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A description of the Gibbs energy of the various solid modifications of 
manganese at 101325 Pa has been obtained for the whole temperature range 
from 298 K to the melting point. The present analysis accounts for the effect of 
a magnetic transition in c~-, ~,-, and 6-Mn, which is treated using the Inden- 
Hillert-Jarl phenomendlogical model for the magnetic Gibbs energy. Our 
description involves smaller magnetic contributions to the entropy of these 
phases than suggested in the classical work by Weiss and Tauer. An expression 
for the Gibbs energy of the liquid phase is also reported. 
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1. I N T R O D U C T I O N  

The thermodynamic properties of Mn have been considered on several 
occasions. Tauer and Weiss [1] presented in 1957 an analysis of the 
experimental information on ~-Mn based on separating the vibrational, 
electronic and magnetic contributions to the heat capacity. The analysis 
was extended by Weiss and Tauer [2] to the fl, 7, and 6 phases in 1958. 
They reported Gibbs energy differences for all solid phases of Mn. 

The thermodynamic information on Mn available in 1967 was com- 
piled by Hultgren et al. [3], who tabulated the properties of each phase in 
its stable range of temperature from 298 to 2400 K. They recommended 
values for the low-temperature heat capacity of the c~, fl, and 7 phases and 
their entropy values at 298 K. This low-temperature information and the 
high-temperature enthalpy data due to Naylor [4] were used by Hillert 
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[-5] in a new evaluation of the Gibbs energy of the various solid phases of 
Mn from 298 K to the melting point. He also presented expressions for 
liquid Mn and the gas phase. The most recent compilation of thermo- 
dynamic data of Mn, which is due to Desai [6], was published in 1987. 
He presented entropy values for c~-, fi-, and ~;-Mn at 298 K, the thermal 
functions of the condensed phases in their stable range of temperature from 
298 to 2400 K, and the properties of the gas phase. 

The purpose of the present work was to evaluate the Gibbs energy 
functions for all condensed phases of Mn, which are necessary for per- 
forming thermodynamic calculations of binary and higher-order phase 
diagrams. Our treatment of the solid phases was based on recognizing the 
existence of a magnetic contribution to the Gibbs energy and treating it by 
means of a phenomenological model [7, 8] recently used to analyze the 
properties of Fe [9], Co [10], Ni [11], and their alloys [12 15]. In 
Section 2 we present the thermodynamic models for the Gibbs energy of 
the various Mn phases and in Section 3 we analyze the available informa- 
tion. In Section 4 we explain the procedure of evaluating the parameters, 
which we refer to in the following as optimization, and in Section 5 we 
discuss the results of the analysis. 

2. THERMODYNAMIC MODELS 

2.1. The Nonmagnetic Gibbs Energy 

The present evaluation of the thermodynamic properties of Mn at 
atmospheric pressure, Po, was based on resolving the Gibbs energy of the 
solid phases into a magnetic (AGmm g) and a nonmagnetic (G~ rag) contribu- 
tion, 

~ ) = Gnmg(T) + AGIng(T) (1) 

but only a nonmagnetic contribution was assumed for the liquid phase. 
The total Gibbs energy was referred to the enthalpy of e-Mn at 
To = 298.15 K and Po = 101325 Pa, by using the expression 

o rr~rT 
~176 S m ( r o ) r - - J T o ~ J T o C p m g  dr--l-Aar~ g (2) 

where (~nmg is the nonmagnetic contribution to the heat capacity. In view ~ p  
of the limited information available, a simple three-parameter expression 

/~nmg below the melting point, was adopted to treat ~ ,  

c;mg(T) = -- (c -t- 2 d T +  2 e T  -2)  (3) 
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where the coefficients c, d, and e were evaluated from experimental data or 
estimated. The term with T -z, which may be related to the leading term of 
the high-temperature expansion of the vibrational heat capacity [16], was 
included in Eq. (3) in order to account for the Cp data on solid Mn below 
room temperature (cf. Section 3.4.3). The linear term in Eq. (3) may be 
interpreted [17] in terms of two contributions, an electronic contribution 
and a contribution from anharmonic effects (cf. Section 3.4.4). Equation (3) 
predicts a roughly linear dependence of ~pt'~nmg with temperature at high 
temperatures (e.g. when approaching the melting point), whereas the data 
on various metals suggest positive deviations from the linear behavior. The 
simpler description given by Eq. (3) was adopted here because of the lack 
of Cp data at high temperatures. Above the melting point, Tr, a method of 
extrapolation recently adopted by the SGTE organization [18] was used 
which makes the heat capacity of a solid phase approach the value of the 
liquid, 

C~,(T) = c~q(T) + [C~,(Tf) - c~,q(Tf)](T/TO - 10 T>  Tf (4) 

