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Abstract: According to phase diagrams, measured activities as well as the coexistence theory of metallic melts structure involving com-
pound formation, the calculating models of mass action concentrations for Ni-Mn and Co-Mn melts are formulated and their thermody-
namic parameters are optimized. As a result, the calculated mass action concentrations agree well with the corresponding measured ac-

tivities, showing that these models can reflect the structural characteristics of both Ni-Mn and Co-Mn melts.
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Ni, Mn and Co are important alloy elements in me-
tallurgy. Mn is also a commonly used reducing agent of
steelmaking. These three elements exist in great am-
ount in the seabed mineral intergrowth of manganese
concretion. Hence investigations on the thermody-
namic properties of Ni-Mn and Co-Mn melts is not
only useful for the improvement of alloying and deox-
idizing technologies of the metals, but also is meaning-
ful for the exploitation of seabed manganese resources.
There are some works about the phase diagrams of Ni-
Mn and Co-Mn systems [1—4]. Though their con-
clusions are not yet consistent, but they are reliable en-
ough to serve as the clue for choosing the structural un-
its of both Ni-Mn and Co-Mn melts. In the meantime,
some results about thermodynamic properties of both
Ni-Mn and Co-Mn melts are attained [5-7]. However,
there aren't any models for calculating the activities of
both Ni-Mn and Co-Mn melts yet, the calculated re-
sults of which not only agree with practice, but also are
consistent with the law of mass action. This paper aims
at formulating the calctlating models of mass action
concentrations for Ni-Mn and Co-Mn melts on the bas-
is of reference data as well as the coexistence theory of
metallic melts structure involving compound formation
[8], so as to serve as the theoretical basis for further stu-
dy.

1 Calculating Models

1.1 Ni-Mn melts

According to the phase diagram [1-4], there are sev-
eral compounds Ni;Mn, Ni,Mn, NiMn, NiMn, and
NiMn; formed in the solid state in this system. Com-
parison by different calculating models shows that at

1799.45-1 893 K there are Ni;Mn, NiMn and NiMn,
formed, while at 1 743-1 799.45 K the compounds for-
med are Ni;Mn and NiMn. In this case the calculated
results agree best with practice, and the calculation has
the highest accuracy. From this, the structural units of
these melts can be determined at 7>1799.45 K as Ni,
Mn as well as Ni;Mn, NiMn and NiMn, compounds,
while at 7<1799.45 K as Ni, Mn atoms as well as
Ni;Mn and NiMn compounds.

Thus, assume (1) the composition of the melts as b=
Zxni, =2 X, (2) the equilibrium mole fraction of ever-
y structural unit expressed by the composition of the
melts as x=xy, Y=XMns Z1=XNiMns Z2=XNiMns 23X NiMns (3) the
mass action concentration of every structural unit after
normalization as Ny=Nxi, N2=Nwn, N5=Nxisn, Na=Nyiva,
N5=Nyin,and (4) 2x is the sum of all equilibrium mole
fractions. Then the following equations are given:

(1) Chemical equilibria
3Nit1)+Mn(x)=Ni3Mn(|),

=3 No=KiNIN, 2= Kl(—2§ (1)
Niy+Mng=NiMny,
Ke=yar NeKeliNe, 22K 52 @
Nl(l) +3Mn(1)=Nangu),
Komgam NKoNN, 27K s ©)
(2) Mass balance
N, +N,+N;+N,+N;—1=0 “4)
b=Zx (Nl +3N3+N4+N5)=x'+'321+22+23 (5)
sz (N2+N3 +N4+3N5 )=_y+21+22+323 (6)
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From equations (5) and (6),
aN,—bN,+(3a~b)N;+Ha—b)N,+a—3b)Ns=0 @)
Combining equation (4) with (7),
1—(a+1)N,—(1-b)N,=K,(3a—b+1)NN+
K:(a—b+1)N,N.+Ks5(a—3b+1)N,N; (8

Canceling of the terms K, Ns and z; from the above-
mentioned equations at 7<1 799.45 K will give the cal-
culating model of mass action concentrations for Ni-
Mn melts without NiMn,, hence further deduction is
not needed.

