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ABSTRACT

Dephosphorization of liquid manganese alloys is

reviewed and discussed on the basis of thermody-
namical data available from the literature. Two possi-
bilities are concidered, either to remove phosphorus as
a phosphate under oxidizing conditions or as a
phosphide under reducing conditions. As the latter
approch appears to be the most promising choice for
high carbon ferromanganese alloys, this possibility was
studied in a serie of laboratory experiments where
magnesium at a defined partial pressure was used as
the phosphide forming agent. It was found, however,
that in equilibrium with a carbon saturated ferroman-
ganese melt, the magnesium phosphide phase is not
sufficiently stable to give a required degree of
dephosphorixation at a reasonable pressure of
magnesium. Similar experiments with calcium as the
dephosphorization agent confirmed that calcium is not
effective at all in carbon rich alloys due to calcium
carbide formation, but was found to be quite effective
in low carbon ferromanganese.

INTRODUCTION

Dephosphorization of liquid alloys rich in elements
being less noble than the phosphorus itself is a difficult
task and has been the subject of numerous publications
over the last decade. Most of these studies, however,
have focused on problems related to the dephospho-
rization of chromium-rich hot metal in the stainless
steel  industry where an  economical and
environmentally acceptable solution of this problem
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has been most persistently looked for. This has to do
with the fact that product quality, f. inst. in terms of
corrosion resistance, is significantly improved in
ultra-low phosphorus stainless steels /1/, whereas the
impurity level for phosphorus in chromium rich hot
metal produced from recycled scrap, high carbon
ferrochromium ore or obtained by direct smelting of
chromium, tends to increase year by year.

Manganese-rich alloys are intermediate products
usually used in diluted concentrations in steel, not
valuable end products like chromium-rich steels. Thus,
the incentive in the search for a dephosphorization
process, deemed to be difficult and costly, has not been
the same for manganese alloys as for chromium alloys.
Less work has therefore been devoted to the phos-
phorus problem in the manganese industry, but data on
thermochemical properties of slags and slag/metal
equilibria gained from fundamental work on the
dephosphorization of chromium alloys are applicable
also on manganese-containing systems.

OPTIONAL METHODS

It has been experimentally verified /2,3/ that phos-
phorus dissolved in a liquid metal may either be
removed by oxidation or by reduction.

In the oxidation process as used in steel refining where
a slag is present, the dissolved phosphorus reacts and
forms phosphate ions as expressed in Eq.[1].

P+203+20,=POY [1]

Dephosphorization of the metal is here favoured by
low temperature, a high oxygen potential and a high
oxygen ion activity to phosphate activity coefficient
ratio of the slag.

Under strongly reducing conditions and provided a slag
is present , the phosphorus in the metal reacts with
oxygen ions and forms phosphide ions according to Eq
[2a].

P+303=P% +30, [2a]

or for a slag-free process, it may react with a dissolved
alkali earth metal (Me) and form a solid phosphide as
expressed in Eq [2b].

P+>Me=;MeyP, [2b]

Dephosphorization proceeding according to these two
reactions is favoured at high temperatures and in the
case a slag is present, at a high oxygen ion activity to
phosphide activity coefficient ratio.

When a slag is present, the transition from oxidative
to reductive dephosphorization is controlled by an
exchange reaction between phosphate and phosphide
jons as given by Eq [3] obtained by subtracting Eq [2a]
from Eq [1].

P? +20,=P0OY [3]



The phosphate to phosphide partition in the slag is
then as expressed by Eq [4].
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showing dependence on temperature as defined by the
equilibrium constant for reaction [3], the type of slag
used as this affects the activity coefficients of phos-
phide and phosphate ions, respectively, and the oxygen
potential, here expressed in terms of the partial
pressure of oxygen.

Sano and co-workers /2,3/ have studied the phosphate
to phosphide partition in CaO-Al,0; and
CaO - CaF , melts at various temperatures and partial
pressures of oxygen. They found the phosphate to be
predominant at p,,>107'° atm in the oxide melt

saturated on CaO- Al,0; and at po,>107' in the

fluoride melt saturated on CaO, both at 1550 °C. At
oxygen pressures below these critical values, which
decreases with decreasing temperature, the phosphide
become the predominant specie. At this transition
point the total phosphorus in the slag is at its
minimum.

