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In the present work, differential thermal analysis (DTA) and electromotive force (emf) methods 
were employed to investigate the Mn-C phase diagram around the eutectoid decomposition of 
Mn(y). The eutectoid temperature and the composition were estimated to be 1031 K and 
9.62 mol pct carbon, respectively. The temperature for the eutectoid decomposition of e-carbide 
to Mn(y) and Mn23C 6 w a s  found to be 1260 K, and the equilibrium composition of  Mn(3') 
corresponding to this three-phase reaction was 14.89 mol pct carbon. From the experimental 
data, the solubility of Mn23C 6 in Mn(y) was evaluated in the temperature range of 1031 to 
1260 K using a two-sublattice model. On the basis of the present results, the relevant part of 
the Mn-C diagram was redrawn. Microscopic and X-ray analyses of quenched samples appear 
to be in support of the suggested phase diagram. 

I. I N T R O D U C T I O N  

A knowledge of the phase equilibria in the manganese- 
carbon system is of great importance in understanding 
the properties of alloy steels. The earliest systematic in- 
vestigation of the system has been carried out by Vogel 
and D6ring. tq This was followed up by the even more 
detailed studies of Isobe t2~ and Kuo and Persson. t3J The 
results of latter studies differ significantly from those of 
Vogel and D6ring. Benz et al. [4] have carried out exten- 
sive X-ray diffraction and microscopic studies of the 
Mn-C binary system in the temperature range of  973 to 
1173 K. The present version of the phase diagram, tSJ 
represented in Figure 1, is based on the results of Kuo 
and Persson, t31 Benz et al. ,  t41 and Bouchaud. t61 

There are a number of uncertainties concerning the 
phase diagram in Figure 1, especially in the solid-sta{e 
region with carbon content less than 5.39 wt pct. For 
example, the decomposition temperature of Mn(y)  solid 
solution has been variously reported as 1013, tH 1093, t21 
and 1163 K. t41 Such discrepancies could be attributed to 
traces of impurities in the starting materials and to ex- 
perimental difficulties. Actually, the Mn-C alloys are 
hygroscopic in nature, and they are susceptible to oxi- 
dation as well. Further, a number of earlier investiga- 
tors [2-4'6'7] have reported serious experimental difficulties 
in retaining the high-temperature phases by quenching 
methods, as the phase transformations involved are ex- 
tremely fast. The present work was aimed at a detailed 
study of the eutectoid reaction 

Mn(y) = Mn(a)  + Mn23C 6 [1] 

in order to determine the temperature of the three-phase 
reaction, the eutectoid composition as well as the solu- 
bility of Mn23C6 in Mn(y).  The experimental techniques 
involved were DTA, solid-state galvanic cell measure- 
ments with CaF2 as electrolyte, microscopic examina- 
tion, and X-ray analysis. A two-sublattice regular solution 
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model tS~ was used in the theoretical analysis of  the ex- 
perimental results. 

II. E X P E R I M E N T A L  

A.  Materials 

Pure Mn powder (99.9 pct, E. Merck, Darmstadt, 
Federal Republic of Germany), having a particle size of 
less than 150 brm, and specpure graphite powder of pel- 
letable quality (Johnson Matthey Ltd., Royston, United 
Kingdom) were used in the preparation of the Mn-C 
alloys. Single crystals of CaF 2 (15 mm in diameter and 
5 mm in thickness) (Harshaw Chemie Bv, Be Meern, 
The Netherlands) were used as electrolytes. CaF2 pow- 
der (suprapure, E. Merck Federal R~public of Germany) 
and MnF2 powder (Ventron Alpha Produkte, Karlsruhe, 
Federal Republic of Germany) were used in the prepa- 
ration of  electrodes in the galvanic cell. Both CaF2 and 
MnF2 powders were dried at 673 K in vacuum (2 • 
10 -5 bar) for 12 hours before use. Aluminum oxide 
powder (standardized for chromatographic adsorption 
analysis, E. Merck) was used as reference material for 
DTA analysis. This was calcined before being used in 
the experiments. The argon gas (SR grade), as well as 
argon-1 pct hydrogen gas mixture used in the present 
work, was supplied by AGA Special Gas, Stockholm, 
Sweden. Both gases were purified by using the proce- 
dure described earlier, t91 The oxygen partial pressures in 
the gases were constantly monitored by ZrO2-CaO solid 
electrolyte galvanic ceils during the experiments. The 
values of Po2 in the gases after purification were found 
to be less than 10 -22 bar. " 

