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Abstract. In this paper the results of a systematic study of the fcclhcp relative phase stability in the Fe-Mn-Co
system are presented, which is based on new, extensive measurements of the martensitic transformation
temperatures. The whole range of compositions where the transformation occurs has now been covered. A
thermodynamic analysis of the experimental information based on Gibbs energy modelling of the Fe-Mn-Co, Fe-Mn
and Fe-Co systems is performed. The To temperatures for the Fe-Mn-Co system are established. It is shown how
ternary information can be utilized to assess the Gibbs energy function of the hcp phase, which is not stable in the
Fe-rich region of the binary Fe-Co system.

1. INTRODUCTION

Considerable effort has been devoted over the years to develop databases with assessed thermodynamic
information on metals, their binary and higher-order alloys. Such an activity has been stimulated by the
recognition that thermodynamics offers a key route to understanding the macroscopic behaviour of real
systems, and provides an additional basis for designing new materials. Establishing the thermodynamics of a
multicomponent alloy system is a demanding task, which requires relatively large amounts of experimental
information. However, such information might not be available. In fact, the data that are involved in the
evaluation of the Gibbs energy function of stable phases are frequently scarce, unreliable or completely
lacking. A particularly difficult case is encountered when the phase that is the target of the assessment is not
stable in the ranges of chemical composition, temperature or pressure that can be reached by the current
experimental techniques. When focussing on the fcclhcp relative stabilities in Fe-Mn-Co alloys one faces
both kinds of problems. Firstly, there is a martensitic transformation (MT) between these phases, but the
experimental information about it is scarce [I-31. Secondly, the fact that the hcp phase in Fe-rich Fe-Co
alloys is not stable under ordinary conditions makes it difficult to determine accurately the Gibbs energy
function of this phase [4]. In a previous work [5] we presented information about the Fe-Mn-Co system
covering the range of Mn contents in which the MT takes place, but for low Co contents, only. We also
explored the possibility of using ternary information in refining the Gibbs energy function for the hcp phase
in the Fe-Co system [5]. An open question is, however, how the iso-A, and iso-M, lines for the fcclhcp MTs
in the Fe-Mn-Co system behave at high Co contents, and what is the result of using such ternary
information in assessing the fcclhcp stability in Fe-rich region of the Fe-Co system. Another point of interest
is the presence of a third martensitic phase in this alloys a bcc (a) phase. In Fe-Mn alloys this phase forms
rnartensitically only in alloys with less than about 16 wt.% Mn [6, 71 However, it is not known how this
limit changes with the addition of Co, and how the presence of the a phase does affect the temperatures for
the start of the fcclhcp MT. The purpose of this work is to extend our previous study of the fcclhcp MT in
Fe-Mn-Co alloys [ 5 ] to regions of low Mn contents ( 4 6 wt.%), as well as to high Co contents (>8 wt.%).
With this new information a full thermodynamic analysis will also be performed.
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2. EXPERIMENTAL TECHNIQUES