In manganese refining, there is an upper limit in
tolerable oxygen potential as defined by the reaction
in Eq [5].

Mn+30,=MnO [5]

At 1400 °C and in the case liquid high carbon ferro-
manganese (HC FeMn) is subjected to refining,
manganese oxide of unit activity will form at
Po,=107"" atm /45/. At p,,=10""" atm, which is

the phosphate to phosphide transition point for a
CaO-saturated system at 1400 °C /3/, reaction [4] will
in presence of such a slag proceed to the right until
the activity of manganese oxide reaches a value of
about 0.3, thus implying that serious oxidation losses of
manganese may Occur.

It is not expected, therefore, that a CaO - based slag
system will be an adequate sink for phosphate ions in
oxidative refining of manganese-rich ferroalloys. This
has been confirmed experimentally by Parys /6/ and
Maeda /7/ and coworkers who have studied dephos-
phorizaton of Fe-Mn-C-alloys in presence of CaO — or
Na,COj; - based fluxes /6/ as well as melts made up
frOIIl K2COS_KF,K2CrO4—KF aIld K2CFO4—KCZ
systems /7/ at 1350 and 1250 °C, respectively. They
found that the degree of dephosphorization decreased
with increasing manganese concentrations up to 20 - 26
%Mn. In the case of CaO - based slags, hardly no
removal of phosphorus could be found in metal that
initially contained 0.13 %P and 14.8 %Mn /6/. The
situation was somewhat better in the potassium chro-
mate systems where the phosphorus level dropped
from 0.1 to 0.07 %P in metal initially containing 26
%Mn, but at the expense of losses in both manganese
and carbon content /7/.

Fundamental studies on phosphorus in BaO-BaF,
melts have shown that this system has a phosphate
capacity which is larger by an order of magnitude than
the equivalent CaO system, whereas the phosphide
capacity is nearly the same/8/. This implies that the
oxidation approach can be used at lower oxygen
potentials when applying the oxide of barium in
combinations with its low-melting halides as a flux
instead of calcium or various alkali metals.

This knowledge has been utilized by Katayama and
coworkers /9? among others on high carbon Fe-Mn
alloys. They used BaCO, and a 50/50 mixture of

BaCO,and BaCl, as the dephosphorization agent at

temperatures varying between 1300 - 1500 °C. For a 60
% Mn - alloy at 1300 °C they obtained a slag/metal
distribution ratio for phosphorus of about 10 for the
chloride flux and 20 for the oxide flux mainly consisting
of BaO and MnO after reaction.

Water soluble barium compounds are toxic, however,
and the environmental problems associated with the
use of such materials as fluxing materials make them
unattractive for industrial applications.

The alternative therefore, is to go for a reduction
process where the phosphorus is removed either in the
form of phosphide ions dissolved in a slag as already
discussed, or as a solid phosphide where calcium or
magnesium are the most appropriate reagents when
considered in view of availability, toxicity and ability to
form stable phosphides. The latter may, however, be a
matter of discussion, as there appears to be consider-
able discrepancies in available data on the standard
free energy of formation of the various phosphides
involved.
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Figl. Standard free energy of formation of various
Phosphides as given by Kubaschewski/4/, Lee
/ZOZ7 Barin and Knacke /11/, Ghosh /12/ and
Min/13/.

As shown in Figure 1, there are two sets of free energy
data available for the phosphides of calcium and
magnesium, one given by Barin and Knacke /11/, the
other by Ghosh and Hess /12/. In addition there are



the data on Ca P, appearing in a recent publication
of Min and Sano /13/. Their data are nearly consistent
with the data of Ghosh and Hess, especially if the
temperature dependence is considered which is
important as this defines a value for the standard
entropy of formation for these types of compounds that

looks reasonable. For these reasons most faith has.

here been given to the data of Ghosh and Hess also
for the phosphide of magnesium.

