
A Thermodynamic Evaluation of 
the Cr-Mn and Fe-Cr-Mn Systems 

BYEONG-JOO LEE 

A thermodynamic evaluation of the Cr-Mn and Fe-Cr-Mn systems has been made by using 
thermodynamic models for the Gibbs energy of the individual phases. An optimized set of 
thermodynamic parameters was obtained taking into consideration related experimental infor- 
mation. The thermodynamic parameters of the Cr-Mn and Fe-Cr-Mn systems and comparisons 
between calculation and experimental data are presented. 

I. INTRODUCTION 

C H R O M I U M  and manganese are industrially impor- 
tant alloying elements in steels. Knowledge of the 
thermodynamic properties of the Fe-Cr-Mn system are 
essential for understanding the behavior of alloy steels, 
including chromium and manganese. Recently, high- 
manganese austenitic steels have been of great interest 
as a replacement for the widely used Fe-Cr-Ni stainless 
steels in fusion reactors, because they have a reduced 
level of  long-time radioactivation.I~l Several experimen- 
tal investigations on the phase stability of the austenite 
(fcc) have been reported. I2 61 However, there is a big dis- 
crepancy in the austenite stabilized region among var- 
ious investigators. The phase equilibria between the fcc 
and sigma phases still remains uncertain. Therefore, more 
reliable information on the stability of fcc and the fcc /  
fcc+sigma phase boundary in the Fe-Cr-Mn system is 
necessary. A thermodynamic calculation of the bcc/fcc 
equilibria in the Fe-Cr-Mn system has been made by 
Kirchner and Uhrenius. jT~ In their study, the Cr-Mn bi- 
nary part and the sigma phase were not assessed and 
therefore the applicability of their results was limited to 
the Fe-rich region. No other thermodynamic calculation 
of the phase equilibria including the sigma phase, has 
been reported for this system. 

The Cr-Mn binary phase diagram is characterized by 
the presence of the sigma phase, which occurs at about 
75 to 80 at. pct Mn up to melting temperature. Three 
modifications have been reported for the sigma phase, 
each with the same ~r-type structure but in different states 
of order. [8'91 The high-temperature sigma phase shows 
quite different equilibrium behavior from the mid- and 
low-temperature sigma phases; that is, there is an abrupt 
change in the slope of the bcc/bcc+sigma phase bound- 
aries near the high-temperature ~ mid-temperature sigma- 
phase transformation temperature. It has been very com- 
mon to describe such a phase with one thermodynamic 
model and one set of thermodynamic parameters for the 
sake of simplicity. For example, Kaufman I~~ described 
the Cr-Mn sigma phase as a stoichiometric compound 
with the composition, Cr0.2tMn0.79, using one Gibbs en- 
ergy expression. However, the bcc /bcc+sigma phase 
boundaries were not reproduced well. No successful 
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thermodynamic calculation of the Cr-Mn binary system 
has been reported after Kaufman, probably due to the 
difficulty in reproducing the phase equilibria including 
the sigma phase. Therefore, the Fe-Cr-Mn ternary sys- 
tem has not been assessed in the whole composition range 
either. 

The purpose of the present study is to thermo- 
dynamically evaluate the Cr-Mn binary system so that 
the evaluation of the Fe-Cr-Mn system becomes possible 
by combining the thermodynamic data of  the Cr-Mn sys- 
tem with those of the Fe-Cr and Fe-Mn systems where 
thermodynamic evaluations have already been re- 
ported. Et~'~21 In the present study, the high-temperature 
modification of the sigma phase and the mid- and low- 
temperature modifications of the sigma phase were de- 
scribed as two different phases, the high-temperature 
sigma phase (h_o-) and the ordinary sigma phase (~r), 
respectively. The same thermodynamic model was ap- 
plied, but different thermodynamic parameter values were 
used for the two Cr-Mn sigma phases. The thermo- 
dynamic evaluation of the Fe-Cr-Mn ternary system was 
also carried out. 

II. THERMODYNAMIC MODELS 

The Fe-Cr-Mn system exhibits six solution phases, bcc, 
fcc, /3-Mn, a-Mn, liquid, sigma, and one intermediate 
phase, a ' .  A subregular solution model was applied to 
the first five solution phases, and a sublattice model re- 
cently developed t~3.~41 was used for the sigma phase. The 
subregular solution model yields the following expres- 
sion for the molar Gibbs energy of each phase. 

G.,  = y~-eG~e + ycrGcr~ + YMnGMn ~ + RT 

�9 (YF~ In Yw + Ycf In Ycr + YMn In YM,) 

+ ~SG m + m~ m [ l ]  

where 

~'G,, = YF~yc~LFe,cr + YFeYMnLFe,Mn q- YcrYMnZCr.Mn 

q- YFeYCrYMnZFe.Cr.Mn [2] 

The parameter ~ is the Gibbs energy of pure element 
i in a hypothetical nonmagnetic state. All of the ~ val- 
ues are given relative to the enthalpy of selected refer- 
ence states for the elements at 298.15 K. This state is 
denoted by stable element reference (SER). The term m~ m 

represents the contribution due to magnetic ordering in 
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the form suggested by Inden list and Hillert and Jarl. ljrl 
The Curie or Nrel temperature and the average magnetic 
moment per atom are entered as functions of composi- 
tion. The Gibbs energy expression for the Cr-Mn binary 
phases can be obtained by giving the zero value to YFc 
in the previous equations. 

In the previous assessment of the Fe-Cr (11) system, 
a three-sublattice model with formula unit FesCr4(Fe,Cr)j8 
was used for the sigma phase. In the present assessment, 
the same three-sublattice model with formula unit 
MnsCr4(Cr,Mn)~8 was used for the Cr-Mn binary sigma 
phase. Now, it is natural to combine both models to give 
a formula unit (Fe,Mn)sCr4(Fe,Cr,Mn)~8 for the ternary 
sigma phase. The Gibbs energy of one mole of formula 
unit can be expressed as follows: 

G~,= J 3 o,-,,, t 3 o~,~ 
YF~ YFe tJFc:Cr:F~ + YVe YCr t~F~:Cr:Cr 

1 3 o/ ' ,o" 1 3 o ~ o "  
+ YFe YM. t~W:Cr:M, + YM. YF~ [dMn:Cr:Fe 

I 3 o f-,o" 1 3 o ~ C r  
q- YMn Ycr O'Mn:Cr:Cr "Jr YM, YMn t-'M,:Cr:M, 

+ 8 RT(IyF~ In lyF~ + lyM, In lyMn) 

+ 18 RT (3yFe In 3yFr + 3yc~ In 3ycr q'- 3yMn In 3yM.) 

3U xs  o" 
G,, 

[3] 

where 

X'G,~ = 'YF~(3yF~3yc~L~c:C~:Cr,Fr + 3yF~3yMnL~:C~:F~.M. 

3 3 - - o "  \ 
+ YCr yMnLFe:Cr:Cr.Mn) 

+ 'YMn(3yF~3ycrL~,:Cr:C,.F~ + 3yr:~3yM~L~,:c~:Fc,ra. 

3 3 a 
+ Y C r  Y M n L M n : C r : C r , M n )  

I ~3 r t r  3 o- 
+ tYFe YM~( yFeL'Fe,Mn:Cr:Fe q-  YCrLFe ,Mn:Cr :Cr  

3 a 
+ YM.LF~,M.:C~:M.) 

[41 

The notations ~y~ and Sy~ refer to the site fraction of com- 
ponent i in the first and third sublattice, respectively. 
The components in different sublattices are separated by 
a colon and in the same sublattice by a comma. The ~ 
parameters are the Gibbs energies of the hypothetical 
sigma phases with each sublattice filled by only one kind 
of atoms and are expressed as 

OG~:k Ro~f~c ,jod;b~r 1 ~o/,~,bcc At - o r  [ 5  ] 
= ~ - - i  + _ ,_,) + , u  " J k  A Gi :y :k  

following a suggestion by Andersson et al. IjTl The term 
A~ is a parameter to be evaluated in the assessment. 

The intermediate phase a '  was treated as a stoichio- 
metric compound with formula unit CrsMns. 