B. Preparation of  the Mn-C Alloys 

Manganese and graphite powders were mixed thor- 
oughly in required proportions in an agate mortar to get 
the desired compositions. For DTA and emf studies, the 
samples were prepared by pressing the mixtures into pel- 
lets and sintering them in a closed boron nitride crucible 
in a stream of purified argon at 1323 K for 48 hours. 
These sintering conditions have been shown by Kuo 
and Persson t3j to be adequate for the completion of the 
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Fig. 1 -  Mn-C phase diagram. 

reaction. To Obtain dense samples for heat treatment, some 
mixtures were melted in ZrO2 crucibles in a purified argon 
stream. Both sintered and melted samples were cooled 
in the furnace itself. The carbon content obtained by 
analysis was in agreement with the weighed in amounts 
within ---2 pct. 

C. Differential Thermal Analysis 

The DTA measurements were performed using a Mettler 
thermoanalyzer. A Pt-10 pet Rh/Pt  thermocouple ar- 
rangement was used for these studies. The Mn-C alloy 
was first crushed and finely ground in a glove box under 
argon atmosphere. About 0.8 g of the sample was then 
compacted into an alumina crucible with a lid. A similar 
crucible containing about 0.8 g of alumina powder was 
used as the reference. 

After mounting the sample and the reference on the 
crucible holder with the thermocouple arrangement, as 
shown in Figure 2, the apparatus was evacuated and filled 
with purified Ar-1 pct H2 gas mixture. The system was 
then flushed with the gas mixture for at least 3 hours. 
The gas flow was then decreased to about 100 ml/min 
and was kept constant during the entire measurement. 
When the oxygen sensor connected to the outgoing gas 
showed a value of  Po2 less than 10 -22 bar, the heating 
program was started. The oxygen level in the vicinity of 
the sample was lowered further at high temperatures by 
keeping Zr-Ti alloy getters in situ. The weight changes 
of the sample were followed by means of  the thermo- 
gravimetric part of  the thermoanalyzer (accuracy: 
_0.0001 g), and it was found that the weight changes 
were negligible during the course of  the experiment, 
thereby indicating that the oxidation of C or Mn or the 
loss of Mn due to vaporization are negligible. 

During the DTA run, the temperature was first raised 
to 923 K at a rate of  10 K/min  and then maintained at 
this temperature for 1 hour. The sample was then taken 
through temperature cycles between 923 and 1373 K 
several times, and the DTA pattern was registered con- 
tinuously. The heating and cooling rates were generally 
kept at 6 K/min.  Even though this rate was found to be 
convenient, changing of  the heating and cooling rates to 
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Fig. 2 - - T h e  DTA arrangement. 

10 K / m i n  or 4 K/min  in the case of some of the ex- 
periments did not affect the experimental results. The 
thermocouple arrangement was calibrated before and after 
each experiment against the melting points of pure alu- 
minum and gold under identical conditions, and the ex- 
perimental temperatures were corrected using the 
calibration curves. It was found that the calibration curves 
remained unaltered during the course of the entire ex- 
perimental series. 