The foregoing equations (1)—(8) are the calculating
model of mass action concentrations for Ni-Mn melts,
in which equations (1)—(3) and (4)—(7) are used for cal-
culating the mass action concentrations, while equa-
tions (4) and (8) are applied for determining equilib-
rium constants by regression. As there aren't any suit-
able thermodynamic parameters for these melts yet, be-
fore using the model for calculation, these parameters
should be determined firstly. For this reason, the fol-
lowing empirical equations from reference [5] for com-
puting v and yw, at different temperatures are used:

T=1743K,

lgp=—1.751 64°—0.375 4a*+1.294 44",

1gpe=0.274 2b°—3.076 4b"+1.294 4b* 9)
7=1793 K,

lgyi=—1.665 84— 0.156 7a’+0.929 4,

lgpm=—0.042 06>—2.321 85°+0.929 4b° (10)
T-1843 K,

lgp=—2.341 9a°+2.377 02’ 1.012 7",
lgpu=—0.80185>+0.323 55’ 1.012 7b* (11)
T=1893K,

lgy=—1.750 4a*+1.239 32°—0.467 0d',

lgy.—=—0.825 46°+0.006 16°—0.467 0b* (12)

Regression by inserting N,=ywb and N;=pw,a into
equation (8) gives

T=1893 K,

K,=8.394793, K,=5.837 843, K,=1.983 433,
(F=17085.2, R=0.999 842 060);

T=1843 K,

K,=13.901 47, K,=6.314 903, K,=1.387 639,
(F=8 147.172, F=0.999 652 412);

T=1793 K,
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K,=13.628 93, K,=7.779 898,
(F=31057.97, R=0.999 851 978);
T=1743 K,
K,=17.880 64, K,=8.103 704,
(F=5 596.542, R=0.999 196 901).
From these the following equations can be given:
1gK1=6—‘L5T'4§—2.413 2 (=0.91321),
AG=—122 694.57+46.224T (J/mol) (1743-1893 K)
(1a)
1g1<2=3—409T'—732—1.0357 (=0.965 81),
AG®=—65312.09+19.84T (J/mol) (1 743-1893 K)
(22)
1gk, =282 0159 (=1),
AG®=207351—115.23T (J/mol) (1799.45-1893 K)
(3a)

Having both the calculating model and the thermod-
ynamic parameters, the calculation of mass action con-
centrations for these melts can be easily performed.

1.2 Co-Mn melts

According to reference [4], at temperatures lower
than 545°C, o phase (the CoMn compound) forms in
the Co-Mn system. In light of the opinion of Y. S.
Kulikov: "If a cluster or covalent compound is stable in
solid state, then its stability should strengthen during
melting" [9]. CoMn formed in the solid state is capable
to be retained in liquid state after melting. In view of
the above, during the following data from reference [6]

T=1743 K,

lgye=—0.179 02— 0.610 62*+0.492 4d',

Ig/=—0.110 152—0.702 4b+0.492 4b* (13)
T=1793 K,

lgye=—0.231 62—0.168 9a°—0.012 24",
lgpe=—0.509 35+0.201 46°—0.012 2b* (14)
T-1843 K,

lgye=—0.412 4a*+0.518 4a’—0.506 64",

1gyw=—0.647 95*+0.832 5b°—0.506 6b* (15)
T=1893 K,

lgye—=—0.261 62°—0.232 3a*+0.183 3d',

1gpw=—0.243 46°—0.256 65*+0.183 3 (16)
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being treated, it was found that at about 0.25 mole frac-
tion of Co, there had been great errors in the calculated
mass action concentrations relative to the measured ac-
tivities. Further, according to the information of refer-
ence [1] about the possibility of formation of CoMn;
and Co,Mn in the Co-Mn alloy, comparison by calcul-
ating with different models showed that the model in-
cluding Co, Mn atoms as well as CoMn and CoMn;,
metastable compounds gives the best agreement be-
tween the calculated and practical values. Thus the
structural units of Co-Mn melts can be determined as
Co, Mn atoms as well as CoMn and CoMn; metastable
compounds.

From this, assume (1) the composition of the melts
as b=3xc,, a=Zxu, (2) the equilibrium mole fraction of
every structural unit expressed by the composition of
the melts as X=xco, ¥=Xnm, Z1=Xcomny Z7=Xcomm» (3) the mass
action concentration of every structural unit after nor-
malization as N,=Nc,, N;=Ny, Ns=Ncovns Na=Ncowm, and
(4)2x is the sum of all equilibrium mole fractions.
Then the following are given:

(1) Chemical equilibria

Coy+tMny=CoMny,,
K =NILN N:=KNN;, 2K 2 (17)
Coyt+3Mn;=CoMns,,
= Vs ar_ e XY
K NN N.=K,N\N3, z; KZ(ZxY (18)
(2) Mass balance
Ni+N,+N,+N, —1=0 (19)
bzzx(N1+N3+N4)=x+Zl+Zz (20)
a=Zx(N,+N;+3N, )=ptz+3z, 21

From equations (20) and (21),
aN,—bN;+(a—b)N;Ha—3b)N,=0 (22)
Combining equation (19) with (22),
1=(a+1)N,—(1-b)N,=

