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The mass transfer behavior of phosphorus in the multiphase dephosphorization slag at 1623 K
(1350 �C) is investigated in this article by adding the reagent P2O5 powders into the
CaO-FeOt-SiO2 slag saturated with a directly precipitated 2CaOÆSiO2 phase. The results show
that the phosphorus was first quickly dissolved and transferred from the liquid slag to the
precipitated solid 2CaOÆSiO2 particle; then it reacted with the solid 2CaOÆSiO2 particle to form
(2CaOÆSiO2-3CaOÆP2O5) solid solution at the edge of a large solid particle. The further diffusion
of phosphorus from the formed (2CaOÆSiO2-3CaOÆP2O5) solid solution reaction layer into the
core of the 2CaOÆSiO2 particle is the limiting step during the enrichment-phosphorus process. It
is observed that the enrichment-phosphorus process is changed when the amount of added P2O5

content is increased and the formed solid solution phase is torn and peeled off from the surface
of the 2CaOÆSiO2 particle. In addition, the study shows that the solid solution structure is
changed and becomes more compacted with the addition of P2O5 content, leading to the
increment of solid solution density.
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I. INTRODUCTION

RECENTLY, to reduce the amount of steelmaking
slag and increase the production of the low-phosphorus
or ultra-low-phosphorus steel, a new refining method to
improve the reaction efficiency of CaO by using a solid/
liquid coexisting multiphase slag for hot metal efficient
dephosphorization treatment was proposed.[1] The
research regarding the multiphase slag has been carried
out intensively, and the formation mechanism of the
(2CaOÆSiO2-3CaOÆP2O5) solid solution, the phosphorus
distribution ratio between the (2CaOÆSiO2-3CaOÆP2O5)
solid solution and the liquid phase, the phase relation-
ship of the multiphase slag system under the different
oxygen partial pressure, the free energies for the
formation of (2CaOÆSiO2-3CaOÆP2O5) solid solution,
as well as the activity of P2O5 in the (2CaOÆSiO2-
3CaOÆP2O5) solid solution have been investigated.[2–10]

It has been known that phosphorus dissolves into the
molten CaO-FeOt-SiO2 slag system in the form of
3CaOÆP2O5,

[11] and thus, it combines with 2CaOÆSiO2

solid phase to form (2CaOÆSiO2-3CaOÆP2O5) solid solu-
tion in basic oxygen furnace slag.[12] To increase the
efficiency of dephosphorization, it is very important to
increase the mass transfer rate of phosphorus from the

liquid slag to the solid solution. It has been reported that
there are two mechanisms for the mass transfer of
phosphorus in the liquid multiphase slag;[13] one is the
direct precipitation mechanism, which occurs when the
solid solution precipitates after the phosphorus is trans-
ferred from the hot metal to the liquid slag. Shimauchi
et al.[14] have clarified that the mass transfer rate via this
mechanism is very fast as they found that the distribution
ratio of phosphorous reaches the equilibrium condition
irrespective of time at 1473 K (1200 �C). The other one is
the diffusion mechanism, which happens when the
2CaOÆSiO2 phase precipitates first prior to the state that
the phosphorus is transferred from hotmetal to the liquid
slag. Regarding the diffusion mechanism, several studies
have been carried out.[15–17] Inoue and Suito[15] have
found that the mass transfer of phosphorus from liquid
2CaOÆSiO2 saturated slag to the artificially prepared
2CaOÆSiO2 particles with 3 to 8 lm and formation of a
uniform (2CaOÆSiO2-3CaOÆP2O5) solid solution is within
5 seconds, which indicates that the solid solution reaction
is quick and the mass transfer rate by this mechanism is
very high. Hoshikawa et al.[16] have suggested that the
dephosphorization rate is low when the artificially pre-
pared 2CaOÆSiO2 powder is mixed with iron oxide to
simulate the dephosphorization slag in the steelmaking
process. In addition, Kitamura et al.[17] have elaborated
that the mass transfer of phosphorus between the
(2CaOÆSiO2-3CaOÆP2O5) solid solution and the liquid
slag is determined by the activity of phosphorus in the
above-mentioned two phases, through dipping the arti-
ficially made (2CaOÆSiO2-3CaOÆP2O5) solid solution rod
into the (2CaOÆSiO2-3CaOÆP2O5) saturated slag.
All these studies have assured that the occurrence of