D. Emf Measurements 

The galvanic cell arrangement and the experimental 
procedure for emf measurements have been described in 
detail in a previous work. t91 The galvanic cell used in the 
present work can be represented as 

( - )  Mn, MnF2, CaF2 II CaF2 II 
CaFz, MnF2, " M n - C "  (+) [I] 

the cell reaction being 

Mn --~ Mn (Mn-C alloy) [2] 

The CaF2 electrolyte pellet was kept sandwiched be- 
tween the two electrodes in an open cell arrangement. 
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The cell was placed in a vertically mounted alumina re- 
action tube and was positioned in the even temperature 
zone of  the furnace (---1 K over  a length of 5 cm).  An 
oxygen partial pressure of  less than 10 -22 bar was main- 
tained in the reaction tube by passing a stream of  puri- 
fied argon gas constantly through the reaction tube. The 
cell emf  was measured to an accuracy of ---0.01 mV by 
a Newport  millivoltmeter with an input impedance of  
109 ohms and was registered by a Newport digital printer. 
The emf values were considered to be steady if they were 
constant within ---0.1 mV over a period of 3 hours. 

E. Microscopic and X-Ray Studies 

The samples for microscopic and X-ray studies were 
prepared as follows. The dense alloy samples were 
embedded in AIzO 3 powder kept in quartz crucibles and 
were sealed under vacuum. The alumina powder pre- 
vented any possible reaction between quartz and the 
samples. The specimens were heated up and kept at the 
desired temperatures for 120 hours. The samples were 
then quenched by dropping the capsules into salt water 
and crushing them immediately. X-ray analysis of  the 
samples was carried out in a Guinier-H~igg camera using 
Cr as the target. 

I l L  R E S U L T S  

A. DTA Measurements 

Ten different Mn-C alloys were studied by the DTA 
method. The temperatures corresponding to the peaks in 
the DTA curves for various alloys are listed in Table I. 
These temperatures were reproducible for various runs 
with the same alloy both during heating and cooling. In 
general, two different peaks were observed. In the case 
of  alloy 1, a third peak was observed corresponding to 
1286 K. 

The first DTA peak for all the compositions was 
observed between 1027 and 1034K.  The average 
temperature for this transformation was estimated to 
be 1031 - 4 K in the composition range Xc = 0.0858 
to 0.1889. 

For alloys 1 through 3, the second peak was observed 

Table  I. The  Resul ts  of  the 
Differential  T h ermal  Analys i s  M e a s u r e m e n t s  

Alloy Composition 
Temperatures of the 

DTA Peaks, K 

First Second Third 
Alloy Wt Pct C Xc Peak Peak Peak 

1 4.84 0.1889 1031 1261 1286 
2 4.59 0.1805 1032 1261 - -  
3 4.02 0.1609 1028 1259 - -  
4 3.50 0.1424 1034 1234 - -  
5 3.48 0.1417 1027 1227 - -  
6 2.90 0.1203 1032 1129 - -  
7 2.81 0.1169 1029 1126 - -  
8 2.64 0.1106 1030 1091 - -  
9 2.21 0.0938 1032 1093 - -  

10 2.01 0.0858 1032 1111 - -  

at 1260 -+ 1 K, and this peak was independent of  com- 
position in the composition range Xc = 0.1609 to 0.1889. 
On the other hand, for the alloys 4 through 8, the tem- 
perature of  the second peak was found to vary with the 
composition, decreasing as the carbon content de- 
creased, as can be seen in Table I. In the case of  alloys 
9 and 10, the second peak started sho,&ing an increase 
with decreasing carbon content. 

The results of  DTA measurements have been plotted 
in Figure 3. It is seen that there is a clear indication of 
an eutectoid reaction, the temperature for the three-phase 
reaction being 1031 K. The eutectoid composition ap- 
pears to be around Xc = 0.10. This representation in 
Figure 3 appears to be different from the Mn-C phase 
diagram given in Figure 1. In view of the uncertainties 
in the phase-diagram studies carried out earlier regarding 
the decomposition temperature of  Mn(T), as pointed out 
in the Introduction, it was felt that it was reasonable to 
mark the eutectoid reaction corresponding to reac- 
tion [1] in a tentative manner. The various single- or two- 
phase regions have been marked correspondingly in 
Figure 3. It is admitted at this stage that verification of 
this by other experimental methods was necessary before 
it could be accepted as conclusive. 