III. EXPERIMENTAL INFORMATION 

A. The Cr-Mn Binary System 

The experimental information on the Cr-Mn binary 
system can be divided into three groups: phase equilib- 
rium data, thermochemical data, and magnetic property 
data. A thorough review of  the Cr-Mn system was made 

recently by Venkatraman and Neumann 19j and is rec- 
ommended for obtaining other information on this sys- 
tem which was not treated in the present study. The first 
systematic investigation on phase equilibria in the Cr- 
Mn system was reported by Kornilov and 
Tatyanchikova t~81 in 1945. However, the phase diagram 
compiled by these authors shows no intermediate phase 
and no bcc modification of  manganese. More accurate 
investigation on this system was made by Carlile et al.l~gl 
in 1949, who determined liquidus/solidus lines using 
thermal analysis for the whole composition range. They 
also determined phase boundaries between solid phases 
for the composition range of 60 to 100 at. pet Mn using 
standard methods, such as microscopy, thermal analysis, 
and X-ray diffraction. Temperature measurements were 
carried out using an optical pyrometer. The materials used 
were prepared from chromium of about 99.8 wt pct pu- 
rity and manganese of 99.98 wt pet purity. The experi- 
mentally determined melting point of chromium was 
1845 ~ which is lower than the currently accepted value 
of 1907 ~ t2~ They found a wide solid solution of man- 
ganese in chromium extending up to approximately 70 
at. pct Mn at above 1000 ~ and detected an interme- 
diate phase at the composition range of 70 to 85 at. pct 
Mn and at the whole temperature range investigated, from 
500 ~ up to melting temperature. This intermediate phase 
was shown later 12u to possess the same crystal structure 
as the o- phase in the Fe-Cr system. The liquidus curve 
for the Cr-rich solid solution was also reported by 
Greenaway et a l Y  21 using the same method (thermal 
analysis) but a different temperature measuring tech- 
nique (W /Mo  thermocouple) and materials of different 
purity with lower oxygen and higher nitrogen contents 
than Carlile et al, The resultant liquidus points by 
Greenaway et al. were about 30 ~ lower than those by 
Carlile et al. The occurence of the sigma phase was con- 
firmed by Zwicker, t231 whose data supported the phase 
boundaries by Carlile et al. in the Mn-rich part. His data 
also showed that the solubility of manganese in chro- 
mium diminishes rapidly with decreasing temperature 
below about 1000 ~ and that there are two modifica- 
tions of the sigma phase with transformation from the 
high-temperature phase to the low-temperature phase at 
985 ~ to 960 ~ The phase transformation in the sigma 
phase was confirmed by Pearson and Hume-Rothery 1241 
who gave a transformation temperature of 980 ~ to 
1005 ~ depending on composition. They found using 
X-ray methods that both the high- and low-temperature 
sigma phases have a or structure resembling that of the 
Fe-Cr o, phase. They investigated the bcc/bcc+sigma 
phase boundaries in much detail and also confirmed the 
sharp decrease of manganese solubility in chromium below 
1000 ~ In addition, they suggested a probable exis- 
tence of  another intermediate phase whose crystal struc- 
ture was similar to that of a-manganese. This phase was 
therefore designated a ' -Mn and was thought to have a 
composition in the region of CrMnz and form from the 
Cr-rich bcc solid solution and the sigma phase by a per- 
itectoid reaction at about 600 ~ The a ' -Mn phase will 
be denoted as a '  in the present study. A more detailed 
investigation was made by Wachtel and Bartelt t81 using 
magnetic susceptibility measurements. They reported that 
the peritectoid reaction temperature for the occurence of 
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the a '  phase is 925 ~ and the a '  phase has a homo- 
geneity range of 60 to 65 at. pct Mn and undergoes a 
transformation to an ordered a" below 600 ~ They also 
measured the bcc /bcc+  sigma phase boundaries between 
about 1050 and 750 ~ Their results were in good 
agreement with Pearson and Hume-Rothery. K2al Wachtel 
and Bartelt also reported another transformation in the 
sigma phase at about 800 ~ 

Due to slow kinetics at low temperature, the experi- 
mental data on the bcc/bcc+sigma or bcc /bcc+  ce' be- 
low 900 ~ are regarded as those from metastable 
equilibrium. However, it seems that there is rather good 
agreement among the preceding investigations concern- 
ing the Cr-rich part of the Cr-Mn phase diagram. In con- 
trast to this agreement, there is a severe disagreement 
between experimetal information on the phase equilibria 
in the Mn-rich part. In addition to the work by Carlile 
e ta / .  [19j and Zwicker, 1231 two more investigations were 
reported on the phase equilibria in the Mn-rich region of 
the Cr-Mn system, one by Hellawell and Hume-Rothery t25~ 
using thermal analysis and the other by Lugscheider and 
Ettmayer tz61 using a high-temperature X-ray technique. 
The main discrepancy comes from the stability region of 
the fcc y-Mn phase. In Carlile et al.'s phase diagram, 
the solubility of chromium in fcc manganese reaches over 
14 at. pct, but in Lugscheider and Ettmayer's, the max- 
imum solubility of  chromium is about 7 at. pct and in 
Hellawell and Hume-Rothery's it is below I at. pct. 
Hellawell and Hume-Rothery pointed out that Carlile 
et al. misunderstood the bcc stabilized region as the fcc 
stabilized region, and when this correction was made, 
both results could be reconciled with each other. How- 
ever, the difference between the results of Lugscheider 
and Ettmayer and those of Hellawell and Hume-Rothery 
was rather hard to explain. A brief comment on this will 
be given in Section IV. 

Several experimental investigations on the thermo- 
dynamic properties of solid Cr-Mn alloys have been re- 
ported in the literature. Eremenko et al. 1271 measured the 
activity of  manganese in solid Cr-Mn alloys using a 
molten-salts electromotive force method. The activity of 
manganese at 1023 K by Eremenko et al. showed large 
positive deviations from Raoult's law. Jacob 1281 mea- 
sured the activity of manganese in the bcc Cr-Mn alloys 
at 1473 K using a Knudsen cell technique, showing slight 
negative deviation from Raoult's law. In a series of ar- 
ticles, Ranganathan and Hajra 129'3~ reported manganese 
activities in solid Cr-Mn alloys at 1223, 1273, 1323, and 
1373 K, measured using an isopiestic method. Their re- 
suits showed large positive deviations from Raoult's law. 
Recently, Lukashenko and Sidorko 13~l reported the activ- 
ity of manganese in solid Cr-Mn alloys measured using 
the same method with Eremenko eta/ .  1271 (actually they 
are the same authors). The results at 1070 K were similar 
to their earlier data at 1023 K, showing large positive 
deviations from Raoult's law again. A more detailed re- 
view and experimental investigation on the thermo- 
dynamic properties of Cr-Mn solid alloys were made 
recently by Zaitsev eta/ .  1321 Using alloys of high-purity 
level (99.9 wt pct Cr, 99.9999 wt pct Mn) and employ- 
ing a Knudsen-effusion technique under ultrahigh neutral 
vaccum, they measured manganese vapor pressure over 
the bcc alloys and alloys with compositions belonging 

to the two-phase equilibrium fields in the temperature 
range of 1031 to 1434 K. The resultant manganese ac- 
tivities showed moderate positive deviation from Raoult's 
law at 1273 K. The phase boundaries, bcc/bcc+sigma 
and bcc /bcc+  a '  , computed from the thermodynamic 
data were in reasonable agreement with the currently ac- 
cepted phase diagram of the Cr-Mn system, tgJ 

The N6el temperatures of the Cr-rich bcc Cr-Mn al- 
loys were investigated by de Vries 1331 using electrical re- 
sistance and Hall effect measurements, by Hamaguchi 
and Kunitomi 1341 using neutron diffraction, electrical re- 
sistivity, and magnetic susceptibility measurements, by 
Wachtel and Bartelt tSl using magnetic susceptibility mea- 
surements, by Pepperhoff and Ettwig t35j using specific 
heat measurements, and by Alberts and Lourens t361 using 
thermal expansion and bulk moduli measurements. The 
various investigations are in reasonable agreement with 
each other. Pepperhoff and Ettwig t351 also reported that 
the enthalpy of magnetic ordering is 5.9 J /mol  for pure 
Cr and reaches a maximum value of approximately 500 
J /mol  at 8.1 at. pct Mn. 

B. The Fe-Cr-Mn Ternary System 

A substantial amount of information on phase equilib- 
ria in the Fe-Cr-Mn ternary system has been reported. 
Investigations started with the work by Koster/371 in 1934, 
who reported several vertical sections at constant Cr con- 
tents up to 20 wt pct and Mn up to 30 wt pct. Subse- 
quently, several investigations ~5'6'3sl were reported due to 
the growing interest in the engineering properties of the 
Fe-Cr-Mn alloys. However, most of the old experimen- 
tal work was conducted using alloys of low-purity level. 
For example, the work by Burgess and Forgeng m was 
based on alloys containing 0.1 wt pct C and 0.4 wt pct 
Si on average. Furthermore, the 650 ~ isothermal sec- 
tion presented by them seemed not to be obtained from 
isothermal aging at that temperature. The alloys used by 
Schafmeister and Ergang t6~ contained even more than 1 
wt pct Si in many cases. Due to the lack of  information 
on the Cr-Mn binary system, the interpretation of ex- 
perimental data points was unreasonable in the low Fe 
content region of the 700 ~ isothermal section presented 
in their article. More accurate experimental results were 
reported by Grigor'ev and Gruzdeva 1391 in 1949. Using 
materials of rather high-purity level (>99.9 wt pct) and 
employing microscopy, thermal analysis, and dilato- 
metric analysis, they investigated phase equilibria and 
phase transformations in Fe-Cr-Mn ternary alloys. They 
presented the results through vertical sections at 6, 16, 
22, and 28 wt pct Mn and also presented isothermal sec- 
tions at 900 ~ and 1000 ~ Isothermal sections of the 
Fe-rich part of the Fe-Cr-Mn system at other tempera- 
tures were also reported by Tavadze et a l .  14~ They in- 
vestigated 700 ~ and 1100 ~ isothermal sections using 
materials with total amount of carbon and nitrogen less 
than 0.08 wt pct. Shevdov and Pavlenko tatJ investigated 
850 ~ 750 ~ and 650 ~ isothermal sections using 
materials with 0.05 wt pet carbon. An experimental work 
on the ferrite (bcc)/austenite (fcc) equilibria using alloys 
of even higher purity level was carried out rather re- 
cently by Kirchner and Uhrenius. tTI The purity of their 
alloys was over 99.99 wt pct level, and the annealing 
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times were between 168 hours at 950 ~ and 5000 hours 
at 750 ~ The distribution of Cr and Mn between ferrite 
and austenite was measured using a microprobe. The re- 
sults were presented on isothermal sections at 950 ~ 
900 ~ 850 ~ 800 ~ and 750 ~ with tie-lines. An- 
other experimental work on the ferrite/austenite equilib- 
ria of the Fe-Cr-Mn system was reported recently by 
Okazaki e t a / .  142] Using an electron probe micro-analysis 
method, they measured the composition of each phase 
in alloys which were prepared from very pure materials 
and were solution treated for 1 hour at 1000 ~ to 
1200 ~ The phase boundaries at 1000 ~ 1100 ~ and 
1200 ~ were presented as lines but without data points. 