The preparation of Fe-Mn-Co alloys was described previously [5]. Briefly, pure elements were arc-melted
several times under an Ar atmosphere. The resulting alloys were encapsulated in quaitz under an Ar
atmosphere, kept 48 hours at 1273 K and quenched in water at room temperature. Fe-Mn-Co samples for
dilatometric and electrical resistivity measurements were spark cut, encapsulated in quartz under Ar,
annealed 1 hour at 1273 K and finally quenched in water. The MT temperatures were determined either by
dilatometry or by electrical resistivity measurements, with a Chromel-Alumel thermocouple welded on the
sample. Both equipments are home-made and work in the range from 190 K to 680 K. In order to determine
if the bcc (a) martensitic phase was present in the alloys, an indirect experimental method which uses an
Adamel-Lhomargy LK-02 dilatometer was applied. The method has been explained in detail in ref [8]. Here
we give only the main points. The MT from the fcc phase to the bcc phase occurs at a higher temperature
than the hcplfcc MT and has an opposite volume change. The existence and formation of the a phase was
investigated after the measurement of the fcclhcp MT temperatures by performing an extra heating-cooling
cycle between room temperature and 1273 K in the Adamel dilatometer. Small pieces from the samples
were spark cut for analysing its chemical composition. The analysis was carried out by using the wave
dispersive energy (WDS) technique in a Phillips scanning electron microscope and the pure metals as
standards. In this paper all the compositions are given in weight percentage and all the temperatures are in
K.
3. TRENDS IN M, AND A, TEMPERATURES
TheMTsdeterminedasdescribedinSection2are
represented in Fig. 1 In this figure each data point
represents the composition of an alloy, and the
number close to it is the MT temperature
measured dilatometrically. The a symbol close to
a point indicates that the martensitic bcc phase
was determined to be present in the sample. The
samples with Mn contents up to 12% and the
alloy with 13.9 %Mn-141 %Co do not show the
fccihcp M T However, in these alloys the fccibcc
MT was detected. The alloys with 13.2 %Mn-4.8
%Co and 14.3 %Mn-9.0 %Co show a slight
hcplfcc MT. It was not possible to measure the
M, temperature on cooling, but a subsequent
heating revealed the occurrence of the hcplfcc
MT. It was found that the a phase was also
present in these alloys in the temperature range
where the fcckcp and hcplfcc MTs occur. The
same was observed in alloys with 14.7 %Mn-3.1
%Co, 15.5 %Mn-12.9 %Co, 17.6 %Mn-11.8
%Co and 18.3 %Mn-16.2 % C o In this group the
fcclhcp and hcplfcc MTs were well detected, but
it is quite possible that the presence of the a phase
might have influenced the observed fccihcp MT
temperatures. We return to this point in Section
5. These alloys have been used to determine the
boundaries of the region where the a phase can
form. In the alloys located t o the right of this
boundary in Fig. 1, the fcckcp and hcplfcc MTs
occur in the absence of the a phase. The dashed
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Fig. 1: 4 and M, temperatures for Fe-Mn-Co alloys
measured. Data from refs. [I-31 are given for comparison.
Each point represents an alloy and the number close to it
is the measured msfomation temperawe in K, The
dashed lines are .guides to the eye.

limes in Fig. 1 connect points with the same values of M, and &. In the alloys with Mn contents between
about 18% and 25% the iso-A, and iso-M, lines tend to deviate from the vertical towards the Co axis. For
Co contents lower than about 9-10% this tendence is slight, i.e., low Co additions have a small effect upon
the MT temperatures of the Fe-Mn alloys. At higher Co contents the deviation is stronger, indicating a
stabilization of the fcc phase with respect to the hcp phase. At higher Mn contents, i.e. above 25%Mn, the
slope of the iso-A, and iso-M, lines indicate a relative stabilization of the hcp phase. Such a qualitative
change in behaviour of the iso-M, and iso-A, lines is essentially due to the existence of an antiferromagnetic
ordering reaction in the fcc phase, the effects of which have been discussed in our previous papers [5-71.
Here we only comment on the composition dependence of the Nee1 temperature of the fcc phase (T: ) in
the Fe-Mn-Co alloys. :T increases with the Mn content [6, 73, but is decreased with increasing Co
additions [9]. The latter effect destabilizes fcc and thus promotes the fcc/hcp MT. The region where the
qualitative change in behaviour of the iso-M, and iso-A, lines occurs is located around 25% Mn. There :T
is close to or falls between A, and Iv&. Since the antiferromagnetic ordering reaction plays a key role in
determining the fcclhcp relative stability in Fe-Mn [5-71, and Fe-Mn-X [5] alloys, new magnetic
measurements are currently camed out by us in order to establish in detail the composition dependence of
T: in the Fe-Mn-Co system as well as in other Fe-Mn-X systems.
4. THERMODYNAMIC ANALYSIS
4.1 Gibbs Energy Modelling

The G, finction of the fcc or hcp phase in the Fe-Mn-Co system is described by the following expression:
G: = x c o O ~ $+oxFeOG$!, + x M n O ~+ kR T ( XIn~ xco
~ + xFeIn X F +
~ xMnIn xMn)
(1)
+ x c O X F ~ L % ~ , F ~ + x C o x M n L % o , ~ + xFexMnLbe,Mn f AGEg'@
where xi (i=Fe,Mn,Co) is the atomic fraction of the element i and

OGQ

is the Gibbs energy of the element i

with the structure of the phase Q in a non-magnetic state and AGmg is the magnetic contribution. The
information about OG? was taken from assessments of the thermodynamic properties of Fe [lo], Co [11]
and Mn [12]. The magnetic contribution AGEg'@ was described by using the Hillert-Jar1 [13]
phenomenological model, which gives