the mass transfer of phosphorus in the liquid slag and
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solid solution is complicated; however, having a clear
understanding of the mass transfer of phosphorus in the
multiphase slag, especially when it contains the directly
precipitated crystal 2CaOÆSiO2 phase, is of extreme
importance as it is directly related to the speed and
efficiency of dephosphorization in the hot metal treat-
ment. Therefore, the study of the mass transfer behavior
of phosphorus in the solid 2CaOÆSiO2 and liquid slag
coexisting multiphase slag system at the hot metal
treatment temperature of 1623 K (1350 �C) is investi-
gated in this article through the single hot thermocouple
technique (SHTT) by adding the reagent P2O5 powders
into the CaO-FeOt-SiO2 slag saturated with the directly
precipitated 2CaOÆSiO2 phase.

II. EXPERIMENTAL APPARATUS AND
PROCESS

A. Slag Sample Preparation

To obtain the CaO-FeOt-SiO2 slag saturated with the
precipitated 2CaOÆSiO2 as the multiphase dephospho-
rization slag, the CaO-SiO2-FeOt slag system with
basicity of 1.5 was chosen for this work. The detailed
chemical composition is given in Table I, which is
marked in the ternary CaO-SiO2-FeOt phase diagrams
as shown in Figure 1, and it is located in the compo-
sition range saturated with dicalcium silicate (2CaOÆ
SiO2).

To prepare the slag sample, the reagent grade CaCO3

was first heated at 1223 K (950 �C) for 10 hours to
obtain CaO. Then the well-mixed sample of CaO, SiO2,
and FeC2O4 was premelted at 2073 K (1800 �C) in the
induction furnace and quenched by water-cooled, sand-
wich-type Cu plates, where FeC2O4 was used as FeOt as
it would be decomposed into FeOt.

[18] Finally the
quenched slag was ground to 500 mesh by using a
stainless-steel ball mill.

B. Experimental Apparatus

The SHTT was applied for the study of mass
transfer of phosphorous in this article, and the details
of SHTT apparatus have been described in the
previous study.[19–21] Its schematic figure is shown in
Figure 2. The slag sample was mounted on a B-type
thermocouple (0.5 mm, Pt-30 pct Rh, 6 pct Rh) and
heated directly according to the temperature-control-
ling profile. Meanwhile, the real-time images of the slag
sample were recorded directly by a connected cam-
corder through a high-temperature microscope for the
in situ observation and analysis, and the corresponding
temperature history could be obtained through the

temperature acquisition system. Thus, the crystalliza-
tion process of various isothermals and nonisothermals
could be carried out.

Table I. Chemical Composition of Slag Sample (Mass Pct)

Basicity m(CaO)/m(SiO2) CaO SiO2 FeOt Total

1.5 48 pct 32 pct 20 pct 100 pct

Fig. 1—The Composition of a slag sample in the CaO-SiO2-FeOt

phase diagrams.

Fig. 2—Schematic figure of the hot thermocouple technique.

Fig. 3—Temperature-controlling profile for the experiment.
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C. Experimental Procedure

The tests were conducted according the tempera-
ture-controlling profile as shown in Figure 3. First the
B-type thermocouple together with a certain amount of
prepared sample powders was heated to 1873 K
(1600 �C) at the rate of 15 K/seconds. Then it was held
for 300 seconds to eliminate bubbles and homogenize its
chemical composition. After that, it was cooled at the
rate of 30 K/second to 1623 K (1350 �C) and held for
900 seconds to obtain the precipitation of the solid

2CaOÆSiO2 phase. Then a certain amount of pure
reagent P2O5 powders adhered to the Mo wire tip was
added into the slag sample. The detailed process of
adding P2O5 is shown in Figure 4. Thereafter, it was
held for various times and quenched by turning off the
power and flowing air with a flow rate of 1.5 L/minute
simultaneously. Finally, the quenched slag sample was
moved out from the B-type thermocouple and prepared
according to the standard metallographic procedure for
further scanning electron microscope (SEM) and
energy-dispersive spectrometer (EDS) analysis.

