagrams, t461 and it 
should be interesting to explore its possibilities in treating 
the martensitic transformation in alloys of the type Fe-Mn- 
X. 

A traditional start point in the theoretical analysis of the 
martensitic transformation is the consideration of the rela- 
tive stabilities of the phases, which can be described ther- 
modynamically in terms of  Gibbs energy functions, am .[47] 
These functions are usually evaluated from thermochemical 
measurements on the various structures and information 
about the phase diagram. [47,48] However, the Fe-Mn fcc struc- 
ture is not a stable phase at the temperatures where the 
martensitic transformation occurs, and the hcp phase is 
metastable at all temperatures in this system, which makes 
it necessary to look for additional sources of thermody- 
namic information. In the present work, we study the com- 
position dependence of the phase stabilities by relying on 
experimental data about the temperatures for the start of  the 
y --) e (Ms) and e ---) y (A,) martensitic transformations, 
and the concept of T o temperature, used earlier by Kaufman 
and Cohen.t47] The T o temperature cannot, in general, be 
determined directly, but it can be approximated from values 
for the M, and A t temperatures, f47,481 Our survey of  the in- 
formation available on the Fe-Mn system reveals, in agree- 
ment with previous reviews, E61 a large scatter in the As and 
Ms and significant discrepancies between the results of the 
various authors. Therefore, we have performed an experi- 
mental study of  the M, and A, temperatures in the Fe-Mn 
system. 

The experimental part of the present work concerns al- 
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loys with Mn contents between 10 and 30 wt pct, which 
covers the composition range where the hcp structure has 
previously been detected. The transformation is studied by 
using a combination of electrical-resistivity and dilatomet- 
ric measurements. The To values obtained from our meas- 
urements are used as input data in a thermodynamic anal- 
ysis, which is based on mathematical models for Gm. A 
previous thermodynamic study by Rabinkin L49~ suggested 
that magnetic effects, associated to the paramagnetic ---) an- 
tiferromagnetic transition in the fcc structure, might be re- 
sponsible for the relative stabilization of the 3' phase at 
large Mn contents. By using early descriptions of the ther- 
modynamics of Fe, f5~ Mn, E521 and the fcc and hcp solid- 
solution phases, I531 Rabinkin E491 accounted qualitatively for 
the trends in the T o values according to some authors r~2,~8,211 
but predicted a possible fcc/hcp transformation for Mn con- 
tents larger than those reported. The present investigation 
of the magnetic effects upon phase stabilities relies on more 
recent information about the thermodynamics of Fe, E541 
Mn, E55E the thermochemistry of the fcc Fe-Mn phase, I5~ and 
an account of the magnetic contribution to Gm of the fcc 
and hcp phases, which is based on a model due to Inden,t571 
and Hillert and JarlY 8~ In addition, we use the T O values for 
Fe-Mn alloys to gain information about the temperature for 
the fcc + hcp two-phase equilibrium in pure Fe at atmos- 
pheric pressure. Both modifications of Fe are metastable at 
ambient conditions, but the (metastable) fcc/hcp equi- 
librium temperature can be predicted by calculation, using 
a thermodynamic description of the pressure-temperature 
phase diagram of Fe. Such procedures has previously been 
applied, but the reported equilibrium temperatures t5~,541 
show a considerable discrepancyY 9j 

II. EXPERIMENTAL TECHNIQUES 

A. Alloys, Specimens, and Heat Treatments 

The alloys used in this study were made of electrolytic 
iron and manganese of 99.9 pct purity. They were arc- 
melted under an Ar pressure of 350 mm Hg. A Cu crucible 
refrigerated with water was used. Mechanical pump vac- 
uum (1.9 mm Hg) was obtained before introducing Ar up 
to a pressure of 160 mm Hg in the furnace chamber. This 
procedure was repeated at least three times before melting 
the alloys under the selected final Ar pressure. Once the 
final conditions were obtained, and in order to absorb the 
possible 02 left, a piece of pure Ti was melted before the 
Fe-Mn alloys. Special care was taken to avoid Mn evapo- 
ration. This was achieved by adopting an arrangement of 
the pure metals that allowed to melt the Fe first, which then 
acted as a closed box for the Mn. After melting, the pres- 
sure in the chamber increased between 20 and 50 mm Hg 
only, which corroborated that Mn evaporation was signifi- 
cantly inhibited. Each alloy was melted five times to in- 
crease its homogeneity. The weight of the alloys was about 
30 g, and the weight loss was 1 g in the alloy Fe-27.7 wt 
pct Mn (alloy number 10 in Table I) and between 0.3 and 
0.6 g in the other alloys. 

Each alloy was encapsulated in quartz under Ar atmos- 
phere, kept 48 hours at 1273 K, and then quenched in water 
at room temperature, breaking the capsule. Air cooling was 
used for alloy numbers 6 and 10 in Table I. From each 
alloy, samples were prepared using a spark cutter. Plates of 

25 • 3 • 1 mm were used for resistivity measurements, 
and samples with a rectangular cross section of 5 • 3 mm 
and 10-mm height were prepared for dilatometric measure- 
ments. Cylindrical samples of 12-mm length and 2-mm di- 
ameter were also mechanically prepared for additional 
dilatometric measurements. The samples were encapsulated 
separately in quartz under Ar pressure, heat-treated 1 hour 
at 1273 K, and then quenched in water, breaking the cap- 
sule. The specimens were mechanically polished using 600- 
grit paper and chemically polished using a 50 pct solution 
of HPO 3 in H202. 

The analysis of chemical composition was performed for 
each alloy used in this work. Analysis using a wave dis- 
persion spectrometer (WDS) was used for every alloy, and 
two additional methods were applied to check the first tech- 
nique for alloy numbers 6 and 10 (Table I). These were 
neutron activation and atomic absorption for Mn content. 
The composition analysis was performed on small pieces 
obtained from the samples, which were used for resistivity 
measurements. For example, Figure 1 shows the way in 
which the samples were selected for the neutron activation 
analysis of alloy numbers 6 and 10. The results, which are 
presented in Table II, suggest that a high degree of ho- 
mogeneity has been achieved in the present alloys. The 
WDS technique was applied with a PHILIPS* electron mi- 

*PHILIPS is a trademark of Philips Electronics Instrument Corp., 
Mahwah, NJ. 

croprobe. Each sample to be analyzed was included with 
the reference pure metals in the same acrylic button, and 
the surface was polished up to a diamond grain of  0.25/xm. 
The composition of the alloys determined in this way are 
given in Table I. 

