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Abstract: Diffusion couples of 3Ca0O-Al>O3 and Fe-S-O-(Al) alloys were prepared to
investigate the transformation of calcium aluminate reacting with solid sulfur-containing
alloys. Diffusion behaviors and solid reaction between the alloy phase and the slag phase
under 1373 K were studied. Product layers of 12Ca0O-7Al>03 and CaS were formed at the
interface. After heating for 10 h, the average thickness of CaS layer in samples with and
without Al in the alloy phase was 2.10 um and 0.71 um, respectively, while it increased
to 3.76 um and 1.75 pm after 50 h heating. Aluminum in the alloy made the solid reaction
at the interface easier to happen, meanwhile inhibited the formation of CaS layer by

promoting the formation of 12Ca0-7Al>03 layer and suppressed the diffusion of sulfur.

Keywords: diffusion couple, solid reaction, 3CaO-Al;0;, Fe-S-O-Al alloy,

desulfurization



1. Introduction

During the production of Al-killed steels, alumina inclusions were modified to calcium
aluminate by Ca treatment or slag-steel interaction'!3! to reduce the adverse effect on the
steel quality caused by the nozzle clogging or poor deformability of inclusions!*”). The
formation of CaS occurred in both liquid® ! and solid steels!!% !, resulting in defects of
steel products like pittings!'?l. Shin et al. verified the participation of Al during the
formation of CaS in the liquid steel following the reaction of
2[AI]+3[S]+3(Ca0)=(A1205)+3(CaS)!*¥. The CaS also precipitated in the solid steel.
Kitamura et al. reported the formation of CaS in the solid steel due to the solid reaction
between the calcium aluminate and the ultra-low sulfur steel during the heat treatment
process!4l,

Solid reactions between inclusions and alloys during heat treatments under 1273 to 1623
K have been widely studied, including the systems of Fe-Mn-Si alloy and MnO-SiO»-
(FeO) slag!!>!7l Fe-Al-Ca alloy and Al,O3-CaO-(FeO) slag!!'82% etc. Effects of the
composition, temperature, and time on the solid reaction have been discussed, which
mainly focused on the effect of S on the diffusion of O, rather than the formation of CaS[?!!,
Kim et al. measured the solubility of sulfur in various calcium aluminates®?. Baba
brought this study further into the metal-slag system!?}l. Their study verified that the
formation of CaS around 12Ca0O-7Al,0; particles was suppressed by the diffusion of
sulfur in the solid oxide. However, Al, as an element coexisting with calcium aluminate
inclusions in Al-killed steels, its effect on CaS formation during the solid reaction was
rarely reported.

In the current study, diffusion couples were used to investigate the effect of Al on the
element diffusion and solid reaction between Fe-S-O-(Al) alloys and the 3CaO-AlO3
slag under 1373 K.

2. Experimental

The slag of 3Ca0O-Al,O3; was prepared using CaO and Al,O3 powders of reagent pure
grade. Powders of CaO and AlbO3 with a molar ratio of 3:1 were put into a graphite
crucible and melted at 1873 K for 1 h in a resistance furnace. The melting process was
repeated twice to obtain a homogenous slag composition. After grinding, the slag was
heated at 1273 K for 10 h in a muffle furnace for decarburization. To prepare the alloy of
Fe-S-O-Al, 500 g electrolytic iron was put into an alumina crucible and melted in a
resistance furnace at 1873 K under an Ar atmosphere. After holding for 15 min, 0.25 g
sulfur was added into the liquid iron. Five minutes later, the sample Alloy-A was taken
from the crucible using a quartz tube sampler. Then 0.1 g Fe,O3 was put into the crucible,
followed by 0.4 g Al with a time interval of 5 min. Another 5 min later, sample Alloy-B
was taken by a quartz tube sampler. The total oxygen content (T.O) and total sulfur
content (T.S) in alloy samples were analyzed using Leco ONH836 and Leco CS844. The
acid soluble aluminum (Als) was analyzed using the inductively coupled plasma method.
The composition of alloy samples was listed in Table 1. The Al in Alloy-A was brought
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in as an impurity of the electrolytic iron. The content of Al in Alloy-A was quite low that
it could be ignored.

Table 1 Composition of alloy samples

Sample T.O (ppm) T.S (ppm) Als (Wt%) Fe
Alloy-A 138 571 0.0004 Bal.
Alloy-B 128 540 0.0610 Bal.