The heat capacity of the liquid phase has been measured only at tem- 
peratures close to T r. Therefore Eq. (3) was simplified for this phase by 
assuming a temperature-independent heat capacity. For the extrapolation 
of Cp below the melting point the procedure recommended by the SGTE 
[18] was again adopted. In this case the heat capacity of liquid Mn below 
Tr was assumed to approach Cp of the c~ phase according to the expression, 

cliq C~,(T) + [ c ~ q ( T f )  - -  C•(Tf)](T/Tf) 6, T'< Tf ( 5 )  p ~- 

2.2. The Magnetic Gibbs Energy 

The magnetic contribution to the Gibbs energy of solid Mn was 
described by using a phenomenological model originally presented by 
Inden [7] and modified by Hillert and Jarl [8]. It is based on the expres- 
sion, 

mg AGm' = R T l n ( / ~ +  1)f~(*) (6) 

where ~ = T/Tc, Tc is the critical temperature for magnetic ordering (i.e., 
the Curie temperature for ferromagnetic ordering and the N~el tem- 
perature, TN, for antiferromagnetic ordering) of the e phase, and /~ is a 
quantity related to the total magnetic entropy smg'~(oO), i.e., the quantity, 

rng, e smg"(o0)= lira [zJXmmg'e(T)-AXm (0)] (7.1) 
T ~ o o  

as follows: 

smg'~(oo) = R ln(/? ~ + 1) (7.2) 
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f~(,) in Eq. (6) represents the polynomials obtained in the series expansion 
made by Hillert and Jarl [8], i.e., 

1 )03 ( 4 7 4 " ] ( 1 - 1  + 6 ~  for "c<1 
f~(z)=l-A--~ 140 p~ + \ 4 9 7 / \ p  * -6-+1-~ 

(8) 
and 

1 [-v 5 .z.-15 ,..C--25'~ 

- 3-77-+  --70 j 

where 

for z > l  (9) 

518 11692 
A~ + [(1/p~) - 1] (10.1) 

1125 

and the parameter p~ represents the fraction of the total magnetic enthalpy 
r a g ,  ~3 [i.e., of A H m g ' ~ ( o o ) - - A H m  (0)] that is absorbed above Tc, 

A H m g ' * ( ~  ) - A H ~ g ' ~ ( T c )  
pC = (10.2) 

A H m g ' ~ ( ~  ) - A H~g,~(0) 

Although theoretical treatments suggest [19] a dependence of p~ upon the 
structure and the magnetic moment of the e phase, only the effect of struc- 
ture is considered here, adopting the more empirical approach used by 
Inden [7]. He evaluated the p~ parameter from experimental data on 
various metals and alloys and suggested the value p = 0.4 for the bcc(cI2) 
structure. It was used to treat 6-Mn(cI2). The value obtained by Inden for 
the fcc(cF4) structure, p=0.28, was used to treat 7-Mn(cF4). Lacking 
information on the p parameter for ~-Mn(cI58) the value p = 0.28 was also 
used, as an approximation. The final expressions of f ( z )  for ~-, 7-, and 
3-Mn obtained by introducing these approximations in Eqs. (8) and (9) are 
presented in Table I, whereas fi-Mn(cP20) was treated by us as if it had no 
magnetic transition (cf. Section 3.2.2). 

2.3. The Total Gibbs Energy 

The contributions to the Gibbs energy discussed in the previous 
sections give, when combined as indicated in Eq. (2), the following type of 
analytical expression for the Gibbs energy of solid and liquid Mn at 
101,325 Pa, as a function of temperature: 

~  - ~ = a + b T  + c T l n  T +  d T  2 + e T  -1 + j T  r 1) + AGmg.~ 

(11) 
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Table I. The Mathematical Expressions Describing the Magnetic Contribution to the 
Gibbs Energy of c~-, 7-, and 6-Mn ~ 

AG tug'e= RTln(//"+ 1).f~(z), with r = TITS, and T~, ,6, and f~(z) given in the following 

Phase Structure T~ (K) /~ f~(z) 

6-Mn cI2 580 0.27 

~-Mn ci58 95 0.22 

,/-Mn cF4 540 0.62 

f~(z)- 1 0.905299383"~ -1-0.153008346~ 3 
-0.006800370956"c 9 - 0.00153008346"c 15, z < 1 

f~(r) = -0.0641731208"c 5 _ 0.00203724193z- is 
-4.27820805 10 4 27 25 ,~ > 1 

f~(z) = 1 -- 0.860338755"c 1 _ 0.17449124,r3 
-0.00775516624"c 9 -- 0.0017449124~ Is, z < 1 

f~('c) = -0.0426902268"c-1 _ 0.0013552453"c 15 
-2.84601512 10-4 z-25, "c > 1 

a fl-Mn was treated here as if it had no magnetic transition down to 0 K. The values of T N 
and/~ for the various phases are discussed in Sections 3.2 and 3.3, respectively. 

The exponent  i is equal  to  - 1 0  for solid phases and equal to 6 for the 
l iquid phase. The coefficient j is equal  to zero for the solid phases below 

Tf and  for the l iquid phase above Tf. Otherwise it is obta ined from Eqs. (4) 
and  (5). 

3. ANALYSIS  O F  T H E  E X P E R I M E N T A L  I N F O R M A T I O N ,  A N D  
P A R A M E T E R  E S T I M A T I O N S  

3.1. Solid/Solid and Solid/Liquid Transition Temperatures 

F o u r  allotropic forms of M n  have been reported [20] ,  ~-Mn(cI58),  

/~-Mn(cP20), ~-Mn(cF4) ,  and 6-Mn(cI2) .  The solid/solid t ransi t ion tem- 
peratures selected by H u l t g r e n e t  al. [3] ,  converted to the IPTS68 tem- 
perature scale by Desai [6] ,  were adopted in the present work. They are 

9 8 0 ( _ 2 0 )  K (~-~/~), 1360(+10)  K ( f l ~ ) ,  and  1411(_+5)K (7-~6) .  F o r  

the mel t ing point  of 6-Mn, the value T f =  1 5 1 9 ( + 5 ) K ,  selected in Ref. 6 
was adopted. 