III. RESULTS AND DISCUSSION

A. Identification of the Precipitated Crystal Phase in the
CaO-SiO2-FeOt Slag

To make sure that the precipitated crystal in the
CaO-SiO2-FeOt slag is 2CaOÆSiO2 phase, a 50-mg
CaO-SiO2-FeOt slag sample with basicity of 1.5 and
20 mass pct FeOt was first heated to 1873 K (1600 �C).
Then it was rapidly cooled to 1623 K (1350 �C) and held
for 15 minutes; after that, it was quenched and subject
to further analysis of SEM/EDS. The result is shown in
Figure 5. From the point analysis results, combined
with the linear scan, it was found that there are only
three kinds of elements Ca, Si and O in the precipitated
crystal, and the atom ratio of Ca to Si is very close to

Fig. 4—Schematic drawing of adding P2O5 into the molten slag sam-
ple containing a precipitated 2CaOÆSiO2 solid phase.

Fig. 5—SEM image and corresponding EDS results of the precipitated crystal in the quenched slag sample at 1623 K (1350 �C) held for 900 s:
(a) point analysis and (b) line scan.
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2.0, which indicated that the precipitated crystal in the
slag sample is the 2CaOÆSiO2 phase. It is consistent with
the composition of the slag sample in the ternary
CaO-SiO2-FeOt phase diagram. Furthermore, the crys-
tallization ratio of 2CaOÆSiO2 was calculated through
the image analyzer (Adobe Photoshop 7.0), which was
defined as the fraction of crystallization area in the
sample. The estimated value is about 35.38 pct, which is
also consistent with the calculated result from the phase
diagram based on the lever principle. The above results
suggested that the crystallization of 2CaOÆSiO2 was
almost finished during the isothermal crystallization
process at 1623 K (1350 �C) within 15 minutes.

B. Observation of P2O5 Addition Process

To study the mass transfer behavior of phosphorous,
3.0-mg P2O5 powders were first added into the 50-mg
molten CaO-SiO2-FeOt slag sample that saturated with
precipitated 2CaOÆSiO2 and diffused for 15 seconds. Its
process is shown in Figure 6, where the initial state of
the slag sample at 1623 K (1350 �C) before the addition
of P2O5 powder is illustrated in Figure 6(a). When P2O5

was added into the slag sample surface from the right
side, the P2O5 powders were observed to dissolve
immediately in the molten slag and diffuse into the
center of the molten slag to combine/react with the
precipitated 2CaOÆSiO2 crystal phase. Meanwhile, the
generation of bubbles was observed due to the violent
interaction and the evaporation of P2O5, which can be
observed in Figure 6(c). Then, the slag sample was

cooled at 15 seconds by turning off the power and
flowing air simultaneously as shown in Figure 6(d).
Finally the cross section of slag sample was analyzed
through SEM/EDS after it was moved out from B-type
thermocouple and prepared for the standard metallo-
graphic procedure.
The SEM image of the slag sample combined with the

corresponding EDS of the crystals are shown in
Figure 7, and the results indicate there are two different
types of solid phases appearing around the P2O5

addition zone. According to EDS results, the white
crystal-1 was identified as the high FeOt containing
phase, while the gray crystal-2 was suggested as the
3CaOÆP2O5 phase. When P2O5 dissolves in the molten
slag, it would prefer to form the 3CaOÆP2O5 phase as it
has the minimum Gibbs free energy of formation among
the calcium phosphates in the current system, which
causes the concentration of FeOt in this zone to be
relatively increased; thus, the iron oxide-rich phase is
precipitated.