Extrapolating the data of Ghosh and Hess, the phos-
phide of magnesium appears to be more stable than
that of calcium up to 1200 °C which is about 100 K
above the point where magnesium boils. This applies
under standard conditions, however, and not for an
open system where the magnesium may vaporize and
easily get lost. This puts calcium in favour of
magnesium as a dephosphorization agent for applica-
tion in liquid ferroalloys under strongly reducing
conditions. Magnesium, however, has the advantage of
not forming a stable carbide as does the calcium. This
discriminate the calcium from being a realistic option
in the selection of a dephosphorization agent for
ferroalloys rich in carbon, like HC FeMn.

DEPHOSPHORIZATION WITH MAGNESIUM

The potential of magnesium as a dephosphorization
agent in manganese alloys is defined by the solubility
product of the phosphide as expressed in terms of the
concentration product given in Eq. [6]

Kop=[%Mg]’ [%P]? (6]

together with an equation that express how the
concentration of dissolved magnesium in the liquid
alloy is related to the partial pressure of magnesium.

Experimental method

A set of laboratory experiments were carried out in
order to determiné these relations for a selection of
manganese alloys. Such a study has to be made by
equilibrating the liquid alloys with or without presence
of Mg P, under conditions were the temperature and

the partial pressure of magnesium are defined. To be
able to do this in a furnace designed for operation at
atmospheric pressure at 1300 °C, where the vapour
pressure of pure magnesium is about 4 atm /4/, alloys
of the Sn-Mg system were used as the source of
magnesium. These alloys are in the liquid state at 1300
°C, have a negligible vapour pressure of tin, and the
activity of magnesium defining the magnesium pressure
of the system varies with composition as given in
Figure 2.

All the equilibrating experiments were done by using
a closed crucible of graphite or mild steel acting as an
isothermal box when heated under atmospheric pres-
sure of argon to 1300 °C in a vertical graphite tube
furnace. As sketched in Figure 3, this crucible was
divided into two communicating compartments, the
lower one loaded with a cylindrical disc of premelted
and analysed Sn-Mg alloy, the upper one containing
from one to three small crucibles of graphite or
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Fig. 2. Activity of magnesium in the system Sn-Mg
recalculated to 1300 °C from data of Sharma
/14/ and Sommer et Al /15/ and checked
experimentally at one point.

magnesia charged with premelted and crushed Fe-C,
Mn-C, HC Fe80Mn or LC Fe80Mn. Some samples of
the charging material was also deliberately contami-
nated on phosphorus and some charges were made up
from mixtures of Mgz P, and HC or LC FeMn. Slags
were also added in some of the experiments. These
starting materials were all made up from reagent grade
chemicals.
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Fig. 3. Crucible assembly used for equilibrium tests.

The samples were usually kept at the reaction
temperature of 1300 °C for a period of about 2 hrs
before they were allowed to cool in the furnace. They
were then carefully prepared for chemical analysis
together with the Sn-Mg alloy. Tin and manganese
were determined by titration, phosphorus by a colori-
metric method, magnesium, calcium and iron by
atomic absorption, and carbon by combustion
according to the Leco method. To achieve equilibrium
a holding time of 2 hrs turned out to be suificient in
most cases, but up to 6 hrs was used in some of the
experiments as a check.



Magnesium solubility

Figures 4 and 5 present results of the solubility
measurements. The straight lines drawn, representing
the least squares fit to the experimental points given
are expressed analytically in Table L
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Fig.4. Concentration of magnesium dissolved in iron,
manganese and Fe80Mn-alloys, all saturated on
carbon at 1300 °C, as function of magnesium
vapour pressure.
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Fig.5. Concentration of magnesium in carbon saturated
Fe80Mn-alloys without and with phosphorus as
function of magnesium pressure at 1300 °C.
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Table I. Solubility of magnesium vapour in various
Fe-Mn-alloys at 1300 °C.

Alloy

Carbon saturated manganese
HC FeMn

Carbon saturated iron

LC FeMn

Manganese

%Mg=1.6"py,(atm)
%Mg=0.72 py,(atm)
%Mg=0.6"py,(atm)
%Mg=0.7" py,(atm)
%Mg=1.4-py,(atm)

The solubility of magnesium vapour as given for
carbon saturated iron in Table I agree with data
previously reported by Engh et al/16/, who used a
different method and arrived to the expression
[%Mglre-c=0.56py,(atm), valid at 1260 °C.
Magnesium vapour appears to be 2 - 3 times more
soluble in manganese than in iron, and more so in
carbon saturated manganese than in pure manganese.
The effect of carbon is insignificant for the Fe80Mn-
alloys, however, where the solubility is slightly higher
than for iron, and where the presence of phosphorus
(up to 0.3%P) does not seem to influence on the
solubility of magnesium vapour in the liquid metal.