B. Dilatometric and Electrical Resistivity Methods 

Electrical resistivity measurements were performed in a 
criostat that allowed a controlled temperature change be- 
tween 86 and 573 K. The temperature of the sample was 
measured by means of a Ni-Cr vs. Ni-A1 thermocouple 
welded on its surface. A direct current of 150 mA was used, 
and the potential drop was measured by means of a 148 
Keithley nanovoltmeter. Heating and cooling rates of about 
3 K/min were used in these measurements. 

Dilatometric measurements were performed by using two 
different dilatometers, one with a temperature range from 
103 to 623 K and a commercial dilatometer, Adamel Lho- 
margy. In both equipments, the specimen is connected to a 
linear variable differential transformer (LVDT) via a quartz 
tube. In the first one, a LVDT-type Hottinger W1E was 
used. The resolution of both systems is 10 -4 mm. A ther- 
mocouple was welded on the surface of the samples. A 
heating rate of 3 K/min was used for all the samples meas- 
ured in the first mentioned dilatometer. Samples of alloys 
1 and 2 were measured with the Adamel equipment, with 
two different heating rates depending on the maximum de- 
sired temperature, viz., a rate of 0.6 K/s was used when the 
maximum temperature was lower than 623 K and 1.25 K/ 
s for higher temperatures. 

To determine the martensitic transformation tempera- 
tures, the ratios Ap/po = [p(T) - p(TR)]/p(TR) and Ae//?o 
= [l(7) - I(TR)] / I(TR), where TR is room temperature, were 
studied as functions of T. The As and M, temperatures were 
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Table I. Martensitic Transformation Temperatures Obtained in the Present Work (With the Mn Content of the Alloys 
Determined by Microprobe Measurements Using a Wave Dispersion Spectrometer (WDS)) 

Electrical Resistivity Dilatometry 

First Cycle Second Cycle First Cycle Second Cycle 

Wt Pct Mn 
Alloy No. (WDS) M s (K) As (K) M s (K) A~ (K) Ms (K) A s (K) M s (K) A s (K) 

1 10.2 4- 0.2 . . . . . . . .  
2 13.7 ___ 0.6 . . . .  421.7 496 416.2 489.2 
3 15.9 4- 1.0 432 480.8 426 488.6 444 482.4 439.7 485.5 
4 19.3 + 0.4 401.2 470.3 394.7 476 417.5 471 x X 
5 21.9 + 0.4 395.7 439 404.2 445.3 375.9 449.7 x X 
6* 24.7 + 0.8 380 438 375.7 443.7 371.6 446 365.4 448.5 
7 25.1 ___ 0.6 329.4** 435 302 439 333.7 425.2 316.2 421.5 
8 26.5 +_ 0.1 - -  423 - -  - -  292.4 424 269.7 424 
9 27.3 ___ 0.3 303** 416 X x 268.5 422.8 259 417.8 

10 27.7 + 0.7 307** 416 - -  420.5 - -  414 - -  - -  
11 29.3 4- 1.3 253** 417 - -  419 280.5 411.7 - -  409.2 
12 30.6 + 0.5 . . . . . . . .  

Notes: X, not measured; - - ,  not observed in the experiment. 
*Additional cycles in electrical resistivity measurements gave the following values: 

Cycle M s (K) A s (K) 

3rd 377 444 
4th 374 445 

26th 373 458 

**See Section III-A-3. 

Fig. 1--Diagram showing how the alloy pieces needed for the neutron 
activation determination of the chemical composition were cut from the 
samples used for electrical resistivity measurements. The results of  the 
analysis are given in Table II. 

Table II. The Mn Content of Various Samples Taken from 
Alloys 6 and 10 (Figure 1), as Determined by Neutron 

Activation Analysis 

Alloy No. Sample Weight (mg) Wt Pct Mn 

10 

A61 3.011 4- 0.01 23.5 + 0.3 
A 6  2 2.788 4- 0.01 23.5 4- 0.3 
A63 3.081 + 0.01 23.1 4- 0.6 
A64 0.320 4- 0.01 23.9 4- 0.8 

A101 2.711 4- 0.01 27.7 4- 0.3 
A102 2.523 4- 0.01 27.6 _+ 0.3 

obtained by analyzing the variations in the slope in Aplpo 
vs T and Ae/f  0 vs T plots. This was, in general, performed 
by visual examination, but in certain cases, the derivatives 
o f  the Ap/po vs T and Ag/~ o vs T functions were considered 
as well. 

C. Optical Microscopy and Neutron Diffraction 
Experiments 

Metallographic observations were performed on several 
samples. Those were mechanically and chemically polished 
using a 5 pct solution o f  nitric acid in etilic alcohol. The 

usual morphologiest6O~ of  the (T) and (e) phases were ob- 
served. The melting procedure of  the present alloys led, in 
general, to T-phase grains o f  a columnar type. Estimates o f  
the average grain size were obtained by line analysis on an 
optical microscope. Examination o f  alloys 3, 4, 7, 9 and 12 
indicated that the smallest grain diameter was comprised 
between 94 and 132 /~m. In addition, neutron diffraction 
experiments were carried out to accurately establish the 
constitution o f  the experimental alloys as well as to deter- 
mine the lattice parameters o f  the various phases as a func- 
tion o f  the Mn content. E611 

I I I .  M A R T E N S I T I C  AND M A G N E T I C  
T R A N S F O R M A T I O N  T E M P E R A T U R E S  

A. Analysis of Electrical Resistivity Data 

The results (Table I) will be discussed by grouping the 
alloys according to their behavior. In the rest o f  this work, 
the composition o f  the alloys is given in weight percent. In 
each case, the heating o f  the sample was performed first, 
and the sample was cooled afterward to the lowest desired 
temperature. 

1. Alloys 3 (15.9 pct Mn), 4 (19.3 pct Mn), and 5 
(21.9 pct Mn) 

Figure 2 shows the Ap/po vs T curves for alloy 4 (19.3 
pct Mn), corresponding to the first and second cycles. At 
low temperatures, a mixture o f  3' and e is expected, t=j The 
abrupt change in slope observed at T = 470.3 K corre- 
sponds to the start o f  the e -4  Y transformation. For tem- 
peratures lower than My, no structural changes are de- 
termined through resistivity measurements, but the material 
is only partially transformed, t6zl A small difference between 
the values obtained before and after heating (points a and 
c in Figure 2(a)) was obtained in the first cycle, indicative 
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Fig. 2--Electrical resistivity v s  temperature data for the Fe-19.3 pet Mn 
alloy, obtained on heating and cooling during (a) the first thermal cycle 
and (b) the second cycle. 

of some hysteresis for temperatures lower than M~ This 
shows that the amount of martensite present in the sample 
at the states represented by points "a"  and "c"  was dif- 
ferent. The effect was not observed in the second cycle 
(Figure 2(b)). 