C. Determination of the Limiting Step of the Mass
Transfer of Phosphorus

The tests of adding 3.0-mg P2O5 powder into the
50-mg CaO-SiO2-FeOt slag saturated with the directly
crystallized 2CaOÆSiO2 for different holding times, such
as 15, 60, 300, 600, and 900 seconds, have been
conducted at 1623 K (1350 �C), and the element map-
ping of P, Ca, and Fe for each slag sample is shown in
Figure 8, respectively. It was found that the

Fig. 6—Experimental process of adding P2O5 into the molten slag sample.
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concentration of element Ca is much concentrated in the
crystal-enriched zone when the holding time is 15 sec-
onds, while the corresponding concentration of element
Fe shows the opposite results, as the element Fe was the
impurity components in the crystal phase. The gray zone
was identified as the precipitated solid 2CaOÆSiO2 phase
according to the earlier reported results. For the element
P, it was found that within 15 seconds, the phosphorus
was concentrated in the right side of the adding area and
began to diffuse to the left-side liquid phase. However, it
is very hard to find the P element in the precipitated
solid 2CaOÆSiO2 phase zone as shown in Figure 8(a).
When the holding time reaches 60 seconds, it is observed
that the distribution of element P in the liquid phase

becomes more uniform external of the crystal phase as
illustrated in Figure 8(b) and that Ca and Fe show the
similar distribution of Figure 8(a). When the diffusion
time goes to 300 seconds, the concentration of element P
in the precipitated solid 2CaOÆSiO2 phase zone increases
at the edge of the crystals as shown in Figure 8(c)
indicating the formation of (2CaOÆSiO2-3CaOÆP2O5)
solid solution. The concentration of P continuously
increases and diffuses to the center of the crystals with
the extension of holding time, which indicates that there
would be more P-containing solid solution formed in the
original 2CaOÆSiO2 phase as shown in Figures 8(d)
through (e). Those results implied that the mass transfer
of phosphorus in the liquid phase is faster than that in

Fig. 7—SEM image of the sample being treated for 15 s and the corresponding EDS results of crystal-1 and crystal-2.

Fig. 8—Global SEM images and the corresponding element P, Ca, and Fe mapping of each slag sample after adding P2O5 for different holding
times (a) 15 s, (b) 60 s, (c) 300 s, (d) 600 s, and (e) 900 s.
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the solid 2CaOÆSiO2 phase; in other words, the mass
transfer of phosphorus in the solid 2CaOÆSiO2 phase is
the limiting step of phosphorus mass transfer, which is
consistent with study of Inoue and Suito.[15]

D. SEM/EDS Analysis of the Solid Particles

To elaborate on the detailed mass transfer behavior of
phosphorus in the solid 2CaOÆSiO2 phase, the slag sample
held for 300 seconds in the above test was detected by
SEM/EDS as shown in Figure 9. From its corresponding
linear scan result, it is clear that the both elements Ca and
Si show similar intensity for small and large solid
particles, but the intensity of the P element is higher in
the small size particle (less than 10 lm), which suggests
the formation of (2CaOÆSiO2-3CaOÆP2O5) solid solution
would easily occur in small particles. The reason is that
the small particle has a relatively large specific surface
area in comparison with the large particles; thus, the
driving force for P penetration increases.

To elaborate on the phosphorus distribution in the
large 2CaOÆSiO2 particle, the large size particle with 50
lm in the sample held for 600 seconds was analyzed
with SEM, and the corresponding EDS results at the
different locations are shown in Figure 10. It is demon-
strated that only the rim part of the solid 2CaOÆSiO2

particle has been changed to the (2CaOÆSiO2-
3CaOÆP2O5) solid solution, while the inside core part is
kept as the 2CaOÆSiO2 phase. Furthermore, there is a
concentration gradient of phosphorus that occurred
from the (2CaOÆSiO2-3CaOÆP2O5) solid solution reac-
tion layer to the inside core of the solid particle. The
current results indicated that the size of the 2CaOÆSiO2

particle has a significant impact on the efficiency of
dephosphorization when the solid 2CaOÆSiO2/liquid
phase coexisting multiphase slag was used for the hot
metal treatment, which is a good topic for further study.