3.2. Magnetic Transition Temperatures and Magnetic Moments 

3.2.1. c~-Mn 

~-Mn was shown by Shull and Wilk inson  [21]  to be 
antiferromagnetic,  with a N6el temperature  of about  100 K. A close value 
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was reported from heat capacity measurements [22]. The value 
TN= 95(-+ 1)K, in agreement with the results of more recent electrical 
resistivity [23] and thermal expansivity measurements [24], was selected 
in the present work. The early neutron diffraction study by Shull and 
Wilkinson [21] suggested an average magnetic moment per atom (nR) in 
Bohr magnetons (/~B) of about 0.5. More recent neutron diffraction results 
have been resolved by assigning different magnetic moments to each one of 
the four different kinds of sites (I, II, III, IV) which can be distinguished in 
the unit cell of c~-Mn [25-27]. A weighted-average moment nB = 0.7(_+0.2) 
is used by us to represent that type of information. 

3.2.2. ~-Mn 

Neutron diffraction [25] and nuclear magnetic resonance (NMR) 
experiments [28] revealed that no magnetic ordering appears in fl-Mn 
down to 1.5 K, although a weak antiferromagnetic ordering may be 
induced by small amounts of impurity elements [29-32]. We have there- 
fore treated/3-Mn as if it had no magnetic transition down to 0 K. 

3.2.3. 7-Mn 

Extrapolations from the properties of quenched fcc alloys of Mn with 
Cu, Ni, Pd, and Fe [33-36] have suggested that 7-Mn is antiferromagnetic 
and a value nB =2.3(_+0.1) for the magnetic moment has been presented 
[34, 35]. Using the empirical correlation between atomic moment and 
N6el temperature for fcc alloys presented by Tauer and Weiss [37], we 
estimate TN = 540( -+40) K, which falls within the scatter band of the 
results of previous extrapolations in various systems [34, 36-39]. 

3.2.4. (~-Mn 

6-Mn is stable only between 1411 and 1519 K, the melting point. Its 
magnetic properties are not known. Weiss and Tauer [2] treated it as 
antiferromagnetic, and this assumption has not been contradicted by recent 
band-structure calculations [40, 41]. It was thus accepted in the present 
work. The order of magnitude of the nB value for 6-Mn was estimated by 
comparing with the atomic moments for the Mn atoms obtained in studies 
of bcc Fe-Mn alloys (1.0 [42], 0.7(_+0.25) [43], 0.8 [44]), and bcc Cr-Mn 
alloys (0.85 [45,46]). The average value nB=0.9(+0.1) was adopted. 
Using the Tauer and Weiss [37] correlation between TN and nB for bcc 
alloys, we obtained TN = 580(-+60) K. 
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3.3. Magnetic Entropy 

In this section we consider the evaluation of the fi parameter, which 
describes the total magnetic entropy [,Eq. (7.2)]. The theoretical back- 
ground of some of the expressions used here may be found, e.g., in recent 
monographs by Grimvall [-47, 48]. An enlarged version of this section is 
given in Ref. 49. 

3.3.1. General Considerations 

A magnetic contribution to the entropy of c~-Mn at 298 K [smg'=(To)] 
was evaluated from the experimental entropy [~ = 
3 2 . 2 J . m o l - l . K  -1] given by Desai [-6] by subtracting a vibrational 
contribution rib, c~ (S~ ) and an electronic ,contribution (S~'~), 

Smmg,~ ~__ oSCr - -  --mS vib'~ __ -~,'gel'= (12) 

The electronic contribution was approximated by applying at T= To the 
expression [47], 

Sel,= = 7 ~ l+)t~ T (13) 

where 7 is the electronic heat capacity coefficient obtained in low-tem- 
perature experiments, and 2 is an electron-phonon enhancement factor 
[-47]. With the experimental [50] value 7 ~ = 12.8 mJ. mol 1 �9 K-2 and the 
estimated value 2~=0.4 [-47], we obtain S~ '~=2.7J .mol  ' . K  -1. The 
leading terms in the high-temperature expansion of the vibrational entropy 
a r e  

SVdU,~--3R +In + ..- (14) 

Here R is the gas constant, 0~(0) is a high-temperature entropy-Debye tem- 
perature related to the logarithmic average of the phonon frequencies. This 
is a special case of the Debye temperatures O~(n) which are derived from 
the nth moment of the phonon frequencies [48]. For instance 0 ( -3 )  is the 
ordinary Debye temperature obtained from the low-temperature limit of 
the heat capacity, and 0(2) gives the high-temperature part of the heat 
capacity for harmonic vibrations. Since 0(0) for paramagnetic c~-Mn is not 
available, our evaluation of S mg'~ was based on the approximation [49] 
0 ~= 0(0), where 0 ~ is a Debye temperature determined by Gazzara et al. 
1-513 from X-ray intensity data. With the value 0~= 385(_+ 10)K [51] we 
found S~ng'C~(To)= 1.64 J-mol - t -  K 1. Finally, relying on the fact that the 
N6el temperature for ~-Mn is low, we approximate s,mg'~(oo)~ Smmg'=(To), 
and using Eq. (7.2) we evaluate fl~=0.22(+0.1). 