In the case of  alloys 1 through 3, the second peak at 
1260 K appears to correspond to the decomposition tem- 
perature of  e-carbide, which has been represented as 
1263 K in Figure 1. 
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Fig. 3 - - T h e  tentative phase diagram from DTA measurements. 
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B. Emf Measurements 

Three different Mn-C alloys were studied in the pres- 
ent work by the solid-state galvanic cell method involv- 
ing CaF2 electrolyte. The alloy compositions as well as 
emf  values obtained at various temperatures for these al- 
loys have been listed in Table II. All three alloys were 
planned to be in the Mn(a)-Mn23C6 two-phase field at 
"low temperatures" according to the phase diagram in 
Figure 1. The galvanic cell could be represented as 

( - )  M n ( a  or/3),  MnF2, CaF2 II CaF2 II 
CaF2, MnF2, Mn(a)-Mn23C6 (+)  [II] 

the cell reaction being 

Mn(a  or/3) = Mn (Mn(a)-Mn23C6) [3] 

below the eutectoid temperature. 

Table II. The Results of the 
Galvanic Cell Measurements 

Alloy Composition 

Cell Wt Pct C Xc 
Temperature, Emf, 

K mV 

I 3.50 0.1424 

II 4.22 0.1679 

HI 2.01 0.0858 

907 4.10 
935 4.30 
958 4.40 
978 4.30 
991.5 4.40 

1021 4.30 
1028 4.20 
1037 4.80 
1079 4.80 
1114.5 6.30 
1144 7.00 
1158 7.30 
1187 8.70 
1198.5 8.80 
1223 9.00 

925 4.00 
963 3.90 
985 3.90 

1007 3.80 
1042 3.90 
1084 5.30 
1107 6.10 
1157 6.40 
1174 6.00 
1195.5 7.80 
1221 8.80 

914 3.70 
940.5 3.70 
960 4.20 

1002 4.10 
1017 3.70 
1039 3.70 
1079 3.50 
1098 3.40 
1104 3.50 
1128.5 3.80 
1143.5 3.80 
1189 4.90 
1200 4.70 
1225 5.40 
1241 5.50 

For the alloys with Xc = 0.1424 and Xc = 0.1679, 
the cell emf  values have been plotted as a function of 
temperature in Figure 4. It is seen that both cells show 
a distinct break in the emf/temperature relationship at 
1038 K, thereby indicating the occurrence of a phase 
transformation at this temperature. The agreement be- 
tween the results for both alloys indicates that they both 
lie in the same phase regions in the phase diagram above 
as well as below the transformation temperature. Com- 
parison with the results of  the DTA measurements in 
Figure 3 suggests that this phase transformation could 
correspond to the three-phase reaction [1]. This would 
mean that below the Iransformation temperature, the alloy 
electrodes would consist of  Mn(a )  and Mn23C6, while 
above this temperature, Mn(y)  and Mn23C 6. The differ- 
ence in the eutectoid temperature obtained from the dif- 
ferent techniques could be attributed to the experimental 
uncertainties. 

The equation for the straight line below 1038 K can 
be represented as 

E (mY) = 3.90(-+0.38) - 0.00026(-+0.00085) T [4] 

valid in the temperature range of  907 to 1038 K. The cor- 
responding equation for the straight line above the 
transformation temperature has been calculated by the 
least-square method as 

E (mV) -- -22.3(-+1.6)  + 0.0255(-+0.0015) T [5] 

in the temperature range of  1038 to 1223 K. 
It has to be pointed out that in the present emf  studies, 

no discontinuity in the emf/temperature line cor- 
sponding to the Mn(a)  (pure) --~ Mn(fl)  (pure) trans- 
formation could be observed. This probably can be 
attributed to the small entropy change associated with 
this transformation, which might be within the experimen- 
tal scatter. 