Alloy samples were cut into cylinders with a size of ®5 mm x 3 mm. A hole was drilled
in the center of each cylinder using a ®1 mm drill. After derusting with a grinding wheel
and ultrasonic cleaning in the ethanol, holes in alloy cylinders were filled with the
3Ca0-ALOs (C3A) slag to make diffusion couples of the 3CaO-Al>Os3 slag and Fe-S-O-
(Al) alloys. Using a high-temperature confocal laser scanning microscopy (CLSM),
diffusion couples were first heated to 473 K with a rate of 50 K/min, then to 1723 K by
800 K/min and holding for a few seconds, followed by He gas quenching immediately
after the slag phase was melted. Diffusion couples were sealed in quartz tubes which were
filled with Ar gas. A piece of Ti foil was put into each quartz tube to prevent the oxidation
of samples. Quartz tubes with diffusion couples inside were put into a muffle furnace, the
temperature inside which was increased to 1373 K with a rate of 10 K/min. After holding
at 1373 K for 10 h, quartz tubes were quenched with water. Diffusion couples inside these
tubes were named as A-10 and B-10. Samples quenching after holding at 1373 K for 50
h were named as A-50 and B-50. Samples without heat treatment were named as A-0 and
B-0. All these samples were mounted with epoxy and polished for the observation of the
interface between the slag phase and the alloy phase. A Scanning Electron Microscope
and an Energy Dispersive Spectrometer were used for the interface analysis.

3. Results and discussion

Fig. 1 shows the morphology and element distribution near the interface between the slag
phase and the alloy phase of samples A-0 and B-0. The left side with light color was the
alloy phase, while the dark phase on the right side was the slag. Near the interface, the
diffusion of elements had slightly taken place before the heat treatment. The mass ratio
of Ca and Al (Ca/Al) in the bulk phase of slag was about 2.22, closed to the value of
3Ca0-AlOs. The mass ratio of Ca/Al increased from the bulk phase of slag to the
interface for sample A-0. For sample B-0 with 0.0610% Al in the alloy phase, the mass
ratio of Ca/Al decreased near the interface from the bulk slag.



|
Fe-O-S-Al

100

80-3ca0-AlL,0, \ CalAl

60

12Ca0-7AL,0,

40

Element composition (wt %)

Element composition (wt %)

Ca0-AlLO, fl T Ca0-Al,0,
204 / - 204
Ash
0 e U e
5 4 3 2 5 4 3 2 4 0 1 2 3 4 5
Distance from interface (um) Distance from interface (um)

(a) (b)
Fig. 1. Morphology and element composition near the alloy-slag interface of (a) sample
A-0, and (b) B-0 before the heat treatment
The alloy-slag interfaces of samples A-10 and B-10 were shown in Fig. 2. After heating

at 1373 K for 10 h, a new phase with a color of light grey was clearly observed between
the slag phase and the alloy phase, the composition of which was verified as CaS by the
element distribution of Ca and S near the interface. The average thicknesses of the CaS
layer in samples A-10 and B-10 were 0.71 pm and 2.10 pm, respectively. The formation
of CaS layer indicated that the transformation of calcium aluminate inclusions from CaO
to CaS not only occurred during the solidification process of the liquid steel but also
during the cooling process of the solid steel. It was noticed that there was a new layer of
calcium aluminate with dark color formed between CaS layer and the bulk phase of slag

in sample B-10. The composition was close to 12Ca0O-7AL0s. Its average thickness was
4.84 um.
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Fig. 2. Morphology and element composition near the alloy-slag interface of (a) sample
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A-10, and (b) B-10 after heating at 1373 K for 10 h
The morphology, element distribution, and element mapping near the interface of samples

A-50 and B-50 are illustrated in Fig. 3 and Fig. 4. After heating at 1373 K for 50 h, the
multiple layers structure similar to sample B-10 was also observed in sample A-50, while
for sample B-50, there was an extra layer of CaS generated between the 12Ca0O-7A1,03
phase and the 3Ca0O-Al,O3 phase. The gap between the Fe-O-S-Al alloy and CaS layer
was probably generated by cooling shrinkage during quenching, as the adjacent phases of
both the CaS and the steel matrix had big expansion coefficients!?*. The average
thicknesses of CaS layer between the alloy and the 12Ca0O-7A1,03 were 1.75 um and 3.76
um for samples A-50 and B-50, respectively. The average thicknesses of 12Ca0O-7A1,03

layer were 13.36 um and 14.58 pm respectively.
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Fig. 4. Element mapping of the alloy-slag interface of (a) sample A-50, and (b) B-50