P@is a composition dependent parameter related to the total
A s E ~(m)
, ~- AS:^,$ (0) , as follows

where

magnetic entropy, i.e., the quantity

The variable T@ is defined as T 1T i where I$
is the Nee1 temperature of

(fcc or hcp). When applying the

model to alloys, $@ and T$ are to be expressed as functions of composition. This was done as explained in
refs.[l4] and [15]. The composition dependent L$ (i,j=Co,Fe,Mn) parameters in Eq. (1) originate in the
various binary subsystems of the present ternary, and acGount phenomenologically for the deviations from
the ideal behaviour in the non-magnetic Gibbs energy. The L$ parameters for the fcc phase of the Fe-Co
and Mn-Co systems were directly taken from refs.[l4] and [16], respectively. The fcc phase of the Fe-Mn
value from ref. [17], but its pfcc vs. composition function was taken
system was treated using the
from our previous work [6,7]. The hcp phase in the Fe-Mn and Mn-Co systems was described using the
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L? parameters reported in refs, [6, 71 and [16], respectively. For the description of the binary hcp phase
of the Fe-Co system a subregular solution approximation (SSA), given by,

o hcp 1 hcp
Co,FeZ L ~ o , ~ eLCO,F~(XCO
+
-x F ~ )

Lhcp

(4)

hcp
was adopted. In Eq. (4) 0LbPe
and ~~,L::'
are composition independent parameters that account
phenomenologically for the interaction between Fe atoms and Co atoms. These parameters were treated as
independent of temperature and determined from experimental data, as described in the following
subsection.

4.2 Parameter Evaluation Procedure

OLE& and'^::,,

The evaluation of the
parameters was performed by a computer optimisation procedure.
The program [I 81 minimised the sum of the squares of the differences between experimental and calculated
values of the To temperature. The experimental To 's were estimated as (M, + &)/2, and the calculated ones
were obtained by solving the equation:

which defines the To temperature for the fcc/hcp transformation. The database used in the optimisation
amounted to eleven values, among which seven values correspond to low-Mn Fe-Mn-Co alloys and four
values to Fe-Co alloys. The parameters that minimised the error sum are as follows:
0LCo,+hcp - -7733.6 J/K.mol

1 hcp

LCOpe=1105.4 J/K.mol

(6)

5. DISCUSSION
5.1 The Fe-Mn-Co System

The To-lines for Fe-Mn-Co alloys, calculated
by solving Eq. (5) with the optimum Gibbs
energy fiinctions are compared in Fig. 2 with
3
experimental data. For alloys with Mn contents
such that 17 1wt?/Mn 1 2 5 , Fig. 2 shows a
general agreement between the calculated To
and the values obtained from experiments as
(A, + M, ) / 2 . In pafiicular, the temperatures
10
15
20
25
30
35
corresponding to alloys represented by
Wt. % Mn
triangles are well accounted for by the
calculation, which is natural because these Fig. 2: Calculated !so-To lines and To values estimated from
were included in the optimisation experiments as (fillcd symbols). The triangles represent the alloys
procedure, H
~ there ~are other~ points~ used for~the calculat
~ ons. The
, empty circles represent the alloys that
do not show the fcc/llcp martensitic transformation.
that are placed at high and at low Co contents
in the given Mn range, which were not
included in the optirnisation, but fall close to the calculated lines. Such an agreement suggests that: (i) the
magnetic effects, which are expected [6] to cause differences between To (Eq. (6)) and (A, + M,) / 2, are
not strong in these alloys, and (ii) the formation of the a martensite has not significantly affected the M, and
4 temperatures for the fccihcp MT.The discrepancies between experiments and calculations that appear to
the left of Fig. 2 are probably due to the presence of a martensite, whereas the magnetic effect is expected to be