2. Alloys 6 (24.7pet Mn) and 7 (25.1 pet Mn) 
The Ap/po vs T curves for the 1 st, 4th, and 26th cycle 

for alloy 6 are shown in Figure 3. Figure 3(a) shows that 
the variation in resistivity due to the Y --> e transformation 
is smaller than the corresponding to the retransformation 
and that hysteresis is observed for temperatures lower than 
Ms. Closed loops were obtained in the following cycles, but 
the transformation temperatures did not remain constant 
(see the numerical values at the bottom of Table I). After 
the fourth cycle, additional thermal cycling was performed 
between liquid nitrogen temperature and 573 K. In partic- 
ular, the Ap/po vs T curve for the 26th cycle was determined 
(Figure 3(c)). A small decrease in Ms and an increase in A s 
was then observed (see values in Table I), and it was found 
that the magnitude of the resistivity change due to the y --> 
e transformation decreases with cycling; i.e., the amount of 
martensite formed on cooling decreases with increasing 
number of cycles. The change in slope detected at a tem- 
perature higher than M s corresponds to the paramagnetic to 
antiferromaguetic transformation in the y phase, t631 which 
is indicated as 7~N in Figure 3(c). 

Alloy 7 (Fe-25.1 pet Mn) presented an analogous behav- 
ior, but the Ms value from electrical resistivity that is given 

O . 7 f l  i t  1 1  i i i  1 1 1  i l l ,  I ~ 1  i i  , . 1 , 1  , i 1  , i 1  , 1 t 1 ~ 1 1  

1 st Cycle / / / e  -~T 

0"1 1 c /  a 
-0 ,1  ( a ! ,  

0 . 7  -, . . . . . . . .  I . . . . . . . . .  u . . . . . . . . .  , . . . . . . . . .  l 

t t 

F e - 2 4 . 7 w t % M n  ~ . -  f . _ . b  
0 0.5 4 t-h Cycle / / e - - ~ 7  

Q. 

0.1 

--0,3 i I i i i l l l l i , I  . . . .  , , , , , I ,  . . . . .  

I i i ~ i i i i i i i i i , i i i i i i b i i b i i ~ i i i i i i i i i i i , 0.7 , ? ..b j 

Fe-24.VwtT.Mn J r  i 
Q.O 0.5 26th Cycle ~ e - ~ T  ] 

o . ,  

_ o , ,  

. . . . . . .  2 ;b  . . . . . . .  f i ; o  . . . . . . .  i ; ' o  . . . .  i;o 
Temperature (K) 

Fig. 3--Electrical resistivity v s  temperature data for the Fe-24.7 pct Mn 
alloy, obtained on beating and cooling during (a) the first, (b) the fourth, 
and (c) the 26th thermal cycle. 

for this alloy in Table I was determined by another method, 
which is described in detail in the next subsection. 

3. Alloys 8 (26.5 pct Mn), 9 (27.3 pct Mn), 10 (27. 7 
pct Mn), and 11 (29.3 pct Mn) 

Figure 4 shows the Ap/po vs T curves obtained in the 
first and second cycles of alloy 11 (29.3 pct Mn). From the 
first heating curve (line ab in Figure 4(a)) the As tempera- 
ture can be easily determined. On cooling from the y state 
(point b, Figure 4(a)) a change in slope of the type expected 
for the magnetic transformation in y is observed, which is 
denoted as TrN. However, the superposition of the e ---) 3' 
and the magnetic transformation hinders an accurate deter- 
mination of T~ from the heating curve obtained in the first 
cycle. 

The existence of hysteresis in Figure 4 and in similar 
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Fig. ~ - E l e c t r i c a l  res is t ivi ty  v s  t empe ra tu r e  da ta  for  the  Fe-29.3  pe t  M n  
al loy,  ob ta ined  on hea t ing  and  cool ing  dur ing  (a) the first and  (b) the 
second  the rma l  cycle.  

0.7 

F l l l l ~ l l l l l l l l l E l l l l l ; l l  t t l l l l ~ l l l : ~ l J  F e - -  ~-~0" ( ~ w ~ 7 ~ M n  1 
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Fig. 5 - - E l e c t r i c a l  res is t ivi ty  v s  t empe ra tu r e  da ta  for  the Fe-30.6  pe t  M n  
al loy,  ob ta ined  on hea t ing  and  cool ing  dur ing  the first t he rma l  cycle.  

results for the Fe-26.5 pct Mn, Fe-27.3 pct Mn, and Fe- 
27.7 pct Mn alloys demonstrates that a structural transfor- 
mation took place on cooling. However, the Ms tem- 
peratures could not be determined from cooling curves of 
the type shown in Figure 4. The following procedure was 
adopted. The samples were subjected to thermal cycling in 
the temperature range [T, Aj], where T for cycle N + 1 was 
lower than T for cycle N. In this way, no hysteresis was 
present during the cycles for which T > Ms and appeared 
once T < M,. This method allowed us to bracket the start 
of the 3' -+ e transformation and to obtain a reasonably 

0.7 q l l l ~ E i  j l ~ l l l l ~ i  l l o l ~ l l l J l , l t l l l q l l h  ' ]  

I F e - 1 3 . 7 w t T ~ M n  / b  
o 5 / - o ' "  1st C y c l e  / y  

0.1 ~ / / 4  _ 

- - 0 1 / / -  
i 

U ~ 

T e l ~ p e r a t , ~ l r e  (K) 

Fig. g - - E l e c t r i c a l  res is t iv i ty  vs t empe ra tu r e  da ta  for  the  Fe-13.7  pc t  M n  
alloy,  ob ta ined  on hea t ing  and  cool ing  dur ing  the first t he rma l  cycle.  

accurate estimate of M, for the Fe-25.1 pct Mn, Fe-27.3 pct 
Mn, Fe-27.7 pct Mn and Fe-29.3 pct Mn alloys. No M s was 
detected in this way for the Fe-26.5 pct Mn alloy when T 
> 300 K. Additional information was obtained from dila- 
tometric measurements, which are reported in Section B. 