840il 1~5-9 
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3.3.2. 7-Mn and 6-Mn 

The quantity /~ for 7-Mn was treated as a free parameter in the 
optimization procedure (Section 4), which was controlled by the ther- 
mochemical information available (cf. Section 3.4.3). Our result is / ~ =  
0.62(_+0.3). The uncertainty is discusssed in Ref. 49. With the present /~ 
value, Eq. (7.2) gives smg'~(~ ) = 4.0 J .  mol -  1. K -  1, which is smaller than 
the total magnetic entropy deduced by Weiss and Tauer [2], 
9.8 J -mo1-1 -K  -1 

The available experimental information on 6-Mn does not allow an 
evaluation of/~a by means of the optimization procedure described in Sec- 
tion 4. This parameter was estimated from the n~ value, by assuming that 
the ratio ~6/n~ is roughly the same as for the other modifications. Adopting 
/~6/n~=0.3(_+0.1) and n~=0.9(+0.1)  (from Section3.2.4), we obtained 
/~a = 0.27( _ 0.1 ). This values gives S mg'6(~ ) = 2.0( + 0.7) J- mol - 1. K -  1, 
which is smaller than Weiss and Tauer's [2] result, smg '~(~)=  
5.8 J .mo l  - I . K  -1 

3.4. Enthalpy and Heat Capacity of  the Solid Phases 

3.4.1. ~-Mn 

In addition to the ~ value (cf. Section 3.3.1), six low- 
temperature heat capacity values between 200 and 270 K were selected 
from Desai [6], eight heat-capacity measurements between 373 and 
1073 K from Armstrong and Grayson-Smith [52], and seven enthalpy 
values between 400 and 1000 K from Naylor [4]. 

3.4.2. ~-Mn 

In addition to ~ [6] and the ~//~ equilibrium temperature 
we selected six low-temperature heat capacity values between 200 and 
270K from Desai [6], a single heat capacity value at 1073 K from 
Armstrong and Grayson-Smith [52], and four enthalpy values from 
Naylor [-4] between 1000 and 1400 K. 

3.4.3. ?-Mn: Room-Temperature Properties 

Although 7-Mn is stable over a limited temperature range, between 
1360 and 1411 K, some information on its properties at and below room 
temperature is available. The entropy at 298.15 K evaluated by Desai [6], 
~ ~ 33.2 J - m o l - 1 .  K-1,  was used to evaluate 0~(0). The separa- 
tion of the electronic contribution was based on the experimental [53] 
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value 7~= 9.2 10 3 j .mo l  1.K 2 and the estimated value 27 =0.4 [-47]. 
We obtained 07(0)=331 K. Low-temperature experiments suggest 
(Table VI) 07( - 3) = 370 K. The ratio, 07(0)/07( - 3) = 331/370 ~ 0.89, is 
comparable with the average for elements of the 3d, 4d, and 5d series given 
in Ref. 54, which is 0(0)/0(-3),,~ 0.8(_0.1). Information on C~,(298.15) is 
also available [-6] and was included in the optimization. The heat capacity 
at lower temperatures is determined by the parameter e ~ of the present 
description of t-nmg.~ Eq. (3). It was defined from a comparison with the ~ p  

coefficient of the T-2 term in the high-temperature expansion of the vibra- 
tional (harmonic) heat capacity, crib(T), which is [--48] 

- 2 0 \  T J + " " ]  (15.1) 

The compa, rison gives 

3R 
e 7 ,,~ -~--~ 02(2) (15.2) 

Introducing in Eq. (15.2) the approximation 0~(2)~07(0)=331 K we 
obtained e~= 6.96 104j �9 mol 1. K, which leads to Cp values in agreement 
with experiments [6] down to 200 K. 

3.4.4. 7-Mn." High-Temperature Heat Capacity 

In addition to the /?/7 equilibrium temperature we included in the 
optimization three enthalpy values at 1374, 1400, and 1410 K measured by 
Naylor [-4]. The temperature range covered by these enthalpy 
measurements is not large enough for an accurate evaluation of C[, at high 
temperatures. A probable behavior for C~, in that range was defined 
by using the procedure recently applied by Fern/mdez Guillermet and 
Grimvall [17]. They analyzed the slope of the f~nmg ~ ,  VS T curve for 
technetium at high temperatures in terms of the expression 

oc,] _ 7 3R F os 1 
aTJp I + 2  oSLaTJp (16) 

Here 0S(T) is a temperature-dependent entropy Debye temperature [55] 
which is evaluated from the vibrational part of the experimental entropy, 
S~b(T) (cf. Section 3.3.1), by solving the implicit equation, 

S2?( T) = So( T/O S) (17) 

where SD is the Debye model expression for the entropy. Due to anhar- 
monicity, the vibrational frequencies change with temperature. Hence 0S(T) 
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in Eq. (17) is temperature dependent. In line with the results of a recent 
analysis of 0S(T) [56] for various transition metals, we assumed that the 
relative decrease in 0S(T) with T for ~-Mn at high temperatures [-i.e., the 
second term in Eq. (16)], which is not known, is the same as of ~-Mn, and 
get from Eq. (16) an approximated relation between the slopes of the 
c~,mgvs T curves. When applied in the high-temperature limit, where 
Eq. (3) gives (~c~mg/~T)p  : -2d, we get the following estimate of the d 
parameter for ?-Mn 

d~=d~+-~ 1+2~ 1+27 (18) 