As mentioned in Section I, high-manganese austenitic 
steels have great interest for fusion reactor structural ma- 
terial. Therefore, more reliable information on the sta- 
bility of austenite and phase equilibria with the sigma 
phase in the Fe-Cr-Mn system is desirable. Recent ex- 
perimental work by Abe et al . ,  121 Okazaki et al., TM and 
Yukawa and c o - w o r k e r s ,  [4'431 on  phase equilibria in the 
Fe-Cr-Mn system was mainly directed toward the deter- 
mination of  the fcc / fcc+sigma phase boundaries at 
923 K, which was thought to be the maximum temper- 
ature for the alloys to reach in fusion reactors, t43) In all 
of  the previous experimental works, the specimens, after 
solution treatment, were cold-rolled by about 50 pct at 
room temperature and subsequently aged at 923 K and/ 
or at other termperatures. The work by Abe et al. TM 

showed that an Fe-10Cr-30Mn alloy yielded fcc+sigma 
two-phase equilibrium after 10 hours at 923 K. This was 
different from the old data by Schafmeister and Ergang 16] 
where the alloy was located in the single fcc region. 
Okazaki et al.,t3] using high-purity materials (99.98 wt 
pct level), investigated the phase equilibria between fcc 
and sigma phase. Aging time was 1000 hours, and the 
experimental results showed that the fcc/fcc+sigma phase 
boundary of the Fe-Cr-Mn system at 923 K should be 
located between 10 and 12 wt pct Cr at 15 wt pct Mn. 
However, Yukawa et al. t4] reported rather different re- 
sults under the same conditions. By them, the fcc /  
fcc+sigma phase boundary had to be located between 4 
and 6 wt pct Cr at the same temperature and the same 
manganese content. The extent of cold rolling before ag- 
ing was the same at 50 pct, while the aging time was 
also the same at 1000 hours. The details of their ex- 
perimental work were published again. 1431 The only ap- 
parent difference was the purity level of materials used 
by both authors (99.9 wt pct level in Yukawa et a l . ' s  
work vs. 99.98 wt pct in Okazaki et a l . ' s ) .  

Experimental information on the liquidus surface and 
liquid/bcc equilibria is also available from the work by 
Kundrat. t44~ Using materials of  99.9 wt pct purity level, 
he measured the liquidus points of several Fe-Cr-Mn ter- 
nary alloys by a differential thermal analysis method. He 
presented a liquidus surface for the Fe-rich part of the 
Fe-Cr-Mn system in the composition range of up to 24 
wt pct Cr and 12 wt pct Mn. The liquid/bcc tie-lines of 
some alloys in the same composition region were also 
determined by measuring the chemical composition of 
each phase in directionally solidified specimens prepared 
by holding at the liquid+bcc two-phase equilibrium tem- 
perature, utilizing high-energy emission spectrography. 
Besides this, Mukai et al. 1451 investigated the manganese 

activity in the Fe-rich dilute liquid alloys at 1570 ~ by 
using a closed chamber method. They reported a value 
of 0.9 for cr eun (=0 In yMn/OXcr) in the composition range 
of Xcr < 0.034. This seems to be the only experimental 
information on thermodynamic properties of the Fe-Cr- 
Mn ternary alloys. 

IV. EVALUATION OF M O D E L  P A R A M E T E R S  

The evaluation of  the various parameters was made by 
means of a computer program for the optimization of 
thermodynamic parameters, PARROT, developed by 
Jansson. 1461 The optimization was performed with the se- 
lected set of data which will be described in this section, 
and each piece of information was given a certain weight, 
reflecting the experimental uncertainty. The weight could 
be changed until a satisfactory description of most of the 
selected experimental information was achieved. 

For the thermodynamic descriptions of pure iron, those 
by Fern~indez Guillermet and Gustafson 147] (bcc, fcc, hcp, 
liquid) and Huang t]2] (/3-Mn, a-Mn) were accepted. For 
those of pure chromium, those by Andersson 148] (bcc, 
liquid), Andersson e t a / .  [491 (fcc, hcp), and Kaufman I~~ 
(/3-Mn, o~-Mn), and for pure manganese, those by 
Fern~indez Guillermet and Huang LS~ (bcc, fcc, liquid,/3- 
Mn, o~-Mn) and Saunders et al. fS~] (hcp) were used in the 
present study. For the thermodynamic descriptions of the 
Fe-Cr and Fe-Mn systems, those by Andersson I~1 and 
Huang t~2j were used, respectively. 

A .  The Cr -Mn Binary  Sys tem 

The solution phases, liquid, bcc, fcc, /3-Mn, c~-Mn, 
and the sigma phase, and the intermediate compound c~' 
were considered in the present study on the thermo- 
dynamic evaluation of the Cr-Mn system. Therefore, the 
L parameters of the liquid, bcc, fcc, /3-Mn, and o~-Mn 
the G (Gibbs energy of formation) and L parameters of 
the sigma phase, and the G parameter of the c~' phase 
were the thermodynamic model parameters to be eval- 
uated. For those phases where magnetic ordering is re- 
ported, model parameters for the Curie or Nrel 
temperatures (Tc) and for the average magnetic moment 
per atom (13) also should be evaluated. 

First, magnetic properties of individual phases in the 
Cr-Mn binary system were considered. The N~el tem- 
perature data reported by several authors, t8'33-36] which 
show reasonable agreement with each other, could have 
been used to optimize the Nrel temperature parameters 
for the bcc phase as a function of composition. How- 
ever, the Nrel temperature data for the bcc phase were 
very difficult to fit due to an abrupt increase at low Mn 
content. High powers in the polynomial for the concen- 
tration dependence were necessary to obtain satisfactory 
fitting. Further, to avoid an unreasonable peak in the cal- 
culated Nrel temperature in the Mn-rich region where 
no experimental information is available, only even 
powers were used in the polynomial though it might be 
unusual. Then parameters for the average magnetic mo- 
ment per atom of this phase were optimized using en- 
thalpy data of magnetic ordering by Pepperhoff and 
Ettwig. t35~ In their article, the enthalpy values were pre- 
sented in graphic form as specific heat vs temperature. 
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From this, a rough estimate of the enthalpy values at 
each alloy composition was made. This, combined with 
the fact that the enthalpy of magnetic ordering yields a 
maximum value of approximately 500 J /mol  at 8.1 at 
pct Mn, was included in the optimization procedure with 
the highest weight. There was no experimental infor- 
mation on significant magnetic ordering in other phases. 

The interaction parameter of the bcc phase, b~c LCr.Mn, could 
be optimized using manganese activity data for this phase. 
However, as mentioned in Section III, there was severe 
disagreement between experimental data by individual 
investigators.[27 32] It seemed meaningless to include all 
the data in the optimization procedure. Therefore, some 
selection had to be made first. It was fortunate that all 
the experimental data by Jacob, i281 Ranganathan and 
Hajra, t29,3~ and Zaitsev et al. ,1321 who measured the man- 
ganese activity at several temperatures, showed an 
agreement in having negative values of the excess en- 
tropy of mixing though the absolute values were differ- 
ent from authors to authors. By this, the manganese 
activity should increase with increasing temperature at 
constant composition. The data reported by Jacob showed 
the lowest values even though the experiment was car- 
ried out at the highest temperature among various in- 
vestigations. Thus, his data were excluded from the 
present optimization. The data by Eremenko e t a / .  1271 and 
Lukashenko and Sidorko 13]~ were criticized by them- 
selves as resulting from an inadequate method for mea- 
suring manganese acitivities in the Cr-rich region. 
Therefore, they were discarded also. 

The experimental data by Ranganathan and Hajra 129'3~ 
and Zaitsev e t a / .  1321 disagreed significantly and thus could 
not be included together in the optimization procedure. 
When the interaction parameter was optimized using only 
Ranganathan and Hajra's data, the resultant excess en- 
tropy of mixing was too negative (over - 2 0  J /mol .  K 
at 50 at. pct Mn), which seemed unusual; but when Zaitsev 
et a l . ' s  data were used, it yielded reasonable values for 
both the enthalpy and excess entropy of mixing. Agree- 
ment between the currently accepted phase diagram of  
the Cr-Mn system 19] and the phase boundaries computed 
by Zaitsev et al. using their own thermodynamic data 
led to the decision to accept only Zaitsev et a l . ' s  data 
for optimization of the L parameter of the Cr-Mn bcc 
phase. 