Finally, we should comment on the appreciable e ~ 3, 
transformation observed in Figure 4(a). Since the results of 
the second cycle (Figure 4(b)) and the following cycles 
demonstrate that thermally induced martensite is not easily 
formed in alloys of this composition, we suggest that the 
e-martensite responsible for the effect in Figure 4(a) has 
another origin. In particular, the handling of the sample 
before the first cycle might have introduced stress-induced 
martensite, which is known to occur in Fe-Mn alloys. ['6] 
This explanation is consistent with our other experimental 
results.[ 64] 

4. Alloy 12 (30. 6 pct Mn) 
The Ap/po vs T curves corresponding to alloy 12 (30.6 

pct Mn) (Figure 5) show that no hysteresis is observed with 
an uncertainty in the resistivity values corresponding to the 
thickness of the line, but the magnetic order-disorder tran- 
sition is well detected. Previous studies of the martensitic 
transformation in the Fe-Mn system show that the amount 
of e phase formed on cooling decreases with increasing Mn 
content, tg] The decrease in the width of the hysteresis loop 
observed when going from the alloy with 19.3 pct Mn (Fig- 
ure 2) to 24.7 pct Mn (Figure 3) and to 29.3 pct Mn (Figure 
4) also led us to expect an even narrower hysteresis loop for 
the alloy with 30.6 pct Mn, which is observed. In addition, 
the lack of detectable hysteresis for the Fe-30.6 pct Mn alloy 
adds to the significance of the small hysteresis observed in 
alloys with lower Mn contents, e.g., in Figure 4. 

5. Alloys 1 (lO.2 pct Mn) and 2 (13.7 pct Mn) 
The Ap/po vs T curve for alloy 2 (13.7 pct Mn) is shown 

in Figure 6. In Fe-Mn alloys with Mn content lower than 
18 pct, a body-centered cubic (bcc) phase has been re- 
ported, often called the ~ phase, which forms martensiti- 
cally on cooling,V2] and hinders the formation of e. How- 
ever, the existence of a closed loop at temperatures lower 
than the known A~7'r t6] of this alloy indicates that e mar- 
tensite is indeed formed. Its transformation temperatures 
were measured using dilatometric techniques, as explained 
in the next subsection. 
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No hysteresis was found for alloy 1 (10.2 pct Mn) in the 
temperature range from 123 to 573 K. 

B. Analysis o f  Dilatometric Measurements 

Figure 7 shows the dilatometric curve for alloy 2 (13.7 
pct Mn) corresponding to a thermal cycle between room 
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Fig. 1 0 - - T h e r m a l  expansion v s  tempera ture  data  for  the Fe-21.9 pct  M n  
alloy, obtained on heat ing and cool ing  dur ing  the first thermal  cycle.  

temperature and 693 K. The As and M s temperatures are 
now better defined than in the resistivity measurements in 
Figure 6. To determine if at room temperature a martensite 
is present together with the e phase, an additional heating 
to 1043 K was performed, and the corresponding AUe  o vs 
T curve is shown in Figure 8. On heating from room tem- 
perature (point a in the figure), an expansion takes place, 
which accounts for the e --~ y transformation. On further 
heating, a contraction is observed, which can be related to 
the a -4 y transformation. This implies that A~ -~r = 859 
K, which is in agreement with previously reported t6] values. 
The first abrupt change in slope observed on cooling is a 
contraction, indicating the M~ -~ temperature. The expan- 
sion of the sample, at about 420 K, is explained by the 
formation of c~ phase. Both martensitic structures e and c~ 
coexist at room temperature in this alloy. 

Dilatometric measurements performed on the Fe-10.2 pct 
Mn alloy between room temperature and 693 K showed no 
hysteresis, but a thermal cycle between room temperature 
and 1043 K (Figure 9) showed a closed loop, with an ex- 
pansion on heating starting at T = 911 K and a contraction 
on cooling starting at T = 524 K. These temperatures were 
taken as the A~ -~, and M~ -~ values, respectively. 

Complementary dilatometric measurements were also 
performed on the other alloys of Table I. Figure 10 shows 
the first cycle of alloy 5 (Fe-21.9 pct Mn). No information 
from the magnetic ordering of  the 3' phase is obtained from 
this curve because of the overlap of the 3, ~ e transfor- 
mation temperature with T~ The first two thermal cycles of 
alloy 6 (Fe-24.7 pct Mn) are shown in Figure 11. A de- 
crease in M, was observed (Table I). 

The dilatometric curves corresponding to alloys 7 (Fe- 
25.1 pct Mn), 8 (Fe-26.5 pct Mn), 9 (Fe-27.3 pct Mn), 10 
(Fe-27.7 pct Mn), and 11 (Fe-29.3 pct Mn) show that (a) 
the direct 3, ~ e transformation becomes more difficult to 
detect after the first few cycles, while the retransformation 
is clearly observed during several thermal cycles; (b) a 
higher amount of martensite is present after quenching than 
after the first cooling of the alloy; and (c) the magnetic 
transition in 3' is detected. For example, dilatometric results 
for alloy 8 (Fe-26.5 pct Mn) are shown in Figure 12. Fur- 
thermore, Figure 13 shows the first two thermal cycles of 
alloy 10 (Fe-27.7 pct Mn) for temperatures higher than 
room temperature. 
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Fig. 11--Thermal expansion vs temperature data for the Fe-24.7 pct Mn 
alloy, obtained on heating and cooling during the first and second thermal 
cycle. 

0 , 0 ~  I I I I I I I I l 1 1 1 1 H  I ~ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~ H  I I 1 1 1 1 1 1 t ' l l t [ l l l l ; 1 1  I I I 1 ' t 1 1 1 1 1 ~ 1 1 1  I l l t l  

0 .05  F e - 2 6 . 5 w t T . M n  / b  
0 . 0 4  I st C y c l e  ~ v ~ f  / / ~  

0.02 / 
0.Ol / 

0 a 
C 

~ 0 , 0  / I n l l l l n l l l l l t [ l l l l l l h l l l l t l l  I l q l l l l n l l h l l l l l l l l l n l  i ~1,1~1~11 i i i i 1 1 1 1 1 1 1 1 1  

I 

W e m p e r a t ,  u r e  (K) 
Fig. 12--Thermal expansion vs  temperature data for the Fe-26.5 pct alloy 
obtained on heating and cooling during the first thermal cycle. 