Inserting in Eq. (18) the values d ~  -7.35 10 3j .mol-~ .K-Z, evaluated 
from the experimental data on c~-Mn (cf. Section 3.4.1), 7~= 
12.810-3j-mo1-1-K 2 [50], 77=9.210-3j -mo1-1 .K -2 [53], and the 
approximation 2~= 27 = 0.4 [47], we get d~= -6.0 10-3j  �9 mo1-1- K -2. 

3.4.5. 6-Mn." Debye Temperature and Estimated Parameters 

In addition to the 7/6 equilibrium temperature we included in the 
optimization two enthalpy values, at 1410 and 1450 K, reported by Naylor 
[4]. The parameters c a and e a in Eq. (3), which describe the behavior at 
lower temperatures, were estimated. The quantity e a was estimated using 
Eq. (15.2) with a value for 0a(0) obtained from the expression 

�9 { S~ b'a - svdb'~= AS~ b'7-a ~ 3R _ln L0a(o)jj (19) 

which is derived from Eq. (14). Inserting the value vib 7--+ a ASm ' -- 0.2(+0.1)R 
proposed in Ref. 57 and 0~(0)=331 K obtained in Section3.4.3, in 
Eq.(19), we get 06(0) = 310(___10) K. Then, Eq.(15.2) yields e a= 
6.0(_+0.4) 104j.mol 1.K. The parameter c a was given a value such that 
the heat capacity of 6-Mn at room temperature is comparable with the 
values for the other solid phases. With the value c a = -23.7 J. mol-1 �9 K-1, 
adopted in the present work, we have Cae(298.15)~26.8 J .mo1-1. K -~, 
which is in line with the average for the other phases, 
27(_+0.8) J. mo1-1 �9 K -1. 

3.5. Properties of the Liquid Phase 

3.5.1. Enthalpy and Entropy of  Fusion 

Values of the enthalpy of fusion (ArH) of Mn have been presented 
by Braun etal. [-58] and by Sato and Kleppa [--59]. Braun etal. [-583 
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used high-temperature adiabatic calorimetry and reported A f H m =  

14.1(_+0.2)kJ-mo1-1, which corresponds to an entropy of fusion ,dfS,~ 
9.3( _+ 0.1) J.  mol-  1. K-1. Sato and Kleppa [59 ] used an indirect proce- 
dure, based on determining the enthalpy difference between 7-Mn and liq- 
uid Mn(~ nliq _ ~ ) ~  at 1386 K by measuring the partial molar enthalpy 
of solution of l i q  o 7-Mn(HMn- HM. ) in Mn-Ni alloys of various Mn contents 
(0.505 ~ xM, ~< 0.757) and extrapolating to pure Mn. Here/~-liq denotes the * *  M n  

partial molar enthalpy of Mn in the Mn-Ni solution. In Fig. 1 we plot the 
g l iq  o 7 Mn-- HMn values determined by Sato and Kleppa [59] vs (1-XMn) 2 
together with two lines. The solid represents the one adopted by them for 
extrapolating to XMn = 1. It corresponds to a rapidly varying interaction 
parameter in the Mn-Ni solutions (cf. our discussion in Ref. 49) and gives 
o ~ r l i q  o 7 " 'M,-- HMn ~ 12.8 kJ �9 mol 1. Using this value and other information on 
the properties of 7-, 3-, and liquid Mn taken from Hultgren et al. [3], Sato 
and Kleppa [59] estimated the enthalpy of fusion of 6-Mn, AfHm~, 
l l .0(+0.8)kJ .mo1-1 [-i.e., A f S m ~ 7 . 2 4 ( + 0 . 5 ) J . m o l - l - K - a ] ,  which is 
(roughly) 3kJ .mo1-1 lower than the result by Braun etal. [58]. The 
dashed line in Fig. 1, which represents a least-squares fit to their points, 
and is consistent with a regular-solution behavior of the liquid phase [49], 
would give ~  o 7 - -  1 ~ Mn--  HMn ~ 14 kJ. mol , which is higher than the value by 
Sato and Kleppa [59] by 14-12.86~l.2kJ.mo1-1.  We conclude that 
without using additional information on the properties of the Mn-Ni 
system, one could very well obtain from the data in Fig. 1 a higher value 

14 \ \  I I i 

\ 

~ . ~ A  Sa to  and K l e p p a ' s  ex t r apo la t ion  
! A x 

o o,~ 050 o,15 o.~o 0.25 

Fig. L The partial enthalpy of solution of 7-Mn in 
liquid Mn-Ni solutions, at 1386K, according to 
experimental data of Sato and Kleppa [59] and 
two possible extrapolations to pure manganese. 
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Table II. The Enthalpy and Entropy of Fusion and the Heat Capacity of 
Liquid Mn According to Various Sources 

Source of AfH m AfS m Cp 
information (kJ.mo1-1) (J.mol-l .K -l) (J.mol I.K 1) Comments 