the main cause of differences for the alloys appearing to the right of Fig.2. In spite of the expected
discrepancies with the (A, + M,) / 2 approximation, the theoretical To values obtained from Eq. (6), satisfjr
the condition M, < To < A, even in the presence of strong magnetic effects. This is illustrated, in particular,
by the group of alloys with 380 K> To > 340 K. Finally, the empty circles in Fig. 2 indicate those alloys that
did not show fcchcp MT In the case of the two alloys located at the left of Fig.2, the occurrence of fccla
MT was observed, which has probably hampered the fcclhcp MT. The alloy with the highest Mn content
among those studied by us has a theoretical To value of 3 18 K. However the fcchcp MT was not observed
in spite of the fact that the samples were cooled down by immersion in liquid nitrogen. Two possible
explanations of the discrepancy can be offered: (i) the M, temperature for this alloy is lower than 78 K, i.e.,
the lowest temperature achieved on cooling, and (ii) the amount of hcp phase formed is so low that it could
not be detected in our electrical resistivity or dilatometric measurements. New experiments in the high-Mn
range are under way which should help to decide among these explanations.
5.2 The Fe-Co System
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Inapreviouswork[10],oneofus
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, .
(AFG) assessed the Gibbs energy
Present To llne
650 :
hnction of the hcp phase in the FeCo system using the regular
:
solution approximation (RSA), and
determining
the
interaction
560
parameter by fitting to the only
piece of experimental information
500w. ?KO
then available on this phase, namely, k0
:the To temperatures that can be
3
estimated fi-om fcchcp MT data.
fcc
h
P
More recently it was found by us
[5] that such [lo] description of the
hcp phase leads to ternary TO
1
I . . . . ~ . . . . I . . . . ~ . . .
temperatures
that
are
not
o
20
40
60
80
XX)
-.
compatible with the MT data from
VM %Co
Fe-Mn-Co alloys [5]. As a
Fig.
3: The To line resulting from present calculation for the Co-Fe system.
consequence, an attempt was made
As an inset the comparison with experimental To taken from refs. [5, 161 is
by us [5] to describe consistently
given.
the binary and the ternary
information, by describing the binary hcp phase in terms of the subregular solution approximation (SSA).
These ideas are now applied to a considerably expanded database, which contains new ternary data as well
as the recently presented M, and A, temperatures for the fcchcp MT in Co-rich Fe-Co alloys [5]. The TO
versus composition relations calculated by using the optimum interaction parameters (Eq.(6)) for the FeCo system are plotted in Fig.3. The inset there gives a comparison between the calculated To-line and the
values estimated from experiments [5, 191, some of which were included in the optimisation procedure. The
0 hcp
calculation accounts well even for the data not used in determining LCo.Fe and'^:^,^^. The To-line at the
Co-rich side of the system shows a rapid decrease with increasing Fe content, but a smaller rate of change
with the initial additions of Co is predicted for the Fe-rich alloys. Such an asymmetry can be rationalized by
considering the magnetic contributions to phase stability in the Fe-Co system. The Fe-rich fcc phase is
antiferromagnetic with a very low TN, but becomes ferromagnetic at about 15 at% Co [lo]. The
corresponding Curie temperature (T,) and magnetic entropy increases with hrther Co additions, and
becomes equal to the presently calculated To at about 40 wt% Co, i.e., the composition at which the
dramatic stabilization of fcc sets in. For Co contents larger than about 40 wt%, the ferromagnetic fcc phase
is more stable than hcp, except for a very narrow range close to pure Co. There, an hcp phase which is
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ferromagnetically ordered, and shows magnetic contributions to Gibbs energy comparable to those of the
competing fcc structure [l 11, becomes the stable phase.
6. SUMMARY AND CONCLUDING REMARKS
Traditionally, thermodynamic information on materials has been extracted from direct thermochernical
measurements, and from experimental data on the phase diagram. However, when assessing the
thermodynamics of a phase one aims at establishing the Gibbs energy function even in regions of the space
of variables in which such a phase is not the most stable one. This might be achieved if some indirect
information about the behaviour in the regions of non-stability is obtained and included in the assessment. In
the present work, new information has been obtained about the stability of a prototype phase, viz., the hcp
structure in the Fe-Mn-Co system. Hcp is the stable phase only at the Co-rich corner of the ternary phase
diagram, but has now been studied in a wide range of compositions, which includes Fe-Mn-Co alloys with
very low Co contents. The approach combines two main objectives: (i) forming the non-stable hcp structure
from the stable fcc phase through a MT, and (ii) extracting thermodynamic information from the MT
temperatures. Indeed, these two aspects have previously been dealt with in other systems. However, a
specific goal of the present work was to deal with the experimental and theoretical complications caused by
the existence of strong magnetic effects. Formally, these effects have been accounted for by adopting a
phenomenological description of the magnetic contribution to Gibbs energy. Furthermore, the non-magnetic
part of the Gibbs energy has been treated with a substitutional solution model which includes only binary
contributions, but does not invoke ternary interactions. This assumption, which has proved to be consistent
with the available data on the stable phases of the Fe-Mn-Co system, has now been applied in the treatment
of the hcp structure in the regions where it is not a stable phase. In this way it has been possible to obtain a
refined picture of the metastable phase relations in the Fe-Co system.
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