The next phase to be evaluated was the liquid. The 
liquidus/solidus data by Carlile e t a / .  1191 and Hellawell 
and Hume-Rothery, 12-~1 and the liquidus data by Greenaway 
et al. tz21 could be used for optimization of the interaction 

/-LIQUID parameter of the liquid phase, "~Cr.Mn �9 However, the ex- 
perimentally determined melting point of chromium by 
Carlile et al. and Greenaway et al.  was 1845 ~ and 
1835 ~ respectively, which is lower by 62 ~ and 
72 ~ than the currently accepted value of 1907 ~ 12~ 
It would be meaningless to use binary information which 
is in conflict with the unary part in order to optimize 
binary interaction parameters. In the present study, the 
Cr-Mn binary liquidus(/solidus) points by Carlile et al. 

and Greenaway et al. were shifted so that their values 
for the melting points of pure Cr lie on the currently 
accepted value. That is, 62 Xcr and 72 Xcr were added 

to their temperature values, respectively. These temper- 
ature values were then included in the optimization pro- 
cedure. The liquidus/solidus data by Hellawell and Hume- 
Rothery were confined to the Mn-rich region and yielded 
1244 ~ to 1245 ~ as the melting point of pure Mn, 
which is close to the currently accepted value, 
1246 ~ 12~ Therefore, no correction was made for their 
data assuming that the discrepancy from the different 
temperature scale (IPTS-48) was less than the experi- 
mental error in measuring temperature. 

The fcc and /3-Mn phases were to be evaluated con- 
sidering the phase equilibria among bcc, fcc, and/3-Mn 
phases in the Mn-rich region of the Cr-Mn phase dia- 
gram. As already mentioned, there was considerable dis- 
agreement between the recent experimetal information 
by Hellawell and Hume-Rothery [251 and Lugscheider and 
Ettmayer. t26j According to Hellawell and Hume-Rothery, 
the fcc phase should be stable only in the narrow com- 
position range of 99 to 100 at. pct Mn. Then a peritec- 
toid reaction of bcc+fcc----~/3-Mn should occur and there 
should be a bcc+/3-Mn two-phase equilibrium region with 
decreasing manganese content until a eutectoid reaction 
of bcc---~o-+/3-Mn occurs at a/3-Mn composition of about 
91 at pct Mn. The bec+/3-Mn two-phase region was rather 
similar with that of Carlile et al. if the fcc phase region 
in their phase diagram is replaced with a bcc phase re- 
gion. However, according to Lugscheider and Ettmayer, 
there should be no bcc+/3-Mn two-phase region. In- 
stead, there should be bcc+fcc and fcc+/3-Mn two-phase 
regions separated by a fcc one-phase region which ex- 
tends to the composition of about 93 at pct Mn to yield 
bcc---~o-+fcc and fcc--*o-+/3-Mn eutectoid reactions. Both 
sets of experimental information were included in the 
optimization procedure, and the optimization of L pa- 
rameters of the fcc and/3-Mn phases was performed using 
one set of experimental data at each time. It was found 
that the experimental phase equilibria by Lugscheider and 
Ettmayer were very difficult to reproduce by calculation, 
while those by Hellawell and Hume-Rothery were easily 
reproduced with reasonable values of L parameters for 
the fcc and/3-Mn phases. Considering this and the fact 
that the experimental data by Hellawell and Hume-Rothery 
on phase equilibria in other binary systems, which were 
published in the same article together with those in the 
Cr-Mn system, have been widely used and accepted as 
reliable information, a final decision was made to accept 
Hellawell and Hume-Rothery's data concerning the sta- 
bility region of the fcc phase. However, Hellawell and 
Hume-Rothery's data only were not enough to obtain an 
acceptable fcc L parameter, because the two-phase re- 
gions that included the fcc phase were too Mn rich and 
were too narrow. In such cases, a small error in mea- 
suring the temperature or composition of phase bound- 
aries can yield large scatter in the optimized parameter 
values. 152t To diminish this kind of error, the data on the 
fcc/bcc equilibria in the Fe-Cr-Mn ternary system by 
Kirchner and Uhrenius 171 were also included in the op- 
timization procedure for the evaluation of the Cr-Mn bi- 
nary L parameters of the fcc and/3-Mn phases. 

The next phase to be evaluated was the sigma phase. 
From the work by Kaufman, II~ it seems impossible to 
reproduce the abrupt change in slope of the bcc /  
bcc+sigma phase boundary at 998 ~ successfully when 
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describing sigma as one phase with an order-disorder 
transition. Since most experimental investigations of phase 
equilibria in this region show good agreement, this change 
could not be ignored only for the sake of simplicity. The 
only way to solve this difficulty was to use two models 
for this phase as if it were two different phases with sim- 
ilar structure, one above the transformation temperature 
around 998 ~ and the other below that temperature. Ac- 
tually, Wachtel and Bartelt tSj reported another transfor- 
mation in the sigma phase at about 800 ~ and also in 
the a '  phase at about 600 ~ but additional experimental 
data on the details of these transformations are not avail- 
able. Thus, the second a '  phase and the second trans- 
formation in the sigma phase 181 were not considered in 
the present study. The a '  phase was treated as one stoi- 
chiometric compound with composition of Cr3Mn5 con- 
sidering Wachtel and Bartelt's experimental data t81 on the 
stability region of this phase. 

As mentioned earlier, the phase below the transfor- 
mation temperature around 998 ~ was regarded as or- 
dinary r phase, because o- phase usually occurs at low 
temperature in other binary systems. The phase above 
the transformation temperature was regarded as another 
o" phase with similar structure but different thermo- 
dynamic properties and is denoted h o- in the present 
study. The experimental data by Carl~e eta/./19] on the 
two peritectic reactions among the liquid, bcc, and h_cr 
phases and on the invariant reaction among the bcc, h_o-, 
and fl-Mn phases and those by various authors 18,23,241 on 
the invariant reaction at about 998 ~ between the bcc, 
h_t~, and o- phases were included in the optimization 
procedure. 

The model parameters of the r and a-Mn phases were 
optimized simultanously in one optimization procedure 
together with those of the h tr phase. The experimental 
data included those on the bcc /bcc+t r  phase boundary 
below 998 ~ by Pearson and Hume-Rothery 1241 and 
Wachtel and Bartelt 181 and those on the invariant reaction 
among the o-, a-Mn, and fl-Mn phases by Carlile eta/ .  tl91 

Lugscheider and Ettmayer t261 reported the r + fl - 
Mn ~ a - Mn invariant reaction temperature as 900 ~ 
which is higher than Carlile et a/. 1191 or Zwicker 123j by 
100 ~ However, this value (900 ~ was ignored in the 
present study, because it made the a-Mn phase too stable 
in another region of the calculated phase diagram. 

To diminish the possible error in evaluating the tem- 
perature dependencies of model parameters of the o- and 
te-Mn phases, some artificial data points were included 
in the optimization procedure so that the o" + a - Mn 
two-phase region would lie between 77 and 92 at. pct 
Mn at 500 ~ in accordance with data points by Carlile 
eta/ . ,  tl91 Pearson and Hume-Rothery, 1241 and Wachtel and 
Bartelt 181 on the single-phase/two-phase region at low 
temperatures. Finally, the G parameter of the a '  phase 
was evaluated from the bcc + o - ~  a '  invariant reaction 
temperature data by Wachtel and Bartelt. t81 Its temper- 
ature dependence could be estimated considering the hy- 
pothetical phase boundary, bcc/bcc + a ' ,  proposed by 
Wachtel and Bartelt and the experimental data points on 
single-phase/two-phase region at 600 ~ by Zwicker. t231 

B. The Fe-Cr-Mn Ternary System 

The possible presence of other phases in this system 
has been reported by Fritscher and Hammelrath t53~ (Y 

phase) and Okazaki et al .  TM (X). However, these inves- 
tigations were not followed by subsequent experimental 
studies, and thus, no more ternary phase was considered 
in the present evaluation of the Fe-Cr-Mn system; but it 
should be noted that the results by Okazaki et al. indi- 
cate that the X phase may be in a metastable state that 
is rather close to the stable state. 

No experimental information was available on mag- 
netic properties of Fe-Cr-Mn alloys. Therefore descrip- 
tions of the Curie or N~el temperatures and magnetic 
moments of the binary alloys were simply combined to 
give those for the Fe-Cr-Mn ternary. No further attention 
was paid to the a '  phase, because it was treated as a 
stoichiometric binary compound. Due to a lack of rele- 
vant experimental information, the thermodynamic pa- 
rameters tFe,C r and Lve,Cr,Mn of the ternary/3-Mn and c~- 
Mn phases could not be evaluated and were given the 
value, zero, arbitrarily. 