Solubility product of magnesium phosphide

Experiments meant to represent the situation where a
three-phase equilibrium is established between FeMn
(lig), Mg3P,(s) and Mg(g) are referred to in Table
I. In order to approach the equilibrium from both
sides one set of experiments was made with mixtures
of LC or HC FeMn and a surplus of Mg;P, as the
starting materials, whereas the other started with
premelted alloys highly contaminated on phosphorus
(2.3 - 2.6%P).

Table II.  Experimental results used in calculating the
solubility product of Mg3 P, in LC and HC
FeMn at 1300 °C.

Starting Equilibrated Expected
materials metal [%Ma1*- [%P1IPu, (atm) Mg-
solubility
%Mg %P
HCFeMn+MgsPol 043 | 102 | 0.083 050 | 036
032 | 245 | 0203 * 1.00 | 072
090 | 262 | 0.005 018 | 0.13
HCFeMn(23%P) 025 | 220 | 0.76 1.00 | 0.72
009 | 226 | 0.004 * 031 | 015
LCFeMn+MgsPol 031 | 167 | 0.083 050 | 036
015 | 286 | 0.028 0.12 | 0.086
LCFeMn(2.6%P) 002 | 284 |6.4-107°*| 019 | 014

* Values excluded in calculating a mean value for the solubility
product as there are reasons to believe that the phosphide has
not been formed in two of the samples and that the third is

contaminated on phosphide.



The two first columns of Table II list the concentra-
tions of magnesium and phosphorus, respectively, as
analysed in metal samples carefully cleaned from
surplus phosphide contaminating the metal surface.
These data were used in calculating the concentration
products listed in the third column. The next two
columns list the expected vapour pressure of
magnesium of the system at the temperature of
reaction, as defined by the final compositions of the
Sn-Mg alloys used, as well as the corresponding
equilibrium concentration of magnesium in the
manganese alloys as calculated from the expressions
in Table L

The agreement between the magnesium values given
in the first and last column of Table II are not
excellent, but satisfying in view of the analytical
uncertainties involved. Such uncertainties, multiplying
in the concentration product, explain the scatter in the
resulting values given in the third column.. Taking the
arithmetic mean of these, one arrive to 0.055 as a
reasonable value of the solubility product of MgsP»

in LC and HC FeMn at 1300 °C.

Using available thermodynamic data such as an
extrapolated value for the free energy of formation of
MgsP, based on the data of Ghosh and Hess/12/,
the free energy of the transformation from gaseous to
liquid phosphorus as given in a paper of Lee/10/ and
his expression for the activity coefficient of phos-
phorus at infinite dilution in liquid manganese, one
can for a temperature of 1300 °C arrive to a
theoretical value for the equilibrium constant of the
reaction represented by Eq [7].

3Mg(g)+2P,,=MgsP(s) [7]

@ Mg3Py

P LN
1300°C 53 1%p)?

K =221.5

Inserting for the unit activity of MgsP, and for
Pug=[%Mg]/0.7 as given in Table I, this gives a
semitheoretical value for the solubility product of
Mg P, as expressed in Eq [8].

Ksp(theo.)z[%Mg]a'[%P]2= 1.56+ 1077 [8]

A graphical presentation of this equation appears as
a straight line with the slope -3/2 in the diagram of
Figure 6, also showing a plot of the experimental
results of Table II. The most reliable of these are
grouped around the dashed line representing the
experimental value:

Kp(exp.)=0.055

If the difference in the free energies associated with
these constants is attributed to the stability of the
magnesium phosphide alone, this implies that the free
energy of formation of Mg;P, at 1300 °C should be
about 45 kJ/mole less negative than indicated by the
data of Ghosh and Hess in Figure 1.
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Fig.6. Equilibrium concentration of phosphorous and
magnesium in LC FeMn and HC FeMn in

presence of Mg 3P, experimental and calculated
results. Open symbols are regarded as unsertain.