IV. DISCUSSION OF THE EXPERIMENTAL 
RESULTS 

A. General Considerations 

As and Ms temperatures arrived at in this work are given in 
Table I and compared in Figures 14 and 15, respectively, with 
the results according to various authors. [4J2,17,tS,22,25,62,65-741 The 
experimental data in these graphs scatter considerably, 
which further testifies to the difficulties in determining ex- 
perimentally the start of the y ~ e and e ~ y 
martensitic transformations in this system. A documented 
reason for the discrepancy among the authors is the pres- 
ence of impurities. There are indicationstm=] that the in- 
crease in the carbon content of the material depresses the 
M s temperature of Fe-Mn alloys. Gulyaev et a13 =1 per- 
formed dilatometric measurements in alloys with two dif- 
ferent degrees of purity, obtained by vacuum melting and 
open melting, respectively, and found an effect on M s of 
about 35 K. Figures 14 and 1 5 also illustrate the magnitude 
of the experimental scatter in a series of measurements 
based on the same technique, on alloys with comparable 
impurity contents. For instance, the composition depend- 
ence of the As values obtained by Umebayashi and Ishi- 
kawa [671 for an alloy with 21.4 pct Mn from magnetic 
susceptibility measurements (Figure 14) deviates negatively 
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Fig. 13--Thermal expansion vs  temperature data for the Fe-27.7 pct Mn 
alloy, obtained on heating and cooling during (a) the first and (b) the 
second thermal cycle. 

Fig. 14~The temperature A., for the start of the e ~ ~/ martensitic 
transformation in Fe-Mn alloys of various Mn contents, according to the 
present work and previous studies. The various experimental techniques 
used in previous work are indicated, viz., calorimetry (C), dilatometry (D), 
differential thermal analysis (DTA), measurement of the elastic constants 
(E) and of the magnetic susceptibility (S), and thermal analysis (TA). The 
letters h.p. refer to the results obtained by Gulyaev e t  al. tz21 on Fe-Mn 
alloys of high purity. The dashed lines determine the limits of what we 
have considered as the probable range of A, values for Fe-Mn alloys. 

more than 40 K from what one expects from the trend of 
their remaining results. Another factor that is expected to 
affect the experimentally determined transformation tem- 
peratures is the grain size (GS). In a recent work, Takaki 
et a1.[751 showed that M~ for an Fe-15 pct Mn alloy decreases 
rapidly with the GS if the size of the austenite grain is 
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Fig. 15--The temperature M~ for the start of the 7 --> e martensitic 
transformation in Fe-Mn alloys of various Mn contents, according to the 
present work and previous studies. The various experimental techniques 
used in previous work are indicated, viz. ,  calorimetry (C), dilatometry (D) ,  

differential thermal analysis (DTA), measurements of the elastic constants 
(E)  and of the magnetic susceptibility (S), and thermal analysis (TA). The 
letters h.p. and st.p. refer to the results obtained by Gulyaev et al. [22] on 
Fe-Mn alloys of high purity and standard purity, respectively. The dashed 
lines determine the limits of what we have considered as the probable 
range of M, values for Fe-Mn alloys. 
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Fig. 16~The results of a least-squares fit to those A, vs pct Mn values 
from the literature that fall in the scatter band of Fig. 14 (solid line) 
compared with the A, values determined in the present work (symbols). 

smaller than about 30 /xm but is weakly dependent upon 
GS when the size of the austenite grain is larger. The GS 
of the alloys studied in the present work (Section II-C) falls 
in the latter range, and thus the present M~ transformation 
temperatures should be taken as essentially insensitive to 
small variations in GS. Finally, the martensitic transfor- 
mation temperatures are also expected to depend upon the 
density of the crystal defects introduced during the prepa- 
ration of the samples or the thermal cycling. A systematic 
study of this effect is in progress.I6~] In summary, there is 
not enough information to accurately discuss the discrep- 
ancies in the data from the literature, but it is evident that 
the majority of the reported A, and M, fall in scatter bands 
corresponding to a maximum uncertainty of 45 K in A~ and 
60 K in M~. These bands, which are indicated by using 
dashed lines in Figures 14 and 15, are proposed here as a 
natural way to describe the range of probable transforma- 
tion temperatures. Following this criterion, the A,. data pre- 
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Fig. 17--The composition dependence of the A, a n d  M~ temperatures 
determined in the present work (symbols) by using dilatometric (D) and 
electrical resistivity measurements (R). The dashed-dotted line labeled 

gives the composition dependence of the Nrel temperature of the fcc 
phase according to the phenomenological representation reported by 
H u a n g P  61 The two dashed straight lines refer to the results of a least- 
squares treatment of the A, vs pct Mn data (Le., Eq .  [1])  a n d  M, vs  pct 
Mn data (i.e., Eq.  [3]),  corresponding to compositions where A,  > T'} and 
M, > T~N. 

sented by Ishida and Nishizawa [7~ will be considered as too 
high. 

B. Composition Dependence o f  A s and M s 

Figures 14 and 15 demonstrate that the present experi- 
mental values fall in the scatter bands of the data from the 
literature. In particular, a least-squares treatment of our A, 
values gives 

A, (K) = (569 + 7) - (5.4 + 0.3)WMo [1] 

where WMn is weight percent Mn. This will be compared 
with the result of an analogous treatment of the remaining 
data included in the band in Figure 14, viz., 

A~ (K) = (550 + 11) - (4.8 _+ 0.5)WM, [2] 

Figure 16 demonstrates that the A~ values predicted by Eq. [2] 
(solid line) agree very well with the present measurements 
(symbols), which adds to the credibility of the retransfor- 
mation temperatures determined in our work. 

The present M~ temperatures also fall in the scatter band 
of the previously published data and decrease with increas- 
ing Mn content but indicate a more complex composition 
dependence than that shown by A s. We find that M, de- 
creases almost linearly with increasing Mn content up to 
about 23 pct Mn but deviates rapidly from the linear be- 
havior between 23 and about 30 pct Mn. To gain insight 
into the reasons for the different behavior of A, and M,, we 
plot in Figure 17 the transformation temperatures deter- 
mined in this work (symbols) and the Nrel temperature of 
the fcc phase, 7VN, which we represent by using the Iv N vs 
weight percent Mn function proposed by Huang,t567 (Section 
C). In addition, we plot in Figure 17 the A~ values predicted 
by Eq. [1] and the M, according to a similar least-squares 
treatment of the results for alloys with up to 21.9 pct Mn, 
which gives 

M~ (K) = (522 + 35) - (6.0 _+ 2)WMn [3] 