Now the remaining phases to be evaluated are the bcc, 
fcc, o-, h_o-, and liquid phases. Liquid is the only phase 
in the Fe-Cr-Mn ternary system where thermodynamic 
data is available. The experimental value of 0.9 t45] for 

Cr eMn (= ~ In TM,/OXCr) in Fe-rich dilute liquid alloys could 
be well reproduced by giving a value of 2378 J /mol  to 
the ternary L parameter of the liquid phase. Then, 
Kundrat's data t44~ on the liquidus surface and liquid/bcc 
tie-lines were used to evaluate the temperature-independent 
ternary interaction parameter of the bcc phase. The bcc /  
fcc equilibrium data between 750 ~ and 950 ~ by 
Kirchner and Uhrenius 171 could be well reproduced by 
giving the same value to the ternary L parameter of the 
fcc phase as for the bcc. However, Okazaki et al. 's data 
on the same equilibria at higher temperatures (1000 ~ 
to 1200 ~ showed that the fcc phase should be more 
stable than the bcc at high temperature. Therefore, in the 
final step of the optimization, a ternary interaction pa- 
rameter of a linearly temperature-dependent form was 
introduced for the fcc phase. Here, it should be noted 
that the interaction parameters of the binary Fe-Cr liquid 
phase were slightly modified in order to obtain better 
agreement around the Fe-20 pct Cr ternary composition 
between the calculated and experimental liquidus and the 
bcc/liquid tie-lines. By this modification, it became pos- 
sible also to obtain better agreement for the Fe-rich liq- 
uidus of the Fe-Cr-C and Fe-Cr-Ni systems than in the 
previous assessments by Lee t54] and Hillert and Qiu. 1551 
The details of this modification were written separately. 156j 

All of the experimental information on the Fe-Cr-Mn 
system reviewed in Section A is mainly on the Fe-rich 
part. No reliable information is available for the re- 
maining composition range. A probable question is 
whether the Fe-Cr tr phase and the Cr-Mn tr phase will 
form a continuous solid solution in the temperature range 
where each o- phase is stable in a corresponding binary 
side. The 700 ~ isothermal section proposed by Fritscher 
and Hammelrath t53j shows a separation of each tr phase 
by an unidentified phase (Y); but when considering the 
vertical sections by Grigor'ev and Gruzdeva t39] and 
microstructure studies on the Fe-15 pct Cr-40 pct Mn 
and Fe-14 pct Cr-29 pct Mn alloys at 650 ~ by Shevdov 
and Pavlenko, [571 it can be concluded that a continuous 
transition between each o- phase is possible. Therefore, 
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when compiling hypothetical isothermal sections cov- 
ering the whole composition range, Potucek t~81 and Riv- 
lin and Raynor 1591 assumed a continuous solid solution 
between the two o- phases. Recent experimental data on 
the 650 ~ isothermal section by Murata et  a] .  1431 and 
work by Lemkey et  al .  ]601 who detected the cr phase and 
measured lattice parameters of it in ternary alloys with 
compositions corresponding to F%CrsMng, Fe4Cr6Mn6, 
and FerCrTMn3 after annealing at 700 ~ confirm the 
preceding assumption. 

However, there is still a difficulty in evaluating 
thermodynamic properties of the two different sigma 
phases, the h_o- and ordinary o- phase. The difficulty 
comes from the fact that there is no experimental infor- 
mation available on the phase transformation of the ter- 
nary sigma phase even though it is well defined in the 
Cr-Mn binary side. The three-sublattice model adapted 
to describe the ternary sigma phase contains six G pa- 
rameters as well as several L parameters. Two of these 
G parameters are for the Fe-Cr-Mn ternary, two are for 
the Fe-Cr binary, and two are for the Cr-Mn binary. 
Among the six G parameters, the two ternary ones must 
be newly evaluated in the case of  ordinary o- phase. 
However,  in the case of the h_cr phase, the number of 
G parameters to be newly evaluated increases to four 
because the binary Fe-Cr parameters for the hypothetical 
h_o- phase should also be evaluated. Unfortunately, the 
experimental information was not sufficient to evaluate 
all these parameters with confidence. Some assumptions 
and approximations had to be made to decrease the num- 
ber of  adjustable parameters in order to diminish the 
probable error that results from evaluating too many pa- 
rameters using incomplete experimental information. First, 
it was assumed that the model parameters of  the Fe-Cr 
h_o- phase were the same as those of the Fe-Cr o- phase. 
Second, the interaction between Cr and Mn atoms in the 
third sublattice of the ternary sigma phase was assumed 
to be the same as that of  the binary Cr-Mn sigma phase, 

I SIGMA = I S  T M  yielding the relation "~M,:C~:CLM. ~F~:C~:C~,M, Third, the 
ternary A~ parameters (Eq. [5]) of  the sigma phase, 
~t o ~ S I G M A  . A o ~ S I G M A  
a OVe:Cr :Mn  ana a t-'M,:C~:F~, were approximated as the 
weighted averages of  related binary parameters, 
A~ and A ~  

U F e : C r : F e  ~.a ~ JMn:Cr :Mn ,  with a temperature- 
independent correction term. This approximation yields 
the following relations: 

8 
A o f T S I G M A  AOc"TSIG M A 

~ F e : C r : M n  - -  . a  U F e : C r : F e  
26 

18 
A o / T S I G M A  A c o r f T S I G M A  

- ~ - - - ~ = l  ~JMn:Cr :Mh -~- ~ t JFe ;Cr :Mn  [6] 
26 

18 
Aof2'=SIGMA A o / ' T S I G M A  

~JMr~:Cr:Fe - -  ~ " JFe :Cr :Fe  
26 

8 
Aof2=SIGMA A c o r f T S I G M A  

q- - - ~ . a  U M n : C r : M n  -I- ~ V M n : C r : F e  [7] 
26 

A c o r  SIGMA 
Finally, the correction terms, ,., Gv~:C~:M, and 
A c o r ~ S I G M A  t-'M,:C~:F~, Ot both sigma phases were assumed to have 
the same values, respectively. This assumption gives the 

A c o r f 2 h  o- cor cr A c o r [ ~ h  o" 
relations ~ UF~:Cr:M n = A GFe:Cr:Mn and ,_, uIV~n:Cr:Fe = 

A~~ ~ and means that the addition of Fe atoms to 

the Cr-Mn binary alloys gives the same effects on the 
thermodynamic properties of both sigma phases. Using 
the preceding four assumptions or approximation, the 
number of parameters was decreased to only two, the 
two correction terms. An optimization to evaluate the 
correction terms was performed by including all experi- 
mental information which was reviewed in Section III. 

A c o r f T S I G M A  Only one correction term ,., "-'Mn:Cr:Ve was needed to ob- 
tain reasonable agreement with experimental data over 

Acor/~_ SIGMA the whole temperature range investigated. ,., "-'Fc:Cr:M, was 
thus put to zero. 

Although the hcp phase does not appear in the Fe-Cr- 
Mn ternary system, it appears in the Mn-C binary sys- 
tem. Therefore, it is necessary to evaluate parameters for 
the metastable hcp phase in this ternary system in order 
to extend the thermodyanmic assessment to the Fe-Cr- 
Mn-C quaternary. In the assessment of the Fe-Mn sys- 
tem, I~21 Huang has evaluated parameters for the e(hcp) 
phase based on martensitic transformation temperatures. 
In her assessment, the calculated metastable equilibrium 
boundaries were in rather good agreement with experi- 
mentally reported A~ ~r  and M, ~'~ temperatures. The ef- 
fects of  Cr additions on the A~ ~ and M ~  ~ temperatures 
in the Fe-rich Fe-Cr-Mn alloys were investigated by 
Georgieva et  a l . ,  16~I who reported that addition of 10 wt 
pct Cr in the Fe-14, 18, and 22 wt pct Mn alloys de- 
creased the A~ ~r  temperature by about 45 ~ to 60 ~ 
An attempt was made to estimate parameters for the hcp 
Fe-Cr-Mn ternary phase based on the Fe-Mn I~21 and Fe- 
Cr 1621 phases and considering the preceding experimental 
data) TM In the present study, only the Cr-Mn binary pa- 
rameter was evaluated, while the ternary parameter was 
set equal to zero, When giving a value of 60,000 J/ tool  
to ~CLM,,Ih~P the calculated metastable equilibria between the 
fcc and hcp phases could reproduce the effect of Cr ad- 
dition on the A~ -~r temperature. However,  it should be 
said that the A~ ~r  temperature does not represent the 
metastable equilibrium between the two phases. There- 
fore, the present evaluation of the Cr-Mn binary inter- 

lh~p is only an action parameter of the hcp phase, "~C~,M,, 
approximation. A more accurate value should be pro- 
posed later from an assessment of a higher order system 
including chromium and manganese. 

The thermodynamic parameters of the Fe-Cr-Mn sys- 
tem are listed in Table I. The parameters evaluated in 
the present work are denoted with an asterisk "*" 

V. RESULTS AND DISCUSSION 

All calculations of phase equilibria were carried out 
by using a computer program, Thermo-Calc, developed 
by Sundman e t a / .  1631 The calculated phase diagram of 
the Cr-Mn system is shown in Figure 1. Figure 2 shows 
the same diagram in comparison with experimental data. 
The Mn-rich region and central part of the calculated 
phase diagram are presented in more detail in Figures 3 
and 4, respectively, in comparison with other relevant 
experimental data. Though there is little discrepancy 
among various experimental data sets, the calculated phase 
diagram shows satisfactory agreements with the scat- 
tered experimental data points. 

As shown in Figure 4, the experimental data by Pearson 
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Table I. The Thermodynamic  Properties of  the Fe-Cr-Mn System (All Values in SI Units for One Formula Unit) 

T h e  m a g n e t i c  con t r i bu t ion  to G i b b s  e n e r g y  is de sc r i bed  by  ""Gin = R T  In (fl + 1)f(z), z = T/T, .  

L [ 79"r- I" 140p 4 7 4 ( ~  ) ( ~ _  "r9 zls\-1600/J f o r ' r <  1: f(7") = 1 + - -  - 1 + - - +  - - ] | / A  
497  135 

(~. -5 ~.-15 ~.-25 

for 7"> 1: f ( ' r)  = - - - ~  + - -  + - -7_  | / A  
315 1 5 0 0 /  

518  11 ,692  ( ~  ) 
w h e r e  A = + - -  - 1 a n d p  d e p e n d s  on  the  s t ruc ture .  