Practical implications

The practical implication of this is that the magnesium
is less effective as a dephosphorization agent than
expected from the most optimistic data given in Figure
1, but much more effective than indicated by the most
pessimistic one. For magnesium phosphide of unit
activity to form in ferromanganese containing 0.1%P
at 1300 °C, the magnesium concentration in the bath
has to exceed 1.7% Mg if the experimental value of
the solubility product applies at this concentration,
whereas the semitheoretical value in Eq [8] gives 0.54
%Mg as the upper limit. The magnesium pressures
corresponding to these two figures are 2.6 and 0.8
atm, respectively.

Table I1l. Magnesium and phosphorus in metal equili-
briated with CaO-saturated chloride slags at

1300 °C.
Experiment no [%Mg] [%P] |[MgT-[%P]]
1. 0.23 0.66 0.005
2. 0.28 0.48 0.005

Presence of a slag acting as a solvent for the phos-
phide lowers the required. concentration product as
expressed in Eq [9]

[%Mg]®  [%P]?=0.055" ayg,»s, [9]

This effect is shown in Table III where the results of
two experiments using a CaO-saturated CaO-CaCl,
slag are reported. As seen, the concentration product
of the metal is lowered by a factor of 10, but the
phosphorus content of the slag is low, less then 19%P.



This implies that refining down to 0.1%P in ferro-
manganese can be achieved at a level of 0.8 %Mg,
which corresponds to a magnesium pressure of 1.1
atm, but the quantity of slag needed is high, minimum
220 kg per ton of metal if the initial phosphorus
content is as high as 0.3 %P.

DEPHOSPHORIZATION WITH CALCIUM

The aim of the experimental work and the methods
used in the present study on calcium, were the same
as those for magnesium. The major experimental
alteration made was that pure calcium metal was used
as a replacement for the Sn-Mg alloys. Furthermore, it
was found necessary to protect the graphite container
with an inner lining of molybdenum sheets in order to
ensure that the calcium pressure was defined by the
calcium itself and not by the equilibrium between
calcium carbide and graphite. The best solution to this
problem, however, as used in a few experiments, was
to replace the graphite with a similar container of mild
steel.

Calcium solubility

Results of the solubility measurements together with
some literature data discussed in the following are
summarized in Table IV. The values related to the
ferromanganese alloys are plotted in Figure 7 also
showing a tentative curve drawn on these bases.

Table 1V. Results of solubility measurements on calcium
at 1300 °C as compared with available data.

This work Litterature data
Alloy Without | 1.2 %C | Saturated | Without | Saturated
C on C C on C
Iron 0.02 - 0.036/17/
Manganese 0.4 0.02 ]0.55/18/ -
Ferro-
manganese 0.17 * 0.1 <0.06 - =

* Mean value of three independent experiments with a calcium
content of 0.25, 0.18 and 0.072 resp.

In order to discuss these results, reference is first made
to the boundary system Fe - C - Ca reproduced from
the comprehensive studies of Schiirmann and Jacke
/17/ in Figure 8. As shown, the solubility of calcium
in liquid iron is low, 0.035 %Ca at 1600 °C, but as
carbon is added it increases up to a point where
calcium carbide forms as a stable phase. Additions
beyond this point lowers at first the calcium solubility,
which is now controlled by the activity product of
calcium carbide, i.e. by the expression in Eq [10]
K=acak [10]
The solubility product derived from this equation
increases with increasing carbon content due to the
mutual interaction between calcium and carbon in
liquid iron. This interaction is responsible for the
observed increase in calcium solubility both at low and
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high levels of carbon and brings the calcium concen-
tration up to 0.067 %Ca at carbon saturation at 1600
°C. According to Figure 8 this value drops to 0.036
%Ca at 1300 °C, which agree quite well with the
present figure of 0.02 %Ca given in Table IV for
carbon saturated iron.
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Fig.7. Calcium solubility in liquid ferromanganese as
function of carbon content at 1300 °C, tentative

curve.
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Fig.8. Thermodynamic evaluation of the calcium and
calcium carbide saturation line for iron melts.
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Similar to iron, manganese does not mix with calcium
neither in its liquid or solid state, but the mutual
solubilities are somewhat higher in the Mn-Ca system
than in the equivalent iron system/18/. From the
phase diagram one may read a value as high as 0.55
%Ca for the cal¢ium solubility in liquid manganese at
1300 °C, whereas the experimental value in Table IV
is 0.4 %Ca.