Hultgren et al. [-3] 12.10 7.95 46.0 
Braun et al. [58] 14.10 9.28 47.3 to 47.9 
Sato and Kleppa 11.0 (+0.8) 7.24 (_+0.5) 

[59] 

Hillert [5] 12.1 7.95 46.0 

Desai [-6] 11.0 (+0.8) 7.24 (--0.5) 46.0 

Present work  12.9(+1.5) 8.5 (--1) 48.0(+1) 

Estimated values 
Experimental values 
Based on an 

extrapolated value 
for ~  - -  o 7 * ' M n  H M n  

at 1386 K 
Selected values 

from Ref. 3 
Selected values: 

AfH m from Ref. 59, 
Ce from Ref. 3 

cf. Section 3.5 

of the enthalpy of melting of 6-Mn, say, A f H  m ~ 12 kJ .  t o o l - ' ,  i.e., z J f S  m 

7.9 J .  mo1-1.  K-1 .  Lacking further information which could help to solve 
the remaining discrepancy of 2 k J . m o 1 - 1  with Braune ta l .  [58], we 
choose for A f H  m a value in between, based on adopting for Mn an entropy 
of fusion A r S m ~ 8 . 5 ( + _ l ) J . m o l - l . K  -1, which fits smoothly a plot of 
A f S  m vs the number of d electrons [49]. The A f S m  value proposed here 
gives A f H  m ~ 12.9( + 1.5) kJ .  m o l -  1. 

3.5.2.  H e a t  C a p a c i t y  

Some information on the heat capacity for liquid Mn at and above the 
melting point was presented by Braun et al. [58]. In agreement with their 
results we adopted Cp = 48( + 1 ) J .  mo1-1.  K - 1  (Table II). This value also 
fits smoothly a plot of Ce vs the number of d electrons [49]. 

4. P A R A M E T E R  O P T I M I Z A T I O N  

The evaluation of the various model parameters was made by using 
PARROT,  a computer program for the optimization of thermodynamic 
parameters developed by Jansson [60]. The program works by minimizing 
an error sum where each experimental data value has been given an 
appropriate weight. The weights were selected by personal judgment and 
they were changed by trial and error during the work until reasonable 
agreement was obtained for most of the information. A summary of 
parameters describing the thermodynamic properties of Mn above 298 K is 
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Table  III .  S u m m a r y  of O p t i m u m  Parame te r s  for M a n g a n e s e  at  Po = 101325 Pa  a 

c~-Mn 

298.15 < T <  1519 K 

~ - ~ = -8115 .28  + 1 3 0 . 0 5 9 T -  23 .4582Tin  T -  7.34768 10 3 T2 

+ 69827.1T -1 + AG mg,~ 

1519 < T <  2500 K 

~  ~  -28733 .41  + 312.2648T--48TIn T +  1.656847 103~ T -9 

/~-Mn 

298.15 < T <  1519 K 

~ -- ~ = - 5 8 0 0 . 4  + 1 3 5 . 9 9 5 T -  24 .8785Tin  T -  5.83359 10 3 T 2 + 70269.1T-1 

1519 < T <  2500 K 

~ - ~ = -28290 .76  + 3 1 1 . 2 9 3 3 T - - 4 8 T I n  T +  3.967567 1030 T -9 

7-Mn 

298.15 < T <  1519 K 

~ - ~  = -3439 .3  + 1 3 1 . 8 8 4 T -  24 .5177Tin  T - -  6 10 -3 T 2 + 69600T-  

+ AG mg,'t 

1 5 1 9 <  T < 2 5 0 0 K  

~  ~  --26070.1 + 3 0 9 . 6 6 6 4 T - 4 8 T l n  T +  3.8619645 1030 T 9 

6 -Mn 

298 .15<  T <  1519 K 

~ - ~ = -3235 .3  + 1 2 7 . 8 5 T -  23 .7Tln  T - -  7.44271 10 -3 T 2 + 60000T -~ 

+ AG rag,6 

1519 < T <  2500 K 

~ -- ~ = -23188 .83  + 3 0 7 . 7 0 4 3 T - - 4 8 T I n  T +  1.265152 103o T -9 

Liquid  M n  

298 .15<  T <  1519 K 

~ - ~  = 9744.63 + 1 1 7 . 4 3 8 2 T -  23.4582T In T -  7.34768 10-3  r 2 + 69827.1T 1 

-- 4.4192927 10 -21 T 7 

1519 < T < 2 5 0 0  K 

~ -- ~  = -9993 .9  + 2 9 9 . 0 3 6 T -  4 8 T l n  T 

aAl l  values  in SI units.  Tempera tu re  values  accord ing  to I P T S 6 8  ( R =  
8 . 3 1 4 5 1 J - m o l  1 . K - 1 ) .  T o = 2 9 8 . 1 5 K .  H ~ ( T o ) - - H ~ ( O ) = 5 1 8 8 ( + _ l O ) J . m o  1 1 is t aken  
from Desa i  [6 ] .  z/G mg,e (with e=c~, 7, 6) is given in Table  I. 



962 Fermindez Guillermet and Huang 

given in Table IIL The magnetic contribution to the Gibbs energy of ~-, 7-, 
and 6-Mn is described using the expressions given in Table I. All ther- 
modynamic calculations reported in the following were performed using 
POLY, a computer program for equilibrium calculations developed by 
Jansson [60]. Values of various thermodynamic properties of Mn between 
298.15 and 2500 K are presented in Table IV. 