1125 15,975 

T h e  bcc ,  fcc ,  hcp ,  and  a - M n  p h a s e s  h a v e  m a g n e t i c  con t r ibu t ions ,  p is 0 . 4  for  bcc  and  0 . 2 8  for fcc ,  hcp ,  and  a - M n .  ~ ~' b e lo w  
is the  G ibbs  e n e r g y  o f  the  4, p h a s e  in a n o n m a g n e t i c  s tate .  

Liquid 

2 9 8 . 1 5  < T <  1811 .00  

o~_LIOUID- uSER = G H S E R F E  + 1 2 , 0 4 0 . 1 7  - 6 . 5 5 8 4 3 T  - 3 . 6751551  10-21T 7 1811 .00  < T < 6 0 0 0 . 0 0  U F e  �9 �9 Fe 

or:LIQUID- uSER = G H S E R F E  + 14 ,544 .751  - 8 . 0 1 0 5 5 T  - 2 . 2 9 6 0 3  103IT -9 2 9 8 . 1 5  < T < 2 1 8 0 . 0 0  Fe �9 �9 Fe 

~176 -- HS~ R -- G H S E R C R  + 2 4 , 3 3 9 . 9 5 5  - 1 1 . 4 2 0 2 2 5 T  - 2 . 3 7 6 1 5  10-2iT7 2 1 8 0 . 0 0  < T < 6 0 0 0 . 0 0  

o~LIQUD-  uSER = G H S E R C R  + 1 8 , 4 0 9 . 3 6  - 8 . 5 6 3 6 8 3 T -  2 . 8 8 5 2 6  1032T -9 2 9 8 . 1 5  < T < 1 5 1 9 . 0 0  U C r  � 9 1 4 9  

o~LIQUm _ ~SER G H S E R M N  + 17 ,859 .91  - 1 2 . 6 2 0 8 T  - 4 . 4 1 9 2 9  10-2IT 7 1519 .00  < T < 2 0 0 0 . 0 0  

o~LiQUlt)-  ~SER = G H S E R M N  + 18 ,739 .51  - 1 3 . 2 2 8 8 T -  1 .656847  103~ -9 U M n  ~.t Mn 

*rLIQtnO'~re,Cr = - - 1 7 , 7 3 7  + 7 . 9 9 6 5 4 6 T  + 1331 (YFe -- Yet) 

L L I Q U I D  = - 3 9 5 0  + 0 . 4 8 9 T  + 1145 (YF~ -- YM,) Fe,Mn 

./.UQUlD = - - 1 5 0 0 9  + 1 3 . 6 5 8 7 T  + (504 + 0 . 9 4 7 9 T )  (Yet - YM,) L,Cr ,Mn  

* / ' L I Q U I D  = + 2 3 7 8  
Jt~Fe,Cr,Mn 

Bcc 

o ~  _ uSER + G H S E R F E  
U F e  " ~ g e  

o ~c _ uSER + G H S E R C R  a c r  ~ * Cr = 
of:_~ _ HSEff = + G M N B C C  

~ M r t  
bcc 

LF~,C, = + 2 0 , 5 0 0  -- 9 . 6 8 T  
bcc LE~.M, = - - 2 7 5 9  + 1 . 2 3 7 T  

bcc 
LC~,M, = - - 2 0 , 3 2 8  + 1 8 . 7 3 3 9 T  + ( - 9 1 6 2  + 4 .4183T) (yc~  - YM,) 

./.t,c~ = -- 5996  L,  Fe ,Cr ,Mn 

*T~c ~ = +1043yv~ -- 311.5yc~ -- 580yM, + yF~Yo[1650 -- 5 5 0 ( y w  --YCr)I 

+ yFeyM,[123] + yc~YM,[-- 1325 -- 1133(yc~ -- yM,) 2 -- 10,294(yc~ -- yM,) 4 
+ 26 ,706(yc~ -- yM,) 6 -- 28 ,117(yc~ -- yM,) 8] 

*/3 "cc  = +2,22yF~ -- 0 . 0 0 8 y o  -- 0 .27yM, -- 0-85yFJc~ 
+ yC~Yu.[0.48643 -- 0 .72035(yc~  -- yM,) 2 -- 1.93265(Yc~ - YMn) 4] 

fce 

OG~ ~ _ *�9 = + G F E F C C  

o f~ uSER + G C R F C C  Gcr - ~ c r  = 
o ~oc _ H s E ~  GM, = + G M N F C C  

fcc LF~,C~ = + 1 0 , 8 3 3  -- 7 . 4 7 7 T  - 1410 (YF~ - Yc~) 
fcc LF~.M. = - - 7 7 6 2  + 3 . 8 6 5 T  - 259  (YFe -- YM,) 

* fcc LC~.M~ = - - 1 9 , 0 8 8  + 1 7 . 5 4 2 3 T  

*/.f~ = + 6 7 1 5  - 1 0 . 3 9 3 3 T  t~Fe ,Cr .Mn  

~ c  = -201yF~ - l l09ycr  -- 1620yM, + yF,.YM,[--2282 -- 2068(yF~ -- YM,)I 

fir,. = --2.1yF~ -- 2.46yc~ -- 1.86yMn 

fl-Mn 

~ "'Fe/-/SER = + G H S E R F E  + 3745  

~ - M " -  "c~USER = + G H S E R C R  + 15 ,899  + 0 . 6 2 7 6 T  

2 9 8 . 1 5  < T < 1519 .00  

~  M" - HSEnR = - - 5 8 0 0 . 4  + 1 3 5 . 9 9 5 T  - 2 4 . 8 7 8 5 T  In T - 0 . 0 0 5 8 3 3 5 9 T  2 + 7 0 , 2 6 9 T  -~ 
1519 .00  < T < 2 0 0 0 . 0 0  

~  --HSE~ = - - 2 8 , 2 9 0 . 7 6  + 3 1 1 . 2 9 3 3 T  - 4 8 T  In T + 3 . 9 6 7 5 7  103~ -9 

L~-M, - - 1 1 , 5 1 8  + 2 . 8 1 9 T  Fe,Mn 

.~O-M,~c~,M, = - - 3 1 , 2 6 0  + 1 6 . 4 9 1 9 T  

1926--VOLUME 24A. SEPTEMBER 1993 METALLURGICAL TRANSACTIONS A 



Table I Cont. The Thermodynamic Properties of the Fe-Cr-Mn System (All Values in Sl Units for One Formula Unit) 

a-Mn 

~ *~FeLISER = + G H S E R F E  + 4 7 4 5  

~  H sER = + G H S E R C R  + 1 1 , 0 8 7  + 2 . 7 1 9 6 T  

~  Mn - -  "'MnHSER = + G H S E R M N  

L ~ - M ,  - - 1 0 , 1 8 4  Fe,Mn 
* a - M n  

LCr,M n = - - 3 8 , 3 4 9  + 2 2 . 6 9 2 5 T  

2~c-Mn = - - 2 8 5 y M o  

/3 ~  = - - 0 . 6 6 y M n  

HCP 
of2hc p SER '- 'Fe - - H F e  = + G F E F C C  - 2 2 4 3 . 4  + 4 . 3 0 9 5 T  

~ - -  �9 = + G H S E R C R  + 4 4 3 8  

~ - -  �9 = + G M N F C C -  1 0 0 0  + 1 . 1 2 3 T  

LhcP = + 1 0 , 8 3 3  --  7 . 4 7 7 T  Fe,Cr 
hcp 

LF~,Mn = - - 5 5 8 2  + 3 . 8 6 5 T  + 2 7 3 ( y F r  --  YM.) 
* hcp 

LCr.M n = + 6 0 , 0 0 0  

~C cp = --  1 1 0 9 y c r  --  1620yMn 

flhcp = - - 2 . 4 6 y c r -  1 .86yMn 

Ott 

2 s u b l a t t i c e s ,  s i t e s  3 : 5  

C o n s t i t u e n t s  C r : M n  

*~ - -  --'.-"'Cr~I/"/SER - -  "-"'MnqKISER = + 3 G H S E R C R  + 5 G H S E R M N  - 7 2 , 5 5 0  + 2 1 . 1 7 3 2 T  

o" 

3 s u b l a t t i c e s ,  s i t e s  8 : 4 : 1 8  

C o n s t i t u e n t s  F e , M n : C r :  F e , C r , M n  

~ --  8 H  sEa - 4 H  sER - 18HSER = 8 G F E F C C  + 4 G H S E R C R  + 1 8 G H S E R F E  + 1 1 7 , 3 0 0  - 9 5 . 9 6 T  

~ - 8 H  sea  - 4 H  sea  - 18HSER = 8 G F E F C C  + 2 2 G H S E R C R  + 9 2 , 3 0 0  - 9 5 . 9 6 T  

*~ --  8 H  sER - 4HSc ER - 1 8 H  sER = 8 G M N F C C  + 4 G H S E R C R  + 1 8 G M N B C C  - 1 7 2 , 9 4 6  + 6 9 . 0 2 4 5 T  
*o o" GMn:Cr:Cr - -  8 H S E R  A I j S E R  SER " ' c r  - 1 8 H c r  = 8 G M N F C C  + 2 2 G H S E R C R  + 6 5 , 8 5 9 . 5  
~o o" __ Q/_/SER A I j S E R  1QK/SER 