E. Diffusion Mechanism of Phosphorus in the Multiphase
Slag

Based on the above results in this study, it could be
concluded that the mass transfer of phosphorus in the
multiphase slag is limited in the large solid 2CaOÆSiO2

phase. Figure 11 shows the schematic diffusion

mechanism of phosphorus in the multiphase slag con-
taining precipitated 2CaOÆSiO2, where the dissolved
phosphorus first diffused from the liquid phase to the
precipitated 2CaOÆSiO2 particle surface; then it reacted
with 2CaOÆSiO2 and formed the (2CaOÆSiO2-
3CaOÆP2O5) solid solution reaction layer; thereafter,
the phosphorus diffused through the (2CaOÆSiO2-
3CaOÆP2O5) solid solution reaction layer and continued
to react with 2CaOÆSiO2, so the (2CaOÆSiO2-
3CaOÆP2O5) solid solution reaction layer would gradu-
ally expand with the extension of time. Finally the whole
solid 2CaOÆSiO2 phase was changed to the (2CaOÆ
SiO2-3CaOÆP2O5) solid solution gradually. Thus, the
phosphorus was enriched in the precipitated 2CaOÆSiO2

particles to achieve dephosphorization.

F. Clarification of the Peeling Phenomenon

A similar experiment was carried out under the same
condition by adding more (6.0 mg) P2O5 powders into

Fig. 9—SEM image and line scan of the crystallized 2CaOÆSiO2 in the slag sample being treated for 300 s.

Fig. 10—SEM image and the corresponding EDS results of the sam-
ple that being treated for 600 s.

1588—VOLUME 47B, JUNE 2016 METALLURGICAL AND MATERIALS TRANSACTIONS B



the 50-mg CaO-SiO2-FeOt slag saturated with the
directly crystallized 2CaOÆSiO2 phase. An interesting
phenomenon was then observed in the slag samples at
the different holding times. The partial cross-section
SEM image of the slag sample at the holding time of
15 seconds was chosen as a representative and is shown
in Figure 12. It can be seen that many small particles
were scattering around the large particles with the size
larger than 20 lm. To clarify this phenomenon, the slag
sample at the holding time of 30 seconds was detected
by SEM/EDS carefully; the SEM image and the
corresponding linear scan results are illustrated in
Figure 13. It was observed that a series of small solid
particles with 5 to 10 lm were scattering around the
surface of a large solid particle. The chemical compo-
sition of the small ones was identified as (2CaOÆSiO2-
3CaOÆP2O5) solid solution, while the large solid particle
was recognized as the crystallized 2CaOÆSiO2 phase.
This situation in the present work was called the peeling
phenomenon, in which the phosphorus first react with
the external part of the large particle, and then the
formed solid solution is broken away from the original
large particle. Finally the formed solid solution phases
scatter around the surface of the large particle.

The possible steps for the observed phenomenon is
proposed as shown in Figure 14. First the phosphorus in
the liquid slag penetrates into the surface of a
2CaOÆSiO2 particle and rapidly forms the (2CaOÆSiO2-
3CaOÆP2O5) solid solution reaction layer. Then the
(2CaOÆSiO2-3CaOÆP2O5) solid solution reaction layer is
torn from the original phase; finally the (2CaOÆSiO2-
3CaOÆP2O5) solid solution reaction layer is peeled off
from the surface of the 2CaOÆSiO2 particle.

G. Investigation of the Structure and Density of the Solid
Solution with Various P2O5

In the present work, to illustrate further the mass
transfer behavior of phosphorus, the structure and
density of the solid solution (2CaOÆSiO2-3CaOÆP2O5)
solid solution containing different P2O5 content was
investigated. The P2O5 content in the (2CaOÆSiO2-
3CaOÆP2O5) solid solution was designed from 5 to
20 mass pct at an interval of 5 mass pct. The
detailed chemical composition of samples is shown in
Table 2.
The phase diagram of 2CaOÆSiO2-3CaOÆP2O5 with

different P2O5 content is given in Figure 15.[9] First,
different amounts of reagent-grade chemicals of CaCO3,
SiO2, and (NH4)2HPO4 were prepared and well mixed
according to Table 2. Then they were melted at 1773 K
(1500 �C) for 10 hours and quenched in the air to obtain
the (2CaOÆSiO2-3CaOÆP2O5) solid solution with various
P2O5 content.