Figure 17 demonstrates that there is very good agreement 
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Fig. 1 8 ~ h e  composition dependence of ~ for the fcc phase in the F e -  
Mn system according to experimental data from various authors (symbols) 
and the phenomenological representation reported by Huang1561 (dashed- 
dotted line). The various experimental techniques used in those works are 
indicated, viz., calorimetry (C), dilatometry (D), measurements of the 
elastic constants (E), M6ssbauer spectroscopy (M), electrical resistivity 
(R), magnetic susceptibility (S), thermoelectric power (T.P.), and X-ray 
diffraction determination of the lattice parameters (X). 

between the transformation temperatures determined by the 
two experimental techniques used by us. From the values 
in Table I, we evaluate an average difference between re- 
sistivity and dilatometry of (5 + 4) K in A~, and (15 _+ 8) 
K in M,. Besides, this graphic suggests that there is a re- 
lation between the composition dependence of the trans- 
formation temperatures and the magnetic state of the fcc 
phase. The alloys that transform martensitically from or to 
the paramagnetic fcc phase show A~ and M~ temperatures 
that vary almost linearly with the Mn content. Alloys that 
transform martensitically from a magnetically ordered fcc 
phase show Ms temperatures that deviate rapidly from the 
linear behavior. Indeed, there are in Figure 17 two A~ values 
that fall below the N6el temperature line, but they are too 
close to ~u, and no conclusion can be drawn about the 
magnetic effect upon the A, vs percent Mn function. The 
rapid decrease in Ms shown by the data in Figure 17 and 
the fact that no e martensite was detected in the alloy with 
30.6 pct Mn (Section III) are indicative of a rapid stabili- 
zation of the fcc phase relative to hcp, and in Section V, 
we shall search for the origin of this effect in the thermo- 
dynamics of these phases. 

C. Composition Dependence of  T~ 

The present treatment of magnetic effects upon phase 
stabilities will rely on the knowledge of the N~el temper- 
ature of the fcc and hcp structures. The properties of hcp 
are poorly known, and in Section V-B, we explain how 
this phase was treated by us. In contrast with this, the N6el 
temperature of the fcc phase has been determined by sev- 
eral authors [3~ (Figure 18). In addition, we plot in 
Figure 18 the ~N VS composition function obtained by 
Huang I561 by fitting a third-degree polynomial to the data 
from references 67 and 77 through 79. The present dilato- 
metric and resistivity measurements gave information about 
the limits of the temperature range within which the trans- 
formation took place, which were always in line with the 
data in Figure 18 but only for the alloys with 29.3 pct Mn 
and 30.6 pct Mn we obtained accurate/v x values. Therefore, 

we shall base our thermodynamic treatment upon the math- 
ematical description of 7v u due to Huang. [561 

In closing this subsection, we shall return to Figure 14. 
This graphic shows an experimental dilatometric data point 
corresponding to 25 pct Mn, due to Tolba-Sallam et al.,  [721 

which falls outside of the band of the A, data. When heating 
this alloy, they observed an expansion between 388 and 433 
K and interpreted these temperatures as the beginning and 
the end of the e ~ y, transformation, respectively. How- 
ever, we note that their lowest temperature, 388 K, is close 
to the N~el temperature of the alloy according to the ex- 
pression by Huang, E561 viz., 395 K. Besides, the highest tem- 
perature determined by Tolba-Sallam et al., 433 K, com- 
pares very well with the A, values determined in the present 
work for the alloy with 24.7 pct Mn, viz., 438 and 446 K 
(Table I). Finally, the A, value predicted by Eq. [1], 432.8 
K, is also in excellent agreement with their result. 

V. THERMODYNAMIC ANALYSIS 

A. Definition and Estimation of  the T~ Temperature 

The thermodynamic analysis of martensitic transforma- 
tion temperatures at a given pressure is usually performed 
by invoking the concept of T~, temperature.I47,481 Applied to 
the present transformation between fcc and hcp, the To tem- 
perature of an alloy with a Mn content described by the 
atomic fraction XMn is defined by the following equation: 

G~ ~c~ (T0,xMn) = G~2 cp~ (r,,,x~.) [4] 

where G,, is the integral Gibbs energy per mol of atoms. It 
is knownE471 that T~ can be estimated from experimental val- 
ues of the A~ and M, temperatures, and a frequently applied 
approximationI47.481 makes To equal to the average of these 
transformation temperatures, viz., 

A~ + M,. 
~ - - -  ES] 

2 

Equation [5] has often been applied to nonthermoelastic 
martensitic transformations, whereas for the thermoelastic 
case, e.g., in Cu-based alloys, [ss,s91 T 0 has been estimated 
(M, + Aj)/2 or (M~. + A,)/2. Since the y ~ e martensitic 
transformation in Fe-Mn-X is generally [4~ considered as 
nonthermoelastic, the simplest choice given by Eq. [5] was 
adopted in the present study. Then we used Eqs. [4] and 
[5] together with our measurements of M, and A, to gain 
thermodynamic information on the hcp phase, which is 
metastable in the Fe-Mn system. This method has success- 
fully been applied to the Fe-Co [~~ and Co-Ni [9tl systems. 

B. Thermodynamic Modeling of  Gibbs Energy 

The Gibbs energy per mole of atoms of the fcc or hcp 
phase was described by resolving it into a magnetic AG ~g 
and a nonmagnetic contribution, according to the following 
expression: 

G~ = XFe ~ + XM. ~ + RT(XFe In xvo 
+ XMn in xM,) + F~G~ + AQ'~[6]  

where x~ (i = Fe, Mn) is the atomic fraction of the element 
i; R is the universal gas constant; ~ is the molar Gibbs 
energy of the element i, with the structure of the phase 4' 
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(~b = % e) in a nonmagnetic state; and eG~ is the excess 
Gibbs energy. The ~ i quantities were referred to the en- 
thalpy of a special standard state recommended by the Sci- 
entific Group Thermodata Europe (SGTE) organization,t921 
which is defined as the stable state at 298.15 K and 0.1 
MPa. All necessary information about ~ i was taken from 
assessments of the thermodynamic properties of Fe t541 and 
Mn.t55,561 The magnetic contribution to Gm was described by 
using Hillert and Jarl's t581 modification of the model pro- 
posed by Inden,t57j which gives 

ACem"g'~ = R T ln(fl ~ + 1)f~(~ - ~) [7] 

where/3~ is a composition-dependent parameter that is re- 
lated to the total magnetic entropy, i.e., the quantity 
Ag~mg,,~ (oe) - ASmg,~ (0), as follows: 

AS~m'~(~) - ASu,~(0) = R ln(fl~ + 1) [8] 