Manganese in liquid steel does not influence on the
solubility of calcium when present at low concentra-
tions, but tends to increase the solubility at concen-
trations in the range of 10 - 20 %Mn/19/. Thus, a
value of 0.17 %Ca as arrived to for carbon free
ferromanganese in the present work looks reasonable.

The tentative curve of Figure 7 suggests that the
calcium solubility in ferromanganese remains unaf-
fected by presence of carbon up to the point where
calcium carbide forms. This happens when the activity



product in Eq[10] is equal to K = 4.2+ 10~ *at 1300 °C,
as calculated from the standard free energy of forma-
tion of CaC, given by Kubaschewski and Alcock/4/.
This corresponds to a carbon activity of about 0.02 for
a metal being in equilibrium with calcium of unit
activity. The calcium activity at higher activities of

ﬁ;lﬁ)on decreases according to the expression in Eq

Qca=4.2-107* a?

[11]

~ Inserting for a6a=6f11—7- [%Ca] and neglecting that

calcium and carbon interacts in these melts, one can
with some modifications, use the activity data for
carbon as given by Ohtani/20/ and calculate a solu-
bility curve for calcium up to the saturation on carbon
as done in Figure 7. As shown, the lower limit for
carbide formation appears at about 0.8 %C.

The solubility product of calcium phosphide

Results of experiments aiming for the solubility
product of Caz P, in LC and HC Fe80Mn at 1300 °C
are summarized in Table V.

Table V. Experimental results used in calculating the
solubility product of CazP,in LC and HC
FeMn at 1300 °C.

Alloy %Ca %P |K=[%Mg]® [%P]?
HCFeMn+Ca,P, 0.006 1.86 |7.5-1077

0.980 1.10 |l1.14
HCFeMn(2.3%P) 0030 | 213 [1.2-107*
HCFeMn(0.35%P) 0.017 033 |[5.4-1077
LCFeMn+CagP, 0.009 144 [1.5-10°°

0.028 087 |1.7-107°
ICFeMn(2.6%P) 0.011 206 [5.6-107°
ICFeMn(0.46%P) 0.172 | 0.09 [4.1-107°

The obtained concentration products listed in Table V
are consistent for LC FeMn, i.e. for alloys with < 0.3
%C and 80 - 84 %Mn, only, but not for the
carbon-saturated alloys. The LC FeMn-alloys are
therefore believed to be in equilibrium with solid
CasP, , and the mean value of the 4 experiments

listed is hereby defined as the solubility product of this
compound, as expressed in Eq [12]
K, =[%Cal® [%P]*=1.6-107° [12]
The metal has in one of these 4 experiments only,
reached to an equilibrium with the gaseous phase. It is
easily understood that this may take some time for
samples that are initially high in phosphorus, but it is
less easy to understand for samples initially made up
from mixtures of LC FeMn and Ca; P, . One has to

remember, though, that CasP, is soluble to a

considerable extent in liquid calcium, up to 65 % at
1550 °C /13/. Saturated Ca-vapour may therefore
condense on the phosphide and form a liquid of low

13

activity of calcium, consequently the concentration of
calcium in metal being in close contact with this liquid
will be lowered. In both types of experiments a short
reaction time, as used in the present experiments, will
increase the chances for the phosphide to survive as a
solid phase.

The phosphide added to the samples of HC FeMn has
apparently not survived as an equilibrium phase in the
experiments listed in Table V. The obvious reason is
that the fraction of phosphide added has not been
sufficiently high to establish the equilibrium for the
reaction given in Eq [13]
CaszP,(s)+6C=3Cal,(s)+2P [13]
The equilibrium constant for this reaction which
controls the phosphorus level of the metal within the
stability range of the carbide, has the following value
at 1300 °C

Ki3=1.8-107

if calculated from the data of Min/13/ for CasP.,
Kubaschewski/4/ for CaC, and Lee/10/ for P,=2P.
The equilibrium concentration of phosphorus in the
metal as derived from this constant is strongly
dependent on the carbon activity as expressed in
Eq[14].