Table IV. Calculated Thermodynamic Properties of Manganese at 101,325 Pa, 
To=298.15K 

T Cr, ~  ~  ~ - ~ ~ - ~ 

(K) (J-mol 1-K 1) (kJ.mol-1) ( J . m o l - l . K - 1 )  (kJ .mol- l )  

298.15(~) 26.273 0.0000 32.220 -9.6065 
300 26.319 0.0486 32.383 -9.6663 
400 28.464 2.7926 40.262 -13.312 
500 30.247 5.7300 46.809 -17.674 
600 31.887 8.8375 52.470 -22.644 
700 33.460 12.105 57.505 --28.148 
800 34.996 15.528 62.073 -34.130 
900 36.511 19.103 66.283 -40.550 
980(~) 37.714 22.072 69.442 -45.981 

980(fl) 36.166 24.326 71.742 -45.981 
1000 36.405 25.052 72.475 -47.423 
1100 37.596 28.752 76.001 -54.849 
1200 38.781 32.571 79.323 -62.616 
1300 39.962 36.508 82.474 -70.707 
1360(fl) 40.669 38.927 84.293 -75.711 

1360(7) 40.796 41.093 85.885 -75.711 
1400 41.275 42.734 87.075 -79.170 
1411(y) 41.407 43.189 87.398 -80.130 

1411(6) 44.672 45.097 88.751 -80.130 
1500 45.996 49.132 91.523 -88.153 
1519(6) 46.279 50.009 92.104 -89.897 

1519(1iq) 48.000 62.918 100.60 -89.897 
1600 48.000 66.806 103.09 -98.148 
1700 48.000 71.606 106.00 -108.60 
1800 48.000 76.406 108.75 -119.34 
1900 48.000 81.206 111.34 -130.34 
2000 48.000 86.006 113.80 -141.60 
2100 48.000 90.806 116.14 -153.10 
2200 48.000 95.606 118.38 -164.83 
2300 48.000 100.40 120.51 -176.78 
2400 48.000 105.20 122.55 -188.93 
2500(1iq) 48.000 110.00 124.51 -201.28 
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Table V. The Enthalpies of the Allotropic Transitions in Manganese 
According to Various Sources 

963 

Enthalpy of the transition (J. mol - ~ ) 
Source of 

information c~ ~ fl fl -~ ~ 7 --' 6 

Naylor [4] 2238 ( ___ ?) 2280 ( 4- ?) 1799 ( + ?) 
Weiss and Tauer [2 ] 2272 ( + 200) 2393 ( +_ 200) 1975 ( _+ 200) 
Hultgren et al. [3] 2226 ( _+ 200) 2121 (_+ 335) 1879 ( + 335) 
Hillert [5] 2266 2311 1895 
Desai [6] 2225 (_+200) 2120 (_+330) 1879 (+_335) 
Present work 2254 2166 1908 

5. D I S C U S S I O N  

5.1. High-Temperature Enthalpy and Enthalpies of Allotropic Transitions 

The en tha lpy  of ~-, fl-, ?-, and  5-Mn,  ca lcula ted  using the descr ip t ion  
given in Table  III ,  r eproduces  very well the exper imenta l  d a t a  of  N a y l o r  
[ 4 ]  (Fig. 2). In  Fig. 3 we compare  the ca lcula ted  en tha lpy  of solid M n  with 
the ear ly measurements  by  Wrist  et al. [61] ,  which were not  used in the 
opt imiza t ion .  His da t a  for ~-Mn are well r ep roduced  by the calculat ion,  
but  the ca lcu la ted  en tha lpy  for f l -Mn falls above  the da t a  poin ts  from the 

50 

45 

4 0  

35 

..~ 30 

~" 25. 

20~ 

b- I5 

t 

0 

Fig. 2. 

A Naylor  (1945)  

300 600 900 

T e m p e r a t u r e ,  K 

12'00 1590 

The enthalpy of a-, fl-, ~-, and 6-Mn 
calculated using the present description (Table III), 
compared with experimental data reported by 
Naylor [4]. 
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Fig. 3. The enthalpy of ~-, /%, ~-, and 6-Mn 
calculated using the present description (Table III), 
compared with experimental data reported by 
WiJstetal. [61]. These data were not used for 
parameter evaluation. The dashed line represents 
the calculated enthalpy of metastable ~-Mn. 

stable range of temperature for this phase. Consideration of the 
extrapolated enthalpy of c~-Mn (dashed line) suggests that metastable states 
may have been involved in Wrist and co-workers' 1-61] experiments. The 
calculated enthalpy of 7-Mn falls within the experimental scatter band 
of his points, but for 5-Mn, the calculation, based on a fit to Naylor's 
[4] data, gives larger values. The evaluated enthalpies of the allotropic 
transitions in Mn are compared in Table V with values according to 
various sources. 