K (a—b+1)N,N,+K:(a—3b+1)N. N3 (23)

Equations (17)—(23) are the calculating model of
mass action concentrations for these melts. Similarly,
there aren't any suitable thermodynamic parameters for
these melts, hence, these parameters should be deter-
mined by optimization according to the equations for
computing ye, and yu, from reference [6], the measured
activities from reference [7] as well as equation (23).
The results are as follows:

7=1843 K,
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K,=0.879226 6, K,=0.361267 4,
(F=3844.163, R=0.998 896 258);
T=1793 K,

K=1.084 112, K,=0.432938 1,
(F=314 147.8, R=0.999 986 472);
T=1050K,

K,=5.868919, K,=4.759 081,
(F=104.293 1, R=0.961 582 446 1).

Thus,

1gk,— 22107885 (-0.9976732),

AG°=—37 178.907+20.665T (J/mol) (10501893 K)
(17a)

1gk, 088728 8825 (r=0.9995394),

AG®=—51501.545+36.06T (J/mol) (1050-1893 K)
(18a)

Having these thermodynamic parameters, calculation
of the mass action concentrations for Co-Mn melts can
accordingly be carried out.

2 Calculated Results and Discussion

2.1 Ni-Mn melts

By the use of equations (1)-(3), (5) and (6), the cal-
culated Ny and Ny, at different temperatures are com-
pared respectively with the measured ax and gy, from
reference [5] as shown in figure 1. It is seen that irre-
spective of the variations of composition and tempera-
ture, the calculated and measured values agree excel-
lently, showing that the calculating model can reflect
the structural characteristics of these melts.

In order to have a full view of the variation of the
structural units with composition for the melts, the cal-
culated results of mass action concentrations for the
melts at 1 743 and 1 893 K are respectively given in fig-
ure 2. From this figure it can be seen that at higher tem-
peratures NiMn; exists in the melts, while at 1743 K
there isn't that metastable compound.

It is necessary to point out that the models including
respectively (1) Ni, Mn, Ni;Mn, NiMn and NiMn,, (2)
Ni, Mn, Ni;Mn and NiMn, and (3) Ni, Mn, Ni,Mn,
NiMn and NiMn, efc., have also been tested, and that
considerably good agreement between the calculated
and measured values have been obtained. However,
their accuracy is a little worse than the preceding mod-
el, hence they are not selected in this paper. So in the
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Figure 1 Comparisons of the calculated Ny and Ny, (—) with the measured activities ax and ax, (@ and O) respectively at (a)
1743, (b) 1793, (c) 1843, and (d) 1893 K.
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Figure 2 Variations of the calculated mass action concentrations of different structural units with Lxu, at (a) 1743, and (b) 1793

K.

course of the calculating model formulation, multifar-
ious and repeated examination of different models in
combination with the phase diagram is indispensable.
In so doing, it is possible to reduce unreasonable deter-

minations of the structural units.

2.2 Co-Mn melts .

In accordance with equations (17), (18), (20) and
(21), the calculated N, and Ny, at different temperat-
ures are compared respectively with the measured acti-
vities ac, and aw. from reference [6] as showing in fig-
ure 3. The agreement between the calculated and prac-
tical values at different compositions and temperatures
is considerably good, confirming that the aforemen-
tioned model can reflect the structural reality of the

melts. Figure 4 is an illustration of the variation of cal-
culated mass action concentrations of all structural un-
its with Xxy, for Co-Mn melts at 1 893 K.

3 Conclusions

(1) Based on the phase diagrams, measured activities
as well as the coexistence theory of metallic melts
structure involving compound formation, the calculat-
ing models of mass action concentrations for Ni-Mn
and Co-Mn melts are formulated and their thermody-
namic parameters are optimized. Moreover, these mod-
els can reflect the structural characteristics of both Ni-
Mn and Co-Mn melts.

(2) The optimized thermodynamic parameters are
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Figure 3 Comparisons of the calculated N, and Ny, (—) with the measured activities ac, and ay, (@, O) respectively at (a) 1743,

(b)1 793, (c) 1843, and (d) 1893 K.
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Figure 4 Variations of the calculated mass action concentra-
tions of different structural units with Zx,; for Co-Mn melts
at 1893 K.

listed as follows.
For Ni-Mn melts:
7=1743-1893 K,
AGRm=—122 694.57+46.224T (J/mol);
7=1743-1893 K,
AGRm=—65 312.09+19.84T (J/mol);
7=1799.45-1893 K,
AGRm, =207 351—-115.23T (J/mol).
For Co-Mn melts:
T7=1050-1893 K,

AG2=—37178.907+20.665T (J/mol);
T=1050-1893 K,
AGEm=—51501.545+36.06T (J/mol).
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