The carbon content of  the third alloy studied by the 
emf  method was Xc = 0.0858. The emf  values for this 
cell have been plotted as a function of temperature in 
Figure 5. The values obtained from the other cells as 
well as the lines corresponding to Eqs. [4] and [5] have 
also been drawn in the same figure for comparison. It is 
seen that results obtained for the cell with the alloy hav- 
ing a carbon content Xc = 0.0858 below 1038 K agree 
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well with the other two cells, thereby confirming that all 
three alloys lie in the same two-phase field, presumably 
Mn(a)-Mn23C6. The new equation for the straight line 
from all three measurements below 1038 K can be cal- 
culated by-the least-square method as 

E (mV) = 3.2(---1.3) + 0 .001( -0 .001)  T [6] 

Just above this temperature, the emf for the cell with the 
alloy composition Xc = 0.0858 shows a slight decrease 
up to 1110 K. Above 1110 K, the emf/temperature 
relationship shows a new straight line. In view of  the 
fact that the number of experimental values between 1038 
and 1110 K are very few, it was felt that a least-square 
equation in this region would be somewhat misleading. 
On the other hand, the straight line above 1110 K has 
been calculated to be �9 

E (mV) = -14.88(---0.26) + 0.0165(---0.0002) T [7] 

valid in the temperature range of 1110 to 1241 K. 
A comparison of the results of  the emf  measurements 

for the alloy composition Xc = 0.0858 with the results 
of  the DTA measurements in Figure 3 leads to the con- 
clusion that this alloy would be in the Mn(ot)-Mn23C6 
two-phase field below 1038 K, in the Mn(a)-Mn(y) two- 
phase field between 1038 and 1110 K, and in the Mn(y)  
single-phase region above 1110 K. The cell reaction cor- 
responding to Eq. [7] would be 

Mn(/3) (pure) = Mn(y)  [7a] 

IV. DISCUSSION 

The results of  emf  measurements seem to be in sup- 
port of  the phase diagram shown in Figure 3 obtained 
from DTA studies. However,  it is not possible to con- 
firm the three-phase reaction at 1260 K by emf  tech- 
nique as the highest temperature of  this method was 
1241 K. Beyond this temperature, the emf  values were 
unsteady, and the results were unreliable. 

The solubility of  Mn23C6 in Mn(7) as a function of  
temperature was evaluated from the results of  DTA and 
emf  measurements using a two-sublattice model. [s,l~ Ac- 
cording to this model, the standard Gibbs energy change 

for the formation of Mn23C6 from Mn(y)  and graphite is 
given by tl~ 

AGM~:~c,~ = ~ 23~ - ~,f;~~ [8a] 

o = - -  a M n  " J C  + C,v J AGMn23C6 6(~ o ,./ - -  of-2_graphite LM~(v)~ 

-- (12yc -- Oa. 2~rMn(v) + ~RTln  yc z.-.-,.,v C/L,C,  v 

+ 17RTIn (1 - Yc) [8b] 

where ~ = standard Gibbs energy of Mn23C6;  
o y GM~ = standard Gibbs energy of  Mn(y);  rl~ 

~  graphite : standard Gibbs energy of carbon 
(graphite); 
standard Gibbs energy of the Mn-C 
binary (hypothetical standard state[l~ 
the interaction energy between 
carbon and vacancies in the section 
MnC-Mnv;[ ~0] 
Xc/(1 - Xc), Xc being the mol frac- 
tion of carbon in Mn(T) in equilib- 
rium with the Mn23C6 phase at a given 
temperature; 
gas constant; and 

~  C = 

LMn(v) C,v 

YC 

R 

T = temperature in Kelvin. 

In order to evaluate the left-hand side of Eq. [8b], 
the standard Gibbs energy of formation of  M n 2 3 C  6 from 
pure Mn(/3) and graphite was determined from earlier 
emf measurements, t9] viz. 