[22] Thereafter, part of them were crushed
and ground into powders for X-ray energy-dispersive
spectroscopy (XRD) tests by using Cu Ka radiation
(1.54184 Å) in a range of 2h = 10 to 80 deg with a step
size of 4 deg/second, and the results are shown in
Figure 16. Meanwhile, some powders were tested by the
infrared spectroscopy (Nicolet-6700), and the results are
presented in Figure 17. In addition, the density of each
sample was detected through the true density analyzer
(3H-2000TD) as illustrated in Figure 18.[23] Finally,
their cross sections were observed through the SEM
under the same magnification, which is displayed in
Figure 19.
It can be seen from Figure 16 that the difference

between the (2CaOÆSiO2-3CaOÆP2O5) solid solutions
containing various P2O5 is the intensity of the main
characteristic peaks, where the intensity was increased at

Fig. 12—Partial cross section of SEM image for the sample slag
being treated for 15 s.

Fig. 11—Schematic of diffusion mechanism in solid 2CaOÆSiO2 phase.
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the degree of 2h = 32.4, while it was reduced at the
degree of 2h = 31.7, with the increment of P2O5

content; in addition, some peaks shifted and some small
peaks disappeared, which indicates that the lattice
constant was changed with the change of P2O5 content.
There is no standard XRD patterns for the (2CaOÆ
SiO2-3CaOÆP2O5) solid solution containing different
P2O5 content as it is the infinite solid solution; therefore,
it was determined that the structure of the solid solution
containing 5 and 10 mass pct P2O5 content is highly
similar to that of the a¢-Ca2SiO4 (JCPDS NO.
86-0399),[22] while the solid solution containing
15 and 20 mass pct P2O5 content is the same as the

a-Ca2SiO4(JCPDS NO.86-0401),[24]which suggests that
the structure of the (2CaOÆSiO2-3CaOÆP2O5) solid solu-
tion was varied with P2O5 content. From Figure 17, it is
obvious that the IR spectra can be separated into two
bands. The first band is in the 1200 to 800 cm�1 range
that has been generally assigned to the symmetric
stretching vibration of SiO4 tetrahedral[25,26] and PO4

groups,[27–29] while the second band is in the range of
600 to 400 cm�1 that generally has been represented as
bending vibration of T–O–T, where T refers to Si or P
elements.[27,30] It was found that the first band become
more intensive and wide with the increment of P2O5

content, which suggests there would be more 3CaOÆP2O5

phase formed in the solid solution. In addition, a peak
that associated with the bending vibration (m4) of P-O-P
appeared in the second band and it became stronger
with the addition of P2O5 content as shown in the
sample with 15 and 20 pct P2O5.

[27,31] The current
results also confirmed that the structure of the
(2CaOÆSiO2-3CaOÆP2O5) solid solution was changed
with the increase of P2O5. It has been acknowledged
that the variation of the crystal structure will eventually
lead to a change in density, and the density of the above
solid solution samples is shown in the Figure 18. It is
obvious that the density of the solid solutions was
increased gradually with the increment of P2O5 content.

Table II. Chemical Composition of Solid Solution Containing

Different P2O5 Content (Mass Pct)

P2O5 Content
(Pct)

Solid Solution

2CaOÆSiO2

(Pct)
3CaOÆP2O5

(Pct)
Total
(Pct)

5 89.085 10.915 100
10 78.169 21.831 100
15 67.254 32.746 100
20 56.338 43.662 100

Fig. 14—Schematic diagram of the peeling phenomenon for the solid solution.

Fig. 13—SEM image and line scan of the crystallized phases in the slag sample being treated for 30 s.
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Meanwhile, the cross section of SEM images for the
above-mentioned solid solutions is presented in
Figure 19, where it can be observed that with a higher
P2O5 content, the formed solid solution is more compact
and shows a smaller size. Combined with the results of
density, it is consistently suggested that the (2CaOÆ
SiO2-3CaOÆP2O5) solid solution becomes more and
more dense with the increment of P2O5 content.

