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Abstract: Based on the phase diagrams, reliable reference experimental data and the coexistence theory of metallic melts structure in-
volving compound formation, calculating models of mass action concentrations for Fe-P and Cr-P melts have been formulated. At the
same time, some of their thermodynamic parameters have been optimized. The calculated results not only agree well with the measured
values, but also obey the mass action law rigorously, this in turn shows that these models can reflect the structural characteristics of cor-

responding melts.
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Fe-P and Cr-P binary systems are the fundamental
meits of ferrous metallurgy. Metallurgists of the world
unremittingly struggle for the reduction of phosphorus
content of iron and steel materials, and consistently se-
arch for measures to solve the problem of day by day
phosphorus content increasing in the scrap of stainless
steel. However, until not long ago, we yet know little
about the thermodynamic properties of both melts. The
published experimental results mostly related only to
dilute solutions of phosphorus not only for Fe-P melts
[1-4]. but also for Cr-P melts [5,6]. So it is difficult to
use them as the practical basis to formulate the theoreti-
cal model, which obeys the mass action law. Fortunat-
ely, in recent years, Russia scholars A.l. Zaitsev, et al.
[7-9] achieved creative success in the field of studying
thermodynamic properties of phosphorus containing
metallic melts: choosing pure liquid components as
standard states and using Knudsen -cell mass spectro-
meter, they measured the component activities of Fe-P,
Cr-P systems er al., and determined a lot of thermody-
namic parameters of different phosphides. These ex-
perimental results can be used as reliable practical basis
for the formulation of theoretical models. The goal of
this paper is just to deduce the calculating models of
mass action concentrations for both of the binary sys-
tems mentioned above, so as to furnish the theoretical
basis for further study.

1 Calculating Models
1.1 Fe-P melts

According to the phase diagram [10], there are FeP,
Fe.P, Fe;P, FeP, and FeP, phosphides formed in Fe-P bi-
nary melts. As iron and steel melts are iron based ma-
terials, the phosphorus content of them is not possible

to reach 2x;=0.667-0.8, so it is reasonable to neglect
the presence of FeP, and FeP, in these melts. Hence, the
structural units of these melts can be determined as Fe,
P atoms as well as FeP, Fe,P and Fe,P molecules. Assu-
ming the composition of the melts as b= Xx., a= Zxz;
the equilibrium mole fraction of every structural unit
expressed by the composition of the melts as x =x¢., y=
Xpy 217 Xrep, Z:=Xrer, Z3= Xrep; the mass action concentra-
tion of every structural unit after normalization as N,=
Niey, No=No, Ny=Nrp, Ny= Niep, N= Niep; Zx =sum of
all equilibrium mole fractions, then it gives

(1) Chemical equilibria.

Fe, + P,=FeP,,,
N .
Ki= 5 V=KV, 21=K.—§% (1)
AG®=—81025+1.4T (J/mol) [7].
2Fe,, + P,=Fe.P,,,
_ N S AIAL e XV
K:_*N?Ng’ N=K.NiN-, z- K:(Zx): (2)

AG®=—145990+15.6 T (J/mol) [7].
3 Fem + Pm:Fe}P(l) ’

_ N _ inr g XV A
_Nle:’ N:=K:NiN., z; KS(ZA‘)S (3)

AG®=—-207390+53.5T (J/mol) [7).
(2) Mass balance.

K,

N+ Nt N+ N+ No—1=0 “4)
b=Yx(N+N+2N,+3N,)=x+z,+22.+3z, (5)
a=Zx(N+NANFN)=v+zt 2.+ 2, (6)

From equations (5) and (6),
aN,—bN,+ (a—b)N:+ (2a—b)N.+ (3a—b)N:=0 (7
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Equations (4)+(7) gives

1—(a+ DN —(1=b)N-=K (a—b+1 )N N.+
K;(Za—b+1)]V}N;‘*‘K;(3a—b+l) NIN; (8)

Equations (1)—(8) are the calculating mode! of mass
action concentrations for Fe-P, in which equations (1)—
(7) are used for the calculation of the mass action con-
centrations, while equations (4) and (8) are served for
determination of equilibrium constants by regression.
However, the correctness of the model can only be veri-
fied by the measured activities of the melts.