For diffusion couples made of the alloy without Al, the layer of 12Ca0-7A1,03 was
formed during the heat treatment due to the diffusion of Ca. Though no 12Ca0O-7Al,03
layer was observed in sample A-0, the mass ratio of Ca/Al in the slag phase increased
toward the slag-alloy interface, indicating the diffusion of Ca from the slag phase to the
alloy. After the heat treatment of 10 h, a thin layer of CaS was formed at the interface as
Caand S diffused from the slag phase and the alloy met at the interface. As the diffusion
and solid reaction proceeded, 12Ca0O-7Al>Oz layer was observed in sample A-50 due to
the depletion of Ca. The solid reaction between Fe-S-O alloy and 3CaO-Al.Oz was as
follow:
7(3Ca0-Al03)+9Fe+9S=12Ca0-7Al1,03+9CaS+9FeO (1)
For the alloy phase containing Al, the formation of 12Ca0O-7A1>03 was by the opposite
diffusion of Al from the alloy and Ca from the slag phase. Before the heat treatment,
though little 12Ca0-7Al>03 layer was detected, the mass ratio of Ca/Al in the slag phase
decreased toward the slag-alloy interface, indicating the diffusion rate of Al in the alloy
was faster than that of Ca in the slag phase. Both CaS layer and 12Ca0-7Al>03 layer
appeared in sample B-10. The position of 12Ca0-7Al>03 was between the slag phase and
CaS layer. The first reason was that it was difficult for S to transfer through
12Ca0-7Al>03 layer, which would be discussed in the following part. Besides, the
12Ca0-7Al>03 caused by depletion of Ca was adjacent to the bulk slag. As the heating
time increased to 50 h, the thicknesses of product layers of CaS and 12CaO-7Al.O3
increased. The solid reaction between the Fe-S-O-Al alloy and 3CaO-Al>Oz is shown in
Eq. (2).
11(3Ca0-Al,03)+6A1+9S=2(12Ca0-7Al1,03)+9CaS (2)
Gibbs free energies of Reactions (1) and (2) at 1373 K were calculated!'®2>2%] Parameters
give in Reference 16 and 25 were for liquid steel temperature but assumed that they could
be extended to 1373 K. The changes of Gibbs free energy of Reactions (1) and (2) were -
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276664.1 J/mol and -1809621.5 J/mol respectively. It indicated that Reactions (1) and (2)
could happen under 1373 K and the latter was easier to happen than the former one.

7] showed that the positively charged lattice framework [Ca24A28064]*" of

Yang’s study
12Ca0-7A1,03 was compensated for by anions accommodated within the nanocages. In
the current study, after diffusing from the Fe-S-O-(Al) alloy to the product layer of
12Ca0-7AL0;, atoms of S reacted with the oxygen radicals (0>, O", Oz, 02*), which
were formerly entrapped in the nanocages of [Ca24A23064]*" in 12Ca0-7A1,0; by giving
them electrons. The anions of S* were entrapped by these nanocages, while the diffusion
of Al and Ca were barely affected. Therefore, as Al in the alloy phase made the formation
of 12Ca0-7Al1,0s layer easier, the diffusion of S was inhibited, and the formation rate of

CaS decreased.

However, the thicknesses of CasS layer in samples B-10 and B-50 were thicker than those
in samples A-10 and A-50, respectively. The effect of Al in the alloy on the amount of
the product CaS, as well as the mass fractions of element in the alloy phase under
equilibrium at 1373 K was calculated by FactSage 7.0. The mass ratio of the slag phase
and alloy phase used in the thermodynamic calculation were estimated based on the
diffusion coefficient of Ca in the slag and the diffusion coefficient of S in the solid steel
at 1373 KI?%:2°1. The results are shown in Fig. 5. When the Al content in the alloy phase
increased from zero to around 0.05 %, the precipitation of CaS increased, as well as the
diffusion of S from the alloy and Ca from the slag to the interface. After that, with higher
Al content in the alloy, the precipitation of CaS was constant under equilibrium. At the
equilibrium state under 1373 K, more CaS was precipitated in the diffusion couple made
with Alloy B than that made with Alloy A. Comparing to the diffusion of Ca in Fe-S-O
and 3Ca0O-Al>0Os system, Al in Fe-S-O-Al alloy could also promote the formation of the
product layer of CaS. Taking both the inhibiting and promoting effect of Al in the alloy
into consideration, the formation mechanism of the multiple layer structure during the
heat treatment is shown in Fig. 6.
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Conclusions

The solid reaction between the 3Ca0O-Al>03 and Fe-S-O-(Al) occurred under 1373
K. The formation of CaS verified that the transformation of calcium aluminate
inclusions from CaO to CaS not only happened during the solidification process of
liquid steel but also by solid reaction during the cooling and heat treatment process.

For the solid reaction between 3CaO-Al203 and Fe-S-O, the formation of
12Ca0-7Al>03 was the results of the diffusion of Ca and the solid reaction at the
interface as follow: 7(3Ca0-Al203)+9Fe+9S=12Ca0-7A1,03+9CaS+9FeO.
For the solid reaction between 3CaO-Al203 and Fe-S-O-Al, 12Ca0-7Al>03 formed
due to the opposite diffusion of Al and Ca. The reaction formula was
11(3Ca0-Al203)+6A1+9S=2(12Ca0-7A1203)+9CaS.
Aluminum in the alloy promoted the solid reaction at the interface. Under the same
condition of the heat treatment, the product layer of CaS and 12CaO-7Al,03 was
thicker in diffusion couples made of Fe-S-O-Al than those of Fe-S-O. Meanwhile, Al
in the alloy also had an inhibiting effect on the formation of CaS layer, as the
positively charged nanocages in the crystal lattice of 12Ca0O-7Al>03 inhibited the
diffusion of S.
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