[%P]=4.2-10% a? [14]

Inserting in this equation for a.=0.02 at 0.8 %C
which is given as the lower limit for carbide formation
in ferromanganese in Figure 7, one arrive to a value
of 0.034 %P. The equivalent figure obtained by
inserting for [%Ca]=0.17 in the solubility product

for Cas P, given in Eq[12] is 0.057 %P.

Eq[12] combined with the solubility data in Figure 7
as well as Eq[14] agree on the point that ferroman-
ganese containing less than 1 %C can be dephos-
phorized to a level of 0.1 %P by use of calcium or
calcium carbide as reagents and under formation of
CasP, of unit activity. The use of slags as a solvent
for the phosphide may extend this possibility to slightly
higher levels of carbon. Interesting fluxes to be chosen
for this purpose are the chloride and fluoride of
calcium combined with its oxide.

The thermodynamics of these systems with the phos-
phide added have been studied by several, most
recently by Masumitsu, Ito and Fruehan/21/. Calcium
is soluble to an appreciable extent in both systems, but
its effect on the activity coefficient of calcium phos-
phide has been found to be slightly lower for the
chloride than for the fluoride system. It is therefore
concluded that the chloride system is marginally better
than the other for phosphorus removal.

It is possible from the given activities of the system
Ca-CaCl,—-CasP,at 1400 °C/21/, to calculate how
the phosphorus concentration of the slag varies with its
calcium content at equilibrium with ferromanganese
containing 0.1 %P. The results of such calculations



based on two different ways of calculating the phos-
phorus activity in the ferromanganese are shown in
Figure 9. Line 1 refers to calculations based on data
of Lee/10/ and applies for liquid manganese, while
line 2 refers to calculations based on accepted inter-
actions parameters for liquid steel.
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| 2. Based on accepted interactions
1.6 parameters for liquid steel
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Fig.9. Calculated variations of the concentration of

phosphorus  with  calcium  content  in
Ca—-CaCl,-CagP; slags at 1400 °C and at
equilibrium with ferromanganese with 0.1 %P.
Line 1 and 2 applies for different values of f p .

Considering now the removal of 1 kg P from 1 ton
ferromanganese by use of a chloride slag containing 1
%P which is a figure that corresponds to a phosphide
activity of about 0.4. This requires a quantity of 100 kg
slag that contains 4.5 kg of dissolved calcium as shown
in Figure 9. Together with the quantity needed for the
formation of the phosphide and calcium dissolved in
the metal, this amounts to a total requirement of 7 -
8 kg of calcium per ton of metal treated.

CONCLUSIVE STATEMENTS

It is expected from a theoretical point of view and has
been experimentally verified that phosphorus in liquid
ferromanganese can be removed as phosphates, but at
a carefully controlled oxygen potential and by use of
BaO - bearing slags, only. Water soluble barium
compounds are toxic and not attractive for industrial
applications, however.

The alternative is to remove the phosphorus as a
phosphide either by use of magnesium or calcium.

Magnesium is effective in low carbon as well as in high
carbon ferromanganese, but not as effective as
expected from available thermochemical data. At 1300
°C solid magnesium phosphide forms at conditions
defined by Eq[9] and data of Table I implying that a
closed pressurized reaction vessel is required in order
to obtain reproducible refining at low phosphorus
levels, ie. at 0.1 %P. The residual magnesium
concentration in refined metal will be high, above 1
%Mg.
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Calcium is effective for low carbon alloys, only, i.e. at
concentrations < 1 %C at 1300 °C where solid calcium
phosphide forms at conditions defined by Eq[12].

For both elements, dephosphorization is enhanced by
presence of halide based fluxes provided used in
quantities approaching 10 % of the metal weight. For
calcium this will more than double the quantity of
reagent metal required.

Phosphides of magnesium and calcium are both
unstable in presence of humidity and react under
formation of toxic phosphine. Thus, a process for
treatment of phosphide-containing reaction products
has to be included in an overall dephosphorization
process for ferromanganese at reducing conditions.
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