Table VI. Properties of the Mn Phases at 298.15 K and at Low Temperatures, 
According to Various Sources 

Phase 

Room temperature Low temperature 

Cp ~ 0 7 0 
( J . m o l - l . K  1) ( J . m o l - t . K  1) (K) ( m J . m o l - l . K  2) (K) 

c~-Mn 26.27 (a) a 32.22 (a) 385 (+  10) (c) 12.8 (e) 409 (e) 
/~-Mn 26.78 (a) 34.90 (a) - -  - -  - -  
y-Mn 27.96 (a) 33.15 (a) 331 (d) 9.2 (f) 370 (g) 
5-Mn 27.29 (b) 34.17 (b) 310 ( _  10) (b) - -  - -  

a (a) According to Ref. 6; (b)present estimate, see text; (c)0  I, experimental, from Ref. 51; 
(d) present evaluation, see text; (e) experimental, from Ref. 50; (f) experimental, from 
Ref. 53; (g) experimental, from Ref. 64. 
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5.2. High-Temperature Heat Capacity 

5.2.1. ~-Mn 

In Fig. 4 we compare the calculated heat capacity of Mn between 200 
and 1600 K with experimental data due to Armstrong and Grayson-Smith 
[-52]. All experimental points fall below the calculated line, and the dis- 
crepancy is particularly large between 600 and 900 K. When analyzing 
low-temperature data also reported by Armstrong and Grayson-Smith 
[-62], Hultgren et al. [-3] concluded that their samples could have been 
contaminated with fl-Mn. The fact that the extrapolated Cp curve for the 
fi phase (dashed line in Fig. 4) roughly accounts for the data points 
between 600 and 900 K suggests that the conclusion by Hultgren et al. [-3] 
may apply at high temperatures as well. 

5.2.2. fl-Mn 

According to the present evaluation, there is a decrease in Cp 
associated with the ~--. fi allotropic transition. This feature is shared with 
the descriptions presented by Weiss and Tauer [2] and Hillert [5]. On the 
other hand, according to Hultgren et al. [3] and Desai [6], C~ > C~ at the 
transition temperature. Besides, the slope of the C~ vs T curve 
((~C~/~T)p), in their descriptions is much smaller than for the ~ phase. 

45 

40-  
u 
7 

.E 35- 

90 

25 

i i i i i 
liq-..~ 

A Armstrong (1950) 5 - . j  

/ 
20 i 

o 2~o ~o 6~o 8Go ~o'oo 12'o9 1~'oo ,Goo 
Temperature, K 

Fig. 4. The heat capacity of cr fl-, 7-, 6-, and 
liquid Mn calculated using the present description 
(Table III), compared with experimental data repor- 
ted by Armstrong and Grayson-Smith [52]. The 
dashed line represents the heat capacity of 
metastable fl-Mn. 
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The present description of fi-Mn gives more similar slopes ((~C~p/t~T)p ,~ 
0.80(~C~,/~T)~. 

5.2.3. y-Mn 

Since the stable range for the ~ phase is very narrow, previous analysis 
of Mn have been based on making some assumptions on the temperature 
dependence of its Cp. They are reviewed elsewhere [49]. Here we used a 
different procedure, based on Eq. (16); cf. Section 3.4.4. It gives for the 
slope of the C~, vs T curve at high temperatures (OC~/~T)p,~ 
0.82(OC~,/~T)I,. This result is very close to that obtained for fl-Mn (5.2.2) 
and implies that the difference in Cp associated with the fl ~ 7 transition is 
very small (Fig. 4). It leads to smaller Cp values than proposed in previous 
works. 

5.2.4. 6-Mn 

The present description of the properties of 6-Mn was constructed by 
combining Naylor's [-4] enthalpy data with estimated values of the 
low-temperature properties and the total magnetic entropy and optimizing 
the parameter which controls the slope of the heat capacity vs T curve at 
high temperatures. The optimized description gives, when approaching Tr, 
(OC~/OT)r ~ (OC~,/OT)p. This is demonstrated in Fig. 5. In the stable range 
of temperature, our description gives C~, values which are comparable to 
those presented by Hultgren et al. [-3] and by Desai [-6]. 

7 
? 

r~ 

y__ \ 

50- 

45- 

40-  

35- 

30- 

25-  

26-  
200 400 600 600 i000 12'00 14'00 1600 

Tempera ture ,  K 

Fig. 5. The heat capacity of ~-, fl-, Y-, and 6-Mn 
calculated using the present description (Table III), 
illustrating the effect of the magnetic transition on 
Cp of 7-Mn (T~ = 540 K) and 6-Mn (T~ = 580 K). 
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Fig. 6. Gibbs energy differences between the 
various Mn phases and the c~ phase, cr ~ e means 
~  ~ The temperatures for the various stable 
phase transitions and the metastable melting points 
of c~-,/~-, and 7-Mn are given in Sections 3.1 and 5.3, 
respectively. 

5.3. Lattice Stabilities and Metastable Melting Points 

In Fig. 6 we present the evaluated Gibbs energy of the various con- 
densed phases of Mn, referred to the Gibbs energy of the ~ phase. These 
Gibbs energy differences are often called lattice stabilities [63]. These 
curves are further considered in Ref. 49. In Fig. 6 we present a curve 
representing the difference ~ ~ according to the present work. The - - m  - -  - - m  

intersections of this curve with the other lines define the melting points of 
the various phases. We obtain the following metastable melting points: 
1411 K (e-Mn), 1484 K (fl-Mn), and 1503 K (7-Mn). 
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