1.2 Cr-P melts

At present, there are different opinions about the
structural units of the phase diagram of Cr-P binary
system: the published phosphides of reference [11] are
CrP, Cr.P, Cr;P and CrPs; the presence of seven phos-
phides CrP, Cr.P;, Cr-P, Cr;P, Cr.P;, CrP. and CrP, is
considered by reference [12]; while A.L. Zaitsev, ef al.
[8] presented four phosphides CrP, Cr.P, Cr;P and Cr;P,
in their thermodynamic calculation. Comparison of
three opinions by calculation shows that the latter ag-
rees better with practice than the other two. However,
when it was used in Fe-Cr-P ternary melts [13], it hap-
pened that at Xx.>0.3. N, would be much greater than
ap. From this it is seen that at high phosphorus content,
the neglect of the presence of CrP. is unreasonable.
Thus the structural units of Cr-P binary melts can be
determined as Cr, P atoms as well as CrP, Cr-P, Cr.P,
Cr:P. and CrP-. molecules. Putting the composition of
the melts as b= 3Xx., a=Zx; the equilibrium mole
fraction of every structural unit expressed by the com-
position of the melts as x =xc,, ¥ =Xp, 21 = Xcipa 2= Xcrp, 23

= X¢rps Z4= Xcops Z:=Xcp 5 the mass action concentration of
every structural unit after normalization as N,=N,,, N-
—Np. N? Nu:rp, N4 Auqu ]\CrP, ]\e Nup:. N,= A(r)’-» z
x=sum of all equilibrium mole fractions, then it gives

(1) Chemical equilibria.

Cry + P.=CrP,,

K= N=K NN, 22K S )
NN o

AG®=—103560+1.2T (J/mol) [8].

2 Cr, + P,=CrP,,,

K= é&:. N=KNIN 22K gl) (10)

AG®=—150607+34.2 T (J/mol) [8].

3Cr,, + P,=Cr:P, .

K.= AA\ N.=K:NIN. =K. (5‘_’)1 (11)

Vo —_X

AG®=—229587-53.6 T (J:mol) [8].
3Cr,1. + 2P“‘:C1'3P1\.\ .
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K= Njf;\,, N=K. NN, == sz . (12)

AG®=—-261070+0.4T (J/mol) [8].

Cr,, +2P,=CrP.,,,

K= N=KNNYL ze=K S (13)
NN? (Zx)

AG®= —479274.51+165.778 T (J/mol) [13].

AGZs, in equation (13) is an optimized thermody-
namic parameter obtained during the formulation of the
calculating model of mass action concentrations for
ternary Fe-Cr-P melts [13].

{2) Mass balance.
N+ N:+N+ N+ NANAN.—-1=0 (14)

b=Zx(N,+N;+2N,+3N;+3N;+N;) =
X+z+2z2.4+ 32+ 3z, + z, (15)

a=2x(N.+Ny+ N+ N+ 2N+ 2N7) =
Ytz t 2tz + 22,4 2z (16)

From equations (15) and (16),

_bj\yj_+ (a—b)]V;"‘ (2a_b)N4+ (3a_b)]\7< +
(Ba—2b)N.+ (a-2b)N-= 0 (17)

Equations (14)+(17) gives:

=@+ DN —(1=b)N:=K(a—b+ 1)N.N.+K-(2a—b~+
DNIN-+K(3a—b+ DNIN-+K(3a—2b+ 1)NiNi~
(a—2b+1)NN? (18)

Aforementioned equations (9)—(18) are the calculat-
ing model of mass action concentrations for Cr-P melts,
in which equations (9)—(17) are used to calculate the
mass action concentrations, while equations (14) and
(18) are applied for the determination of equilibrium
constants by regression.

2 Calculated Results and Discussions

2.1 Fe-P melts

In the course of the calculation by equations (1)—(7),
it was found that compared with a:. and a» respectively
Nr. and N; still have obvious error, i.e. N, and N5 are re-
spectively smaller than ar. and ar: Reepemeel= a@re/Ne) =
1.044 084, Ry overseel= ap/Np) =1.067 87. Inn order to cor-
rect the erroneous situation, the optimization of Ki.,
was performed, putting

K e = 10[4207300—53 ST 4137541868 Tf/C )

Changing C from 1 to 3 and observing the variation
of R:. and R,, it was found that when C =1.798 341,

Rrenersge = 0,998 449 3, Ry 510ee=1.025 267, ie. Nrand
N, are respectively in good agreement with a:. and a»,
in this case
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AG®=—-207390+58.382 T (J/mol).

This figure is very close to that published later by A.
1. Zaitsev, et al. [9] as AG°=-207390+ 585T
(J/mol), which can also make Ry, semee = 0.997 5845,
R: seee=1.024 658. Hence for binary systems, using
both of them will give accurate calculation of mass ac-
tion concentrations, How ever, when they were used to
the Fe-Cr-P ternary melts, the former made the correla-
tion coefficient »=0.80137 for the relationship be-
tween l1gK:.cr and 1/T, while the latter got » = 0.786 33.
Therefore, seeing the situation as a whole, the former is
superior to the latter. By means of equations (1)+7)
and the optimized AGZ., calculated N;. and N; are com-
pared respectively with ar. and as at different temperat-
ures and compositions of the melts (in table 1). It can
be seen that the calculated and measured values are in
good agreement, showing that the deduced model can
reflect the structural reality of Fe-P melts. In order to
have an overview of these melts, the variations of the
mass action concentrations of different structural units
with Zx, for the melts at 1 773 K are given in figure 1.