GFr O,,Fe - - - " ' C r  - -  . . . .  Mn = 8 G F E F C C  + 4 G H S E R C R  + 1 8 G M N B C C  - 8 3 , 6 3 9 . 5  + 1 8 . 2 6 T  

*~ - -8HSM ER - - 4 H  s E R -  1 8 H  sER = 8 G M N F C C  + 4 G H S E R C R  + 1 8 G H S E R F E  - 9 5 , 5 7 6  - 4 5 . 1 9 5 5 T  
o 

LF~:O:O.Mn = --  1 , 0 9 5 , 7 7 1  + 8 6 2 . 0 3 1 2 T  

LM~:Cr:C~.Mn = --  1 , 0 9 5 , 7 7 1  + 8 6 2 . 0 3 1 2 T  

h ~  

3 s u b l a t t i c e s ,  s i t e s  8 : 4 : 1 8  

C o n s t i t u e n t s  F e , M n : C r : F e , C r , M n  
* ogz,_h--o" - -  ~ K/SER A/_/SER SER 

'-'F~:Cr:F~ " � 9  - - - " ' C r  --  18HF~ = 8 G F E F C C  + 4 G H S E R C R  + 1 8 G H S E R F E  + 1 1 7 , 3 0 0  - 9 5 . 9 6 T  

*o h---o" S E R _ _  AItjSER I~I.../SER 8 G F E F C C  + 2 2 G H S E R C R  + 9 2 , 3 0 0  - 9 5 . 9 6 T  aFe :Cr :Cr  - -  8 H F e  ~ � 9  - -  ~ o , , C r  : 
*o h--tr GM.:C~:M~ --  8 H  sER - 4 H  sER - 1 8 H ~  ~R = 8 G M N F C C  + 4 G H S E R C R  + 1 8 G M N B C C  - 7 4 , 2 6 3  - 1 0 . 7 0 8 2 T  
*o h---tr - -  Q/. /SER __ A L/SER 1QIL/SER 

GM~ o , , M ,  - " ' C r  - -  . . . .  Cr = 8 G M N F C C  + 2 2 G H S E R C R  - 1 9 2 , 3 6 9  + 1 5 2 . 4 7 4 2 T  

*of2h---o-iJFe:Cr:Mn - -  8HFeSER__ ~�9 --  1 8 H  sER = 8 G F E F C C  + 4 G H S E R C R  + 1 8 G M N B C C  - 1 5 , 3 2 0 . 5  - 3 6 . 9 3 9 5 T  
*ot'z,h--o" --  8HSER __ AK/SER SER " ' O  --  18HFe = 8 G M N F C C  + 4 G H S E R C R  + 1 8 G H S E R F E  - 6 5 , 2 1 2  - 6 9 . 7 2 8 7 T  UMn:Cr:Fe 

h-.-o" 
LFe:Cr:Cr,M n = + 9 0 , 0 0 0  

,.h-~ = + 9 0 , 0 0 0  L'Mn:Cr:Cr,Mn 

Symbols 

2 9 8 . 1 5  < T < 1 8 1 1 . 0 0  

G H S E R F E  = + 1 2 2 5 . 7  + 1 2 4 . 1 3 4 T  - 2 3 . 5 1 4 3  T In  T - 0 . 0 0 4 3 9 7 5 2 T  2 - 5 . 8 9 2 7  1 0  -8  T 3 + 7 7 , 3 5 9 T  -~ 

1 8 1 1 . 0 0  < T < 6 0 0 0 . 0 0  

G H S E R F E  = - 2 5 , 3 8 3 . 5 8 1  + 2 9 9 . 3 1 2 5 5 T  - 4 6 T  In T + 2 . 2 9 6 0 3  103IT -9 
2 9 8 . 1 5  < T < 2 1 8 0 . 0 0  

G H S E R C R  = - 8 8 5 6 . 9 4  + 1 5 7 . 4 8 T  - 2 6 . 9 0 8 T  In T + 1 . 8 9 4 3 5  1 0  -3  T 2 - 1 . 4 7 7 2 1  1 0 - 6 T  3 + 1 3 9 , 2 5 0 T  -~ 

2 1 8 0 . 0 0  < T < 6 0 0 0 . 0 0  

G H S E R C R  = - 3 4 , 8 6 9 . 3 4 4  + 3 4 4 . 1 8 T -  5 0 T  In T -  2 . 8 8 5 2 6  1032T - 9  

2 9 8 . 1 5  < T < 1 5 1 9 . 0 0  

G H S E R M N  = - 8 1 1 5 . 2 8  + 1 3 0 . 0 5 9 T -  2 3 . 4 5 8 2 T  In T -  0 . 0 0 7 3 4 7 6 8 T  2 + 6 9 8 2 7 T  -~ 

1 5 1 9 . 0 0  < T < 2 0 0 0 . 0 0  
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Table I Cont. The Thermodynamic Properties of the Fe-Cr-Mn System (All Values in Sl Units for One Formula Unit) 

G H S E R M N  = - 2 8 , 7 3 3 . 4 1  + 3 1 2 . 2 6 4 8 T  - 4 8 T  In T + 1 .656847  103~ -9 

2 9 8 . 1 5  < T < 1811 .00  

G F E F C C  = + G H S E R F E  - 1462 .4  + 8 . 2 8 2 T  - 1 .15T In T + 6 .4  10 4T2 

1811 .00  < T <  6 0 0 0 . 0 0  
G F E F C C  = - 2 7 , 0 9 8 . 2 6 6  + 3 0 0 . 2 5 2 5 6 T  - 46T  In T + 2 . 7 8 8 5 4  103iT -9 

G C R F C C  = + G H S E R C R  + 7 2 8 4  + 0 . 1 6 3 T  

2 9 8 . 1 5  < T < 1519 .00  

G M N F C C  = - 3 4 3 9 . 3  + 1 3 1 . 8 8 4 T  - 2 4 . 5 1 7 7  T In T - 0 . 0 0 6 T  2 + 6 9 , 6 0 0 T  -~ 

1519 .00  < T < 2 0 0 0 . 0 0  
G M N F C C  = - 2 6 , 0 7 0 . 1  + 3 0 9 . 6 6 6 4 T  - 4 8 T  In T + 3 . 8 6 1 9 6  103~ -9 

2 9 8 . 1 5  < T < 1519 .00  

G M N B C C  = - 3 2 3 5 . 3  + 127 .85T  - 2 3 . 7 T  In T - 0 . 0 0 7 4 4 2 7 1 T  2 + 6 0 , 0 0 0 T  -~ 

1519 .00  < T < 2 0 0 0 . 0 0  
G M N B C C  = - 2 3 1 8 8 . 8 3  + 3 0 7 . 7 0 4 3 T  - 4 8 T  In T + 1 .265152  103~ -9 
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Fig. 1 - - T h e  calculated phase diagram of the Cr-Mn system. 
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Fig. 2 - - T h e  calculated phase diagram of the Cr-Mn system in com- 
parison with experimental data (19,22,23). 

and Hume-Rothery 124] and Wachtel and Bartelt m} show 
higher solubility of manganese in the Cr-rich bcc phase 
at about 800 ~ than in the present calculation. How- 
ever, when the calculated bcc/bcc+o-phase boundary 
above 925 ~ is extrapolated to lower temperature, it 
shows good agreement with the preceding experimental 
data points. Therefore, those experimental data at about 

1 6 0 0 1  i , i I ! 

I 0 Carlile/single phase V HellaweWo0oling 
1500 -'1 DCarlile/lwo phase ~HellawelVheating 

/ ~>Lugsoheidsr/single phase 
1400 -I >1< Lugscheider/two p h a s e  

P 1200-  
_~ [] ~ 0 bcc fcc 

Q. 1 0 0 0 -  

I -  900- 0 

700 - eO 

~ / e p m m  [] e ,,  o 
600 i- . . . .  

0.75 0.80 0.85 0. 0 0.;5 1.0, 
XMn 

Fig. 3 - - T h e  calculated phase diagram of the Cr-Mn system in com- 
parison with experimental data (19,25,26). 
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Fig. 4 - - T h e  calculated phase diagram of  the Cr-Mn system in com- 
parison with experimental data (19,24,8). 

1928--VOLUME 24A, SEPTEMBER 1993 METALLURGICAL TRANSACTIONS A 



800 ~ can be regarded as for the metastable equilibrium 
between bcc and o- not for the stable equilibrium be- 
tween bcc and a ' .  The calculated Nrel temperatures of 
the Cr-Mn bcc alloys are compared with the relevant ex- 
perimental data in Figure 5. Figure 6 shows the com- 
parison between the calculated manganese activities at 
800 ~ 1000 ~ and 1200 ~ and experimental data at 
several temperatures by various authors.pS 32~ The 
reference state of pure Mn is /3-Mn . There is a severe 
discrepancy among individual investigators. The calcu- 
lated activity lines show good agreement only with 
Zaitsev et a l . ' s  data, p2] which is the only data set in- 
cluded in the optimization procedure, as mentioned al- 
ready. Another comparison between the calculated 
manganese activities and experimental data by Zaitsev 
et al. is shown in Figure 7. Figure 7 shows that the pres- 
ent calculation reproduces the abrupt change in man- 
ganese activity along temperature at a constant 
composition reasonably well. 