~ - -  23~ - -  vg~ 

= -325 ,333  + 76.20 T J [9] 

~ being the standard Gibbs energy of pure Mn(fl). 
The standard Gibbs energy change for the reaction: 

Mn(fl)  (pure) = Mn(y)  (IJure) [10] 

was estimated from the enthalpy and the temperature of 
transition available in literature, tn] assuming that 
CpMn(~) ~ CpMn(r). The relationship thus obtained can be 
represented as 

O G M  n y  - -  ~  = 2120 - 1 .559T J - m o l  - l  [ l l ]  

Combining Eqs. [9] and [1 l] in an appropriate manner, 
the following relationship was obtained: 

~ -- 23~ - 6Oacgrap bite 

= -374 ,093  + 112.057 T J [12] 

An expression for the parameter rM-(v) ~C.v Can be derived 
from Eqs. [7] and [11]: 

LMn(T)C,v ---- 83,501 - 91.347 T J" mo1-1 [13] 

In order to evaluate Yc values, h e  data from DTA mea- 
surements corresponding to the Mn(7)  - Mn23C6 line 
in Figure 3 (alloy compositions corresponding to alloys 
4 through 8 and the temperatures corresponding to the 
second DTA peaks in Table I) were substituted along 
with Eqs. [12] and [13] in Eqs. [8a] and [8b]. The op- 

o T timized expression thus obtained for the term ( GMnC -- 
~  - ~ raphite) as a function of  temperature was 

o y - -  o y - -  oa~raphite 
G MnC G M~ 

---- --109,458(-----30) + 94.358(--+0.026) T J [14] 
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Substituting Eqs. [12], [13], and [14] in Eq. [8b], the 
solubility of Mn23C6 in Mn(7) was calculated as a func- 
tion of temperature, and this was plotted in Figure 6. 
The DTA results, as well as the phase-transformation 
points obtained from the emf measurements, have also 
been plotted in the same figure. The lines corresponding 
to the three-phase reactions, based on the DTA results, 
have been drawn in Figure 6 as solid lines. 

An estimation of  the solubility of  Mn23C6 in Mn(7) 
similar to that carried out in the present work was made 
earlier by Hillert and Waldenstr6m. [~~ In view of the 
lack of experimental data, these authors had assumed that 

rFr Nishizawa and /-Mn(7) had the same value as ,~c,v �9 /--iC, V 

Uhrenius tn~ have also made use of the same assumption 
in their work. According to this assumption, the expres- 

/" Mn('y) sion for ,-,c,~ can be represented as 

LMn(~,) fFe('y) - 2 1 , 0 5 8  - 11 . 581  T J . m o l  -I [15] C , v  ~--- L ' C , v  

By substituting Eq. [15] in Eq. [8b], a new solubility 
line for the solution of Mn23C6 in Mn(3/) is obtained. 
This line is also represented in Figure 6 as a dashed line. 
The agreement between the two lines shows the validity 
of the assumption made by the earlier workers. [l~ 

The intersection between the solubility curve (line "a" 
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in Figure 6) and the three-phase line (Mn(a),  Mn(y),  
Mn23C6) at 1031 K gives the eutectoid composition, which 
has been calculated as Xc = 0.0962. This eutectoid com- 
position is somewhat higher than those reported in lit- 
erature earlier, t1,2,5] It is to be admitted that in this 
estimation, a greater emphasis is laid on the DTA results 
than on the break points in the emf/temperature relation- 
ship in Figure 4. This was because of  the fact that the 
present authors felt that the DTA results have a better 
reliability in view of the larger number of experimental 
points. It should be pointed out that no attempt was made 
in the present work to derive an expression for the sol- 
ubility of Mn(a)  in Mn(y) ,  as the number of  experi- 
mental points were very few and the scatter was 
significant. Further experimentation may be necessary in 
order to evaluate this line accurately. 

In order to confirm the eutectoid composition, two al- 
loys with compositions Xc = 0.0938 and Xc -- 0.1012 
were melted and then furnace cooled. These alloys were 
examined in an optical microscope. The photo- 
micrographs are reproduced in Figures 7 and 8. It can 
be seen that Figure 7 shows a small amount of  Mn(a)  
(white areas) along with the main eutectoid structure. On 
the other hand, Figure 8 shows a small amount of M n 2 3 C  6 

(large crystals in the lower-left comer) along with the 
dominating eutectoid structure. This would mean that the 
eutectoid composition would lie between these two com- 
positions, which would agree with the estimation made 
in the present work, viz., Xc = 0.0962. 