2.2 Cr-P melts
Using equations (9)~(17), the calculated N, and N,
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are compared respectively with ac. and a, at different
temperatures and compositions of the melts (in table
2). It is seen that the agreement between the calculated
and measured values are well, this in turn shows that
the aforementioned model can reflect the structural
characteristics of Cr-P melts. The variations of the
mass action concentrations of all structural units with
compositions of Cr-P melts at 1 773 K are illustrated in
figure 2.

3 Conclusions

(1) According to the phase diagrams, reliable meas-
ured activities and thermodynamic parameters from
reference sources as well as the coexistence theory of
metallic melts structure involving compound forma-
tion, the calculating models of mass action concentra-
tions for Fe-P and Cr-P melts have been formulated.
The calculated results agree well with practice, sho-
wing these models can reflect the structural reality of
corresponding melts.

(2) The optimized thermodynamic parameter AG®=
—207 390 + 58.382 T (J/mol) not only makes the calcu-
lated results agree with practice, but also renders the
relationship between K:.cr and 1/T more reasonable, so

Table 1 Comparison of calculated N:. and N; with measured a:. and a; respectively at
different temperatures and compositions of the melts

2xp T/K Ne. Qre N ap
0.015 1790 0.984 4884 0.989 4.039648x107¢ 3.97x107°
0.030 1772 0.9678749 0.973 7.797 246%107¢ 7.82x107°
0.101 1775 0.8705548 0.865 4,034 881x10°* 4,03x10™°
0.101 1723 0.8700019 0.873 2.940323x107° 4.89%x10°°
0.101 1695 0.8796851 0.880 2.455374x107F 2.47x107°
0.101 1601 0.868 5077 0.862 1.266355%107° 1.25x107°
0.150 1711 0.776 7672 0.778 5.995781x10°F 6.06x107°
0.150 1406 0.763 5437 0.764 5.346938%x10™° 5.35x10™
0.200 1770 0.6544074 0.656 1.926 813x107* 1.87x107*
0.200 1669 0.6468499 0.638 1.071 090x107* 1.11x107"
0.200 1525 0.6332492 0.627 3.944751x10°° 4.01x107°
0.200 1437 0.622 6617 0.623 1.902 697x10°° 1.92x10°°
0.240 1757 0.5253635 0.517 3.876418x107* 3.86x107°°
., 0.240 1624 0.5070093 0.505 1.853500%107° 1.76x107*
0.240 1449 0.4742510 0.472 5.568930x107° 5.54x107°
0.270 1768 04147572 0414 8.218189x107" 8.17x107*
0.270 1729 0.4079010 0.399 6.873943x107* 6.79x107*
0.270 1591 0.3800859 0.383 3.390104x107* 3.37x10™
0.300 1773 0.2978097 0.303 1.934716x107° 1.95x107°
0.300 1709 0.2834770 0.285 1.518 739%x107° 1.50x107
0.300 1640 0.2668300 0.265 1.146936%x107° 1.12x107°
0.320 1677 0.2014313 0.200 2.691464x107° 2.72x107
0.320 1 649 0.1943813 0.195 2.454937x107° 2.45x107°
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Figure 1 Change of the mass action concentrations of differ-
ent structural units in Fe-P melts with 2x; at 1 773K
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Figure 2 Change of the mass action concentrations of differ-
ent structural units in Cr-P melts with Xx; at1773K

Table 2 Comparison of calculated N, and N; with measured a., and a; respectively at
different temperatures and compositions of the melts

Zxp T/K Ne. ac Ne as
0.130 1814 0.8268437 0.833 3.353331x10°° 3.28x10°°
0.130 1780 0.823 0700 0.821 2.708 547x107° 2.73x107°
0.153 1810 0.7856621 0.785 . 4.447868x107 4.51x10°°
0.153 1775 0.7800973 0.778 T 3.615496%107° 3.61x107°
0.133 1741 0.774 5000 0.766 2.918134x10°° 2.89x10°°
0.153 1708 0.768 9542 0.770 2.337978x107* 2.37x10°°
0.153 1 664 0.761 5309 0.759 1.699 172x107° 1.66x10°°
0.175 1812 0.7442214 0.745 5.942771x107* 6.02x107*
0.175 1782 0.7380151 0.729 5.042093x10°° 4.98x10°
0.175 1738 0.7283645 0.729 3.900815x10°° 3.90x10°°
0.175 1706 0.7210023 0.718 3.194396x107° 3.14x107°
0.195 1815 0.704 5916 0.710 7.712 140x10°° 7.64x107°
0.195 1790 0.698 3960 0.705 6.790816x107* 6.80x107°
0.195 1743 0.685897 1 0.681 5.274114x107 4.05x107°
0.250 1819 0.5833212 0.578 1.527061x10™ 1.55x107

it is an ideal thermodynamic parameter.

(3) At high content of phosphorus, the consideration
of the presence of CrP- in the calculating model is favo-
rable to obtain good agreement between the calculated
and measured values.
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