The calculated ferrite (bcc)/austenite (fcc) equilibria 

at 950 ~ 900 ~ 850 ~ 800 ~ and 750 ~ in the 
Fe-Cr-Mn ternary system are compared in Figures 8 
through 12 with experimental data by Kirchner and 
Uhrenius. tT1 It was impossible to obtain good agreements 
with experimental data both in phase boundaries and di- 
rection of tie-lines. In the present assessment, the phase 
boundary information was given more weight. Thus, the 
agreement in the direction of tie-lines is rather poor while 
that in the phase boundaries is satisfactory. Figure 13 
shows the calculated isothermal section of the Fe-Cr-Mn 
system at 650 ~ Experimental data on the fcc/ tr  equi- 
libria by various authors are also presented for compar- 
ison. The experimental data by Okazaki et a l 9  and Abe 
et al. TM show good agreement with the present calcula- 
tion. However, there is a rather big discrepancy between 
calculation and Murata et al . 's  data. r43~ First, the phase 
boundary between the fcc and a-Mn phase in the Fe-Mn 
binary side is different by several wt pct Mn from the 
present phase diagram of the Fe-Mn system. E~2} Second, 
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Fig. 5 - - T h e  calculated Neel temperature of  the bcc Cr-Mn alloys in 
comparison with experimental data (8,33-36) .  
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Fig. 7--The calculated activity of Mn in the solid Cr-Mn alloys at 
58.8 and 72.5 at pct Mn in comparison with experimental data (32). 
The reference state of pure Mn is/3-Mn. 
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Fig. 6--The calculated activity of Mn in the solid Cr-Mn alloys at 
1073, 1273, and 1473 K in comparison with experimental data (28- 
32). The reference state of pure Mn is/3-Mn. 
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950 ~ in the Fe-Cr-Mn system in comparison with experimental data 
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Fig. 9 - - T h e  calculated ferrite (bcc)/austenite (fcc) equilibria at 
900 ~ in the Fe-Cr-Mn system in comparison with experimental data 
(7). 
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Fig. 12 - -The  calculated ferrite (bcc)/austenite (fcc) equilibria at 
750 ~ in the Fe-Cr-Mn system in comparison with experimental data 
(7). 
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Fig. 10- -The  calculated ferrite (bcc)/austenite (fcc) equilibria at 
850 ~ in the Fe-Cr-Mn system in comparison with experimental data 
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Fig. l l - - T h e  calculated ferrite (bcc)/austenite (fcc) equilibria at 
800 ~ in the Fe-Cr-Mn system in comparison with experimental data 
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Fig. 13 - -The  calculated isothermal section of the Fe-Cr-Mn system 
at 650 ~ in comparison with experimental data (43,2,3). 

according to Murata et a l . ' s  data, the fcc/fcc + o- phase 
boundary should lie on a lower Cr content region at Fe- 
rich corner than in the present calculation. Disagreement 
in the fcc/fcc + a - M n / a - M n  ternary phase boundaries 
that comes from disagreement in the Fe-Mn binary is 
inevitable in the present work. The Fe-Mn binary system 
would have to be reassessed considering Murata et a l . ' s  
data to remove these disagreements. However, it seems 
appropriate to wait before making such changes until more 
detailed and extensive experimental data are available on 
the Fe-Mn binary system. 

A possible explanation for the disagreement in the fcc/  
fcc + o, phase boundary at the Fe-rich comer can be 
made as follows. A metastable e martensite (hcp) phase 
has been reported experimentally. 14,42,43,611 In Murata 
et a l . ' s  article, 1431 the microstructures of solution-treated 
alloys showed well-developed fcc + e two-phase type 
especially in the Fe-rich alloys. The authors also noted 
that in some specimens with relatively low Mn content, 
the e phase retained even after long annealing at 650 ~ 
Since the stability of the e phase is lower than the fcc 
phase, the metastable phase boundary e / e  + o" should 
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be located in a lower Cr region than the stable phase 
boundary fcc/fcc + or. Thus, if the o" phase had precip- 
itated in equilibrium with the metastable e phase not in 
equilibrium with the stable fcc phase, then it would be 
possible to detect metastable or phase in the fcc single- 
phase region. Due to slow kinetics, a long time would 
be needed for the metastable o- precipitates to resolve 
into the fcc phase even after the e phase transformed to 
the stable fcc phase. The severe scattering in the Cr con- 
tents of the o- precipitates (13 to 31 wt pet Cr) in Murata 
et  a l . ' s  work indicates that the precipitated o- phase is in 
incomplete equilibrium state. A conclusion can thus be 
made that the stability of the or phase might be over- 
estimated due to the occurence of the metastable e(hcp) 
martensite. The experimental data by the same authors 141 
on the fee/o" equilibria at 800 ~ also show disagree- 
ments in the location of the fcc/fcc + o- phase boundary 
from the present calculation, as shown in Figure 14. 
However, the 850 ~ isothermal section in Figure 15 
shows a slight disagreement but in the opposite direction 

between the present calculation and another experimen- 
tal data set. [4q Figure 16 shows the calculated isothermal 
section of the Fe-Cr-Mn system at 1000 ~ 

The vertical sections of the Fe-Cr-Mn system at 6, 16, 
and 28 wt pct Mn are also calculated and compared with 
experimental data by Grigor'ev and Gruzdeva 139) in 
Figures 17 through 19. The agreement between calcu- 
lation and experimental data is generally poor and even 
bad especially in the 28 pet Mn section (Figure 19). 
However, it should be noted that the annealing time at 
600 ~ was only 170 hours in the previous experimental 
work,  139] and the present calculation of the fcc/bcc phase 
boundary shows rather good agreement with recent data 
by Okazaki et  a/. [421 in the temperature range of 1000 ~ 
to 1200 ~ 

There is good agreement between the present calcu- 
lation and the experimental data on the liquidus temper- 
atures in the Fe-rich region of the Fe-Cr-Mn system by 
Kundrat, 1441 as shown in Figure 20. In Figure 20, the 
numbers represent the difference between the melting point 
of pure iron (1811 K) and the liquidus temperature at 
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Fig. 1 4 - - T h e  calculated isothermal section of the Fe-Cr-Mn system 
at 800 ~ in comparison with experimental data (4). 
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Fig. 1 6 - - T h e  calculated isothermal section of  the Fe-Cr-Mn system 
at 1000 ~ 
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Fig. 1 5 - - T h e  calculated isothermal section of the Fe-Cr-Mn system 
at 850 ~ in comparison with experimental data (41). 
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Fig. 1 7 - - T h e  calculated vertical section of the Fe-Cr-Mn system at 
6 wt pet Mn in comparison with experimental data (39). 
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Fig. 1 8 - - T h e  calculated vertical section of the Fe-Cr-Mn system at 
16 wt pct Mn in comparison with experimental data (39). 

each composition or line. Thus, the line denoted with 
"30" is the calculated liquidus line at 1781 K, and the 
data point denoted with "40" means that the experimen- 
tal liquidus point at that composition is 1771 K, for ex- 
ample. Figure 21 shows the calculated isothermal sections 
at 1786, 1781, and 1776 K in comparison with some 
experimental tie-lines between liquid and bcc by the same 
author, ta4j The agreement is rather good in the Fe-Mn 
binary side but poor in the Fe-Cr binary side. The tem- 
perature differences between liquidus and solidus lines 
are much smaller in the Fe-20 pct Cr region than in the 
Fe-5 pct Mn region; thus, it would be more difficult to 
measure tie-lines exactly in the Fe-20 pct Cr region. 
However, there is relatively good agreement in the liq- 
uidus temperatures even in the Fe-Cr binary side. Fi- 
nally, Figure 22 shows the calculated liquidus projections 
of the Fe-Cr-Mn system in the whole composition range. 
In Figure 22, the tick mark numbers Z give the temper- 
atures according to the relation: T (~  = 1200 + 30Z. 
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Fig. 1 9 - - T h e  calculated vertical section of the Fe-Cr-Mn system at 
28 wt pct Mn in comparison with experimental data (39). 
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Fig. 20--The calculated liquidus surface in the Fe-rich region of the 
Fe-Cr-Mn system in comparison with experimental data (44). The 
numbers represent the difference between the melting point of pure 
iron (1811 K) and the liquidus temperature at each composition or 
line. 
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Fig. 2 1 - - T h e  calculated isothermal sections at 1786, 1781, and 
1776 K in the Fe-rich region of the Fe-Cr-Mn system in comparison 
with experimental data (44). The numbers represent the difference 
between the melting point of pure iron (1811 K) and the liquidus tem- 
perature at each composition or line. 
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Fig. 2 2 - - T h e  calculated liquidus projections of  the Fe-Cr -Mn sys- 
tem. The number Z give the temperatures according to T (~  = 1200 
+ 30Z. 
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VI. SUMMARY AND CONCLUSIONS 

A thermodynamic evaluation of the Cr-Mn and Fe-Cr- 
Mn systems has been made by using thermodynamic 
models for the Gibbs energy of individual phases. The 
Cr-Mn binary system could be assessed successfully by 
assuming two different sigma phases and using a differ- 
ent thermodynamic description for each sigma phase. The 
model parameters for the two ternary sigma phases could 
be obtained rather simply by assuming the same effect 
of Fe on the thermodynamic properties of both phases. 
Several isothermal and vertical sections in the Fe-Cr-Mn 
system were calculated using the optimized thermo- 
dynamic parameters and are presented for comparison 
with relevant experimental data. 
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