The solubility curve for Mn23C6 in Mn(3,) calculated 
in the present work meets the three-phase line at 1260 K, 
representing the reaction: 

e-carbide = Mn(7) + Mn23C 6 [16] 

at a composition Xc = 0.1489, as can be seen in Figure 6. 
This composition is much higher than that shown in 
Figure 1. Nishizawa t~31 has made a theoretical analysis 
of the ternary system Fe-Mn-C using the two-sublattice 
model and has presented an isothermal section (1273 K) 
of  the ternary system. Extrapolation of the solubility line 
of  (Mn, Fe)23C 6 in the y-Mn-Fe-C solution in the ternary 

Fig. 7--Photomicrograph of an alloy with Xc = 0.0938 after furnace 
cooling (etched in 2 pct Nital). Eutectoid colonies and Mn(cQ (white 
areas). Magnification 134 times. 
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Fig. 8--Photomicrograph of an alloy with Xc = 0.1012 after furnace 
cooling (etched in 2 pct Nital). Eutectoid colonies and Mn23C6 (large 
crystals in the lower-left comer). Magnification 134 times. 

Fig. 9--Photomicrograph of an alloy with Xc = 0.0938 after quench- 
ing from 1189 K (etched in 2 pct Nital). Single phase: Mn(a). Mag- 
nification 119 times. 

system to the Mn-C binary indicates the solubility limit 
at Xc = 0.135, which appears to be in reasonable agree- 
ment with the results of the present work. 

A number of attempts were made to heat treat the 
Mn-C alloys at different temperatures and compositions 
and quench the samples so that the high-temperature 
phases could be identified by microscopic examination 
and X-ray analysis. However, no conclusive evidence 
could be obtained in these efforts. This is probably due 
to the difficulty in retaining the high-temperature phases 
by quenching techniques, as the phase transformations 
involved might be very fast. The same difficulty seems 
to have been faced by many earlier investigators. Isobe/21 
reported that it was not possible to obtain the high- 
temperature structure in alloys containing 1.78 wt pct 
C (Xc = 0.0766) and 2.8 wt pct C (Xc = 0.1165) when 
the specimens were quenched in an ice-brine mixture. 
Kuo and Persson t3] obtained the Mn(a) phase even in 
samples quenched from 1323 K. Similar observations were 
also made by Bouchaud t6~ and Lesage. rT] Benz et al. t4~ 
observed Mn(a) phase in Mn-C alloy with Xc = 0.044 
and 0.022 when quenched from temperatures above 
1273 K. They further observed that an alloy containing 
4.34 wt pct C (Xc = 0.172), when quenched from 1373 K, 
revealed Mn(a) and Mn23C 6 but not Mn(y) and Mn23C 6 
at the grain boundaries of e-carbide. 

If the Mn(y) phase present at high temperatures gets 
converted to Mn(a) by means of diffusionless transfor- 
mation, a sample in the Mn(7) single-phase region at 
high temperatures, according to Figure 6, on quenching, 
is likely to result in a single Mn(a) phase. In order to 
verify this hypothesis, an alloy with the composition 
Xc = 0.0938 was heat treated at 1189 K and quenched. 
According to Figure 6, this alloy should lie in the 
Mn(y) single-phase field at 1189K. Microscopic 
examination of this sample showed that the speci- 
men consisted of a single phase. The corresponding 
photomicrograph is given in Figure 9. X-ray analysis 
revealed that the phase present was Mn(a). This is in 
accordance with the observation of Bouchaud, t6J who ob- 
tained a single Mn(a) phase by quenching the alloy with 
Xc = 0.124 (3 wt pc0 from 1273 K. At this temperature, 

the alloy would have consisted of a single Mn(y) phase, 
according to Figure 6. 

The photomicrographs of the specimens containing 
Xc  = 0.1727 (4.36 wtpct) quenched from 1063 and 
1189 K are given in Figures 10 and 11. Both have a sim- 
ilar structure, the white region being Mn(a) and the dark 
areas Mn23C6 . It is likely that both the specimens were 
in the Mn(T)-Mn23C6 two-phase region before being 
quenched, according to Figure 6. 