The above results could be explained as follows:
When the P2O5 content in the solid solution is improved,
it means that the number of Si ion in the network
replaced by P is increased;[4,10] thus, the number of
P–O–P bonds in the solid solution will increase accord-
ingly. Consequently, the bending vibration (m4) of

P–O–P in the second band becomes obvious. In general,
the phosphorus ionic (P5+) radius is 0.035 nm shorter
than the silicon ionic (Si4+) radius of 0.039 nm,[4] and
the number of electrons outside of P is one more than
that of Si; as a result, the bond length of (P–O) is shorter
than that of (Si–O). Therefore, the structure of the solid
solution would be changed and the density would
increase with the addition of P2O5 content.
The present result suggested that the formed (2CaOÆ

SiO2-3CaOÆP2O5) solid solution layer at the edge of a
large 2CaOÆSiO2 particle becomes more and more
compacted as the accumulation of phosphorus concen-
tration in the solid solution increases, which implies that
the mass transfer of phosphorus from the solid solution

Fig. 15—Chemical composition of the solid solution with various P2O5 content in the (2CaOÆSiO2-3CaOÆP2O5) phase diagram.[9]

Fig. 17—Infrared spectroscopy pattern of the (2CaOÆSiO2-3CaOÆ
P2O5) solid solution with various P2O5 content.

Fig. 16—X-ray diffraction of the (2CaOÆSiO2-3CaOÆP2O5) solid solu-
tion with various P2O5 content.
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layer to the core of solid 2CaOÆSiO2 is very difficult.
Therefore, the distribution of phosphorus concentration
gradient would occur from the solid solution to the
internal 2CaOÆSiO2 crystal core as shown in Figure 11.
However, on the other hand, when the P2O5 content was
increased from 3.0 mg to 6.0 mg, the concentration
gradient of phosphorus became larger, leading to the
change of solid solution density and structure, so the
residual stress might form between the formed solid
solution layer and the internal of 2CaOÆSiO2 crystal.
Once the generated residual stress is high enough to

break the system’s balance, the formed (2CaOÆSiO2-
3CaOÆP2O5) solid solution reaction layer would be torn
and peeled off from the surface of the 2CaOÆSiO2

particle, which seems to be able to explain the above-men-
tionedpeeling phenomenon.Further research is needed to
clarify the phenomenon in the future.

IV. CONCLUSIONS

In this article, the mass transfer behavior of phos-
phorus from the liquid slag phase to the solid
2CaOÆSiO2 particle in the multiphase slag at 1623 K
(1350 �C) was investigated by using SHTT. The specific
conclusions are summarized as follows:

1. With the addition of reagent P2O5 powders, the
phosphorus quickly dissolves into the liquid slag and
transfers from the liquid slag to the solid 2CaOÆSiO2

particle. It reacts with the external part of a solid
2CaOÆSiO2 particle to form the (2CaOÆSiO2-3CaOÆ
P2O5) solid solution.

2. Once the (2CaOÆSiO2-3CaOÆP2O5) solid solution is
formed at the edge of the large 2CaOÆSiO2 particles,
the limiting step of the further mass transfer of
phosphorus is the diffusion of phosphorus through
the formed (2CaOÆSiO2-3CaOÆP2O5) solid solution
reaction layer into the internal core of the 2CaOÆSiO2

crystal.
3. When the amount of adding P2O5 content is

increased from 3.0 to 6.0 mg, the enrichment process
of phosphorus is changed. The formed (2CaOÆ
SiO2-3CaOÆP2O5) solid solution at the edge of large

Fig. 19—SEM images of the (2CaOÆSiO2-3CaOÆP2O5) solid solution with various P2O5 content under the same magnification of 1000.

Fig. 18—Density of the (2CaOÆSiO2-3CaOÆP2O5) solid solution with
various P2O5.
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2CaOÆSiO2 particles is torn and peeled off from the
surface of a solid 2CaOÆSiO2 particle.

4. The study also suggests the structure of a solid
solution is varied with the addition of P2O5 content,
where the more compacted structure is formed lead-
ing to the increase in solid solution density. As a
result, a mechanism of phosphorous mass transfer is
proposed in that the limiting step of mass transfer of
phosphorus from the solid solution layer to the core
of solid 2CaOÆSiO2 is due to the compacted structure
formation of a solid solution with the accumulation
of phosphorous. Thus, the distribution of a phos-
phorus concentration gradient could occur. How-
ever, the further accumulation of phosphorous leads
to the change of solid solution density and structure,
so the residual stress occurs, and this may cause the
formed solid solution reaction layer to tear and peel
off from the large 2CaOÆSiO2 particles.
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