The variable 7 ~ is defined as T/T~, where T~ is the critical 
temperature for magnetic ordering of the structure th, i.e., 
the Nrel temperature of fcc and hcp, as a function of com- 
position, and f~ represents the polynomial of Hillert and 
Jar1554,55J 

The variation of T~ with Mn content was described using 
the expression reported by HuangY 6J According to Ohno 
and Mekata, f931 ~N does not change with composition for 
0.178 < X~n < 0.286. Lacking additional information, we 
assumed that ~ remains constant in the whole range of 
interest in this work, viz., ~ = 230 K. [93] Following pre- 
vious work, [90,91] we described the composition dependence 
of/3r by adopting the following phenomenological expres- 
sion: 

/3 ~ = XFe O/3F~ + XMn ~176 --  (1/3)XFeXMn /3~'e,~ [91 

where the quantities ofl~o and 0/3~n, which refer to fcc Fe 
and fcc Mn, were taken from References 54 and 55, re- 
spectively. The quantity [3~. Mn describes the deviations of 
the/3 value from the linear interpolation between the o/3 for 
the pure elements. This quantity is discussed in detail in 
Section V.D. Since a/3 vs XMn function for the hep phase 
has not yet been determined experimentally, we used the 
composition-independent value /3~ = 0.25, which was es- 
timated by adopting the Weiss and Tauer E94,951 ap- 
proximation/3~ = n~ and the experimentalt93J magnetic mo- 
ment n~. This will not affect the conclusions of our study, 
because the present calculations concern only temperatures 
higher than the Nrel temperature of the e phase. 

The excess Gibbs energy term ZG~ m in Eq. [6] was treated 
by adopting the subregular approximation of the Redlich- 
Kister [961 power series, viz., 

eG~ = XFeXMn [~ + 1Z~(XFe --  XMn)] [10]  

The interaction parameters ~ and ILr have been studied 
by HuangtS61 as a part of a thermodynamic assessment of 
the Fe-Mn system, and we accepted this description of 
eG~m. The parameters ~ and ~L" corresponding to the hcp 
phase were treated as constants and determined from our 
To temperature data. 

C. Evaluation o f  T o Temperatures and Extrapolation to 
Pure Fe 

Lacking any evidence of the applicability of Eq. [5] in 
the presence of magnetic effects, we restricted its use to the 

range of Mn contents, where both A s and M s vary linearly 
with composition, i.e., only to the alloys with 13.7 p c t <  
wt pet Mn < 21.9 pct. The resulting To values can be rep- 
resented by the equation 

T 0(K) = (550 + 1 8 ) -  (6.0 + 1)WM, [11] 

According to this expression, if the T o vs composition 
function for the fcc/hcp transformation remains linear in the 
low-Mn range of the system, one would have T o = (550 
_+ 18) K for pure Fe. This value coincides, by definition, 
with the temperature for the fcc/hcp equilibrium at 1 atm. 
This equilibrium in Fe is stable only at high pressures, but 
an extrapolation based on the Mumaghan equation of 
state t971 was performed by Fem~indez Guillermet and Gus- 
tafson, L54] who obtained T o = 520 K at 1 atm. This temper- 
ature is only (30 _+ 18) K lower than the value given by 
the present extrapolation. In contrast, the thermodynamic 
description of Fe developed by Kaufman and co-work- 
ers [5~ predicts a considerably lower value, viz., T O = 
390 K. Kaufman's value is the result of an elaborate treat- 
ment of various kinds of information. As a consequence, it 
is difficult to know whether their fcc/hcp metastable equi- 
librium temperature was controlled mainly by the high- 
pressure data tS~l or by the data on the phase diagram and 
martensitic transformations in the Fe-Ru system. ~5~,99,1~176 
Still, we note that the slope of the fcc/hcp equilibrium line 
in Kaufman's calculated T vs P phase diagram for Fe [99,98] 
is larger than the experimental,tlOU and it seems evident that 
a better agreement with the high-pressure experiments 
could be achieved by increasing their fcc/hcp metastable 
equilibrium temperature at P = 1 atm. This would bring 
their T O closer to our result, without necessarily contradict- 
ing the T o data in Fe-Ru alloys. C99,511 Alternatively, we note 
that in order to reconcile the present data on T O for alloys 
with Kaufman's value for Fe, it is necessary that the T o line 
in the Fe-Mn system deviates rapidly from the linear be- 
havior at low Mn contents. A direct experimental verifica- 
tion of this hypothesis is hampered by the fact that the bcc 
phase predominates in the products of the martensitic trans- 
formation of the fcc phase. However, even if one could 
postulate, e.g., on theoretical grounds, a physical effect re- 
sponsible for such nonlinearity of the To line and thereby 
conclude that the present value To = (550 + 18) K is too 
high, it would remain to be explained why the extrapolation 
in the T vs P phase diagram of pure Fet54J gives a close 
result. In view of these facts, the description of Fe given 
in Reference 54 was used to analyze the present results. 

D. Composition Dependence o f  To at High Mn Contents 

Among the various thermodynamic quantities introduced 
in Section A, only two remain to be discussed. The first 
quantity is the parameter/3[e.Mn, which is related to the mag- 
netic entropy of the fcc phase (Eq. [8]), and the second is 
the excess Gibbs energy of the hcp phase, which is de- 
scribed by the parameters ~ and ~L ~ (Eq. [10]). The first 
quantity can only be determined from information on the 
magnetic entropy of Fe-Mn alloys, which is obtained from 
measurements of the heat capacity. This type of  information 
is available from the work by Hashimoto and Ishikawa ~TvJ 
only for Mn contents that are larger than the compositions 
of interest in the present study. Therefore, we did not use 
their t771 data, but we explored the effect of changing/3~o,M ~ 

1966~VOLUME 26A, AUGUST 1995 METALLURGICAL AND MATERIALS TRANSACTIONS A 



! P r e s e n t W o r k :  

*,{R 
M, (r) 

600 . . . .  , . . . .  , . . . .  ~ . . . .  , . . . .  , ^ , ( D )  

0 Ms D) 
56o i~ A'+M')/~ b"/ A,+Md/Z 

i Cal~ulaLed To-Lines 
5 2 0  . . . . . . . . . . . . .  

~f 480 �9 ,l'_ J - -  

~ 440 o I_1 - ~ - -  

iii ~ - - hep and fee 

360 / 

/ : i  ..... , r , ,  r , , , ,  , " f f -  0 2 4 
240 '' ~ . . . .  