In order to estimate the solubility of Mn23C 6 in Mn(a) 
at temperatures below 773 K, quantitative microscopic 
analyses were carried out with alloys containing Xc = 
0.0938 and Xc = 0.1727 after allowing them to cool 
slowly in the furnace itself. By assuming the difference 
in the molar volumes of Mn(a) and Mn/3C 6 to be neg- 
ligible, the solubility can be obtained from the volume 
fractions of the two phases and composition of the alloy. 
For the alloy with Xc = 0.0938, the solubility was found 
to be 0.055 mol fraction of carbon, and for the alloy 
with Xc = 0.1727, the value was 0.059. While the 
agreement between the two values is good, these values 
are somewhat lower than that shown in Figure 1. 

Fig. 10--Photomicrograph of an alloy with Xc = 0.1727 after 
quenching from 1063 K (etched in 2 pct Nital). White areas: Mn(ot); 
dark areas: Mn23C6. Magnification 302 times. 
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Fig. l l--Photomicrograph of an alloy with Xc = 0.1727 after 
quenching from 1189 K (etched in 2 pct Nital). White areas: Mn(a); 
Dark areas: Mn23C6. Magnification 311 times. 

An equation for the activity of Mn in Mn(y)  as a func- 
tion of temperature for an alloy with Xc = 0.0858 can 
be obtained by combining Eqs. [7] and [11]. This 
relationship can be represented as 

In aMo = --0. 1956 + 90 .43 /T  [17] 

the standard state for Mn being pure Mn(y) ,  as given in 
Eq. [8b]. Equation [17] is valid in the temperature range 
of 1110 to 1241 K. A similar equation for the activity 
of Mn in the Mn( T)-Mn23C6 two-phase field can be ob- 
tained by combining Eqs. [5] and [11]. This can be rep- 
resented as 

In aMn = -0 .4045  + 262 .7 /T  [18] 

the standard state being the same as for Eq. [17]. Equa- 
tion [!8] is valid in the temperature range of  1038 to 
1223 K. The activities and activity coefficients of Mn 
along the Mn(T)-Mn23C6 two-phase boundary line, cal- 
culated using Eq. [18], are given in Table HI. 

Table III. The Activities and Activity Coefficients of 
Mn Along the Mn(y)-Mn2aC6 Two-Phase Boundary'Line 

Mol Fraction Activity of Activity 
T, K of Mn, XMn Mn, aMn Coefficient 

1035 0.9038 0.8601 0.9517 
1050 0.8999 0.8570 0.9523 
1080 0.8923 0.8511 0.9538 
1110 0.8850 0.8455 0.9554 
1140 0.8779 0.8402 0.9571 
1170 0.8710 0.8353 0.9590 
1200 0.8643 0.8306 0.9610 
1230 0.8577 0.8262 0.9633 
1260 0.8511 0.8220 0.9658 

V. SUMMARY AND CONCLUSIONS 

In the present work, DTA was used to investigate some 
phase-diagram aspects of the Mn-C binary system around 
the eutectoid decomposition of  Mn(y).  

The results were confirmed by emf measurements in- 
volving CaF2 solid electrolyte. From the experimental 
data, the solubility of Mn23C6 in Mn(y) was calculated 
using a two-sublattice model. A section of the Mn-C phase 
diagram has been put forward on the basis of  the present 
results. The temperature for the reaction, 

Mn(T) = Mn(a)  + Mn23C6 

was found to be 1031 K, the eutectoid composition was 
estimated to be X c = 0.0962. The temperature of  the 
three-phase reaction, 

e-carbide = Mn(T) + Mn23C 6 

was found to be 1260 K, and the equilibrium carbon 
content of Mn(y) phase was estimated to be Xc = 0.1489. 

The results of microscopic and X-ray analyses, al- 
though inconclusive due to the difficulties in retaining 
the high-temperature phases on quenching, seem to be 
in support of the phase diagram suggested in the present 
work. 
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