5 1 0  t5  20 25 30 35 40 

Weight 7. Mn 

Fig. 19--The composition dependence of the T o temperature (solid line), 
defined by Eq. [4], calculated by adopting various values of the /3~,M n 
parameter (Eq. [9]) that determines the total magnetic entropy (Eq. [8]), 
compared with experimental values of A~ (squares) and M~ (circles) 
obtained in the present work. The triangles refer to To temperature values 
estimated as T O = (A~ + M~)/2 (Eq. [5]). The dashed-dotted line represents 
the calculated T o temperature corresponding to the case in which neither 
fcc nor hop present a magnetic transition. The dashed line labeled T~ 
describes the composition dependence of the N6el temperature of the fcc 
phase according to the phenomenological representation reported by 
HuangY 6~ 

Table III. Total Magnetic Entropy of fcc Fe-Mn Alloys of 
30, 40, and 50 At. Pct Mn, According to a Calculation Based 
on Eqs. [8l and [9], with the Known ~ and ~ (Section 

o V) and 13 F~,M~ = 3, Compared with the Values Extracted by 
Hashimoto and Ishikawa [77] from Cp Data 

Magnetic Entropy (Eq. [8]) (J/K.mol) 

Hashimoto and 
Mn Content Present Estimate Ishikawa [77] 

(At. Pct) (Using /3VFr n = 3) (From Cp Data) 

30 3.2 5.8 
40 3.0 3.7 
50 2.9 2.5 

in a series of calculations where this parameter was varied 
systematically so that we covered the range of magnetic 
entropies that are expected from Reference 77. In each of 

y these calculations, /3Fo.Mn was given a value, and then the 
~ and ~L" parameters were evaluated using the To temper- 
atures estimated in the previous section. The analysis was 
performed by means of  a computer optimization pro- 
gram, u~ which minimizes the square sum of the differ- 
ences between experimental and calculated values for To. 

A comparison between experiments and calculations is 
given in Figure 19, where we plot the To lines obtained 
with /3Fo,Mn values increasing between 0 and 4, which cor- 
responds to decreasing magnetic entropies. In addition, we 
plot the To line corresponding to the hypothetical case 
where there is no magnetic transition in fcc or hcp, which 
was simulated by setting equal to zero the Nrel tempera- 
tures of both phases. Figure 19 demonstrates that the To 
line calculated by means of the present models accounts 
well for the composition dependence of the points obtained 
as (As + Ms)~2 from our measurements (triangles). These 
calculations also show that one can reproduce equally well 
the experiments in the linear part of the To line by using 

different values for the parameter /~e,Mn, which is natural, 
because in this range, the fcc phase remains in the para- 
magnetic state. In addition, our calculations predict that To 
deviates rapidly from the linear behavior for Mn contents 
just to the fight of the point where T o = ~ .  

Since the approximation To = (As + Ms)~2 was not ap- 
plied to alloys having at least one of the transformation 
temperatures in the antiferromagnetic range of fcc, we can- 
not use the present measurements to directly identify the 
true T O line among the various possibilities shown in Figure 
19. However, by relying on the definition of T O and its 
qualitative relation to M~ and As, one could estimate a range 
of probable/3L.Mn values, i.e., of probable magnetic entro- 
pies. For the transformation to occur on cooling, it is nec- 
essary that To > Ms; i.e., the true T O line for the Fe-Mn 
system should fall to the right of the data points represent- 
ing an fcc ---) hcp transformation. According to the results 
in Figure 19, this condition starts to be fulfilled when •Fe,Mn 
falls somewhere between 2 and 3. To see how this result 
compares with the available magnetic entropy data, we 
compare in Table III the entropies reported by Hashimoto 
and Ishikawat77] for alloys containing 30, 40, and 50 at. pct 
Mn, with the values one would get by using Eqs. [8] and 
[9] and the tentative value/3L,M. = 3. It is encouraging that 
two of the three results from Reference 77 are reasonably 
well accounted for by the calculation. 

E. Final  Comparisons with Previous Work 

A thermodynamic calculation of the fcc/hcp T o line was 
reported long ago by Breedis and Kaufman.t531 Their cal- 
culation predicted a possible range for the fcc ~ hcp trans- 
formation extending up to Mn contents of about 50 at. pct 
Mn. In the work by Rabinkin,t491 an attempt was made to 
account for magnetic effects in the y and e phases. His 
analysis also predicted a range for the fcc 4-~ hcp transfor- 
mation larger than that reported in References 12, 21, and 
82. Gartstein and Rabinkin t241 studied the y ---) e transfor- 
mation in Fe-Mn alloys using transmission electron mi- 
croscopy and found small needles of the e phase in 
quenched alloys with 37.2 at. pct Mn, which falls outside 
the composition range where the transformation has been 
detected (Figure 15) and the range predicted by the calcu- 
lations in Figure 19. Additional observations of the for- 
mation of small amounts of e at large Mn contents were 
reported by Rabinkin et al.,Vo31 from a Mrssbaner spectros- 
copy study of a quenched Fe-37.2 at. pct Mn alloy, and by 
Gulyaev et aL,t39] from an electron microscopy study of an 
Fe-29.5 wt pct Mn alloy. However, neither in these 
works [393~ nor in that of Gartstein and Rabinkin t241 is there 
conclusive evidence that the martensite phase observed was 
induced only by cooling. 

Finally, we shall compare the present results with those 
obtained by Huangt561 as a part of the assessment of the Fe- 
Mn system. Huang analyzed the fcc/hcp metastable equi- 
libria, using the models described in this section, but 
described the fir parameter by neglecting the third term of 
the right-hand side in Eq. [9]. This approximation is not 
supported by the present work, where we find that the M s 
temperatures for alloys with more than about 25 pct Mn 
cannot be reconciled with calculations of T O without ac- 
cepting that ilL,M, is of the order of 3. As a consequence, 
the To line calculated by using Huang's description of the 
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Fig. 20--The composition dependence of the To temperature, defined by 
Eq. [4], calculated in the present work by adopting the value /3~o.M n = 3 
(thick solid line) and by relying on the thermodynamic description of y 
an e presented by Huang [56j (thin solid line). T O temperature values 
estimated from the present results for As and Ms as T O = (A s + M~)/2 (Eq. 
[5]) are shown. The dashed line labeled ~ describes the composition 
dependence of the N+el temperature of the fcc phase according to the 
phenomenological representation reported by HuangY 6] 

fcc phase falls to the left of  the one we calculate by taking 
fl~r = 3. This is demonstrated in Figure 20. 
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