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Calcium modification of both alumina and MgOÆAl2O3 inclusions during protective gas
electroslag remelting (P-ESR) of 8Cr17MoV stainless steel and its effect on nitrides and primary
carbides were studied by analyzing the transient evolution of oxide and sulfide inclusions in the
P-ESR process. The oxide inclusions that were not removed during P-ESR without calcium
treatment were found to retain their original state until in as-cast ingot. Calcium treatment
modified all MgOÆAl2O3 and alumina inclusions that had not been removed in the P-ESR
process to liquid/partially liquid CaO-Al2O3-(MgO) with uniformly distributed elements, in
addition to a small proportion of partially modified inclusions of a CaO-MgO-Al2O3 core
surrounded by a liquid CaO-Al2O3. The modification of low-MgO-containing MgOÆAl2O3

inclusions involves the preferential reduction of MgO from the MgOÆAl2O3 inclusion by calcium
and the reaction of calcium with Al2O3 in the inclusion. It is the incomplete/complete reduction
of MgO from the spinel by calcium that contributes to the modification of spinels. Alumina
inclusions were liquefied by direct reaction with calcium. Calcium treatment during P-ESR
refining also provided an effective approach to prevent the formation of nitrides and primary
carbides in stainless steel through modifying their preferred nucleation sites (alumina and
MgOÆAl2O3 inclusions) to calcium aluminates, which made no contribution to improving the
steel cleanliness.
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I. INTRODUCTION

IN recent years, the increasing demand for more
excellent properties of engineering component materials
and tool steels (such as automobile engine components,
razor blades, and knives) has led to the development of
new martensitic stainless steel grades with higher carbon
content in view of their higher hardness. Electroslag
remelting (ESR) refining is widely used in the produc-
tion of these high-grade steels. To improve steel clean-
liness, deoxidation of liquid steel with aluminum is
generally employed in producing electrode steel for
ESR, consequently generating endogenous Al2O3 and
MgOÆAl2O3 inclusions in aluminum-killed steel.[1,2]

Unfortunately, it is a fact that original oxide inclusions
in electrode can hardly be removed completely through
ESR practice even if particular efforts are made such as
optimization of slag chemistry and/or melt rate.

These nondeformable oxide inclusions often act as
breakage initiation sites during rolling (0.7 mm in
thickness of rolled sheet) and specific machining of
these high-carbon steels, as well as seriously degrade the

surface quality, toughness, and fatigue behaviors of
stainless tool steel products.[3–6] Moreover, Al2O3 and
MgOÆAl2O3 inclusions could also provide heterogeneous
nucleation sites for primary carbides and nitrides in
these high-carbon steels, promoting their formation,[7–9]

which inevitably leads to similar detriments as alumina
and MgOÆAl2O3 inclusions to the subsequent deforma-
tion processing and properties of tool steels,[3,6,10] and so
do nitrides.
Modifying oxide inclusions to a lower melting-point

state, which corresponds to pronounced deformability,
is an alternative countermeasure to minimize their
detriments to steel,[11–16] except for maximizing inclu-
sion removal during liquid steel refining. Calcium
modification of alumina and spinel inclusions in indus-
trial refining practice[1,17–24] and laboratory experi-
ments[1,25–27] has been investigated by many resear-
chers, and they proposed various modification routes
(even controversial viewpoints). These previous stud-
ies[1,17–27] have confirmed that the effectiveness and
routes of calcium modification are determined by
various factors, such as slag and steel chemistry,
reaction reactor types, and refining operation.
ESR differs greatly from other refining technologies in

practical operation and refining principle. However,
control of oxide inclusions by calcium treatment during
ESR has not been studied yet, except the earlier work by
one of the present authors.[28] It has been proven that
although the original inclusions in electrodes are cal-
cium aluminates, the remaining inclusions are

CHENG-BIN SHI, Assistant Professor, WEN-TAO YU, and HAO
WANG, Ph.D. Students, JING LI, Professor, and MIN JIANG,
Assistant Professor, are with the State Key Laboratory of Advanced
Metallurgy, University of Science and Technology Beijing (USTB),
Beijing 100083, P.R. China. Contact e-mail: chengbin.shi@ustb.edu.cn

Manuscript submitted January 30, 2016.
Article published online August 29, 2016.

146—VOLUME 48B, FEBRUARY 2017 METALLURGICAL AND MATERIALS TRANSACTIONS B

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0771-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0771-1&amp;domain=pdf


MgOÆAl2O3 spinels in remelted steel after ESR.[29] This
suggests that modification of high-melting-point oxide
inclusions during ESR to less harmful ones is more
effective than inclusions control in the process of
electrode steel production.

Magnesium-alumina spinels are a solid solution
between MgAl2O4 and Al2O3. In the spinels, the solid
solution extends from 16.2 mass pct of MgO to 28.2
mass pct of MgO at 1873 K (1600 �C).[30,31] Even
though one of the current authors’ work[28] has con-
firmed that spinels could be modified readily by calcium
during the ESR process to low-melting-point calcium
aluminates. There is still a lack of systematical study
regarding alumina and low-MgO inclusions modifica-
tion by calcium during the ESR process and its
comparison with that in other refining practices. The
current work was motivated to address the issues as
follows:

1. The possibility and mechanism of calcium modifica-
tion of low-MgO MgOÆAl2O3 inclusions during ESR
refining (herein these inclusions are not always spi-
nels). (Previous work indicated that it was because of
the preferential reduction of MgO from the spinel by
calcium that the modification of spinels to calcium
aluminates could be achieved.[1,20] Whether calcium
could remarkably modify low-MgO inclusions and a
similar mechanism held as that in modification of
spinels reported by Shi et al.[28] and other re-
searchers[1,20] is still not clear.)

2. The possible extent of alumina inclusions modifica-
tion by calcium during ESR refining in the case where
both alumina and MgOÆAl2O3 inclusions coexist in
electrode steel. (Previous studies showed an opposite
opinion on whether alumina or spinel is easier to be
modified.[4,23,32])

3. The role of CaS formation in modification of alu-
mina and MgOÆAl2O3 inclusions in aluminum-killed
steel with high-sulfur content. (Previous studies
demonstrated that the modification of alumina and
spinel inclusions proceeded through transient CaS
formation immediately after calcium injection into
aluminum-killed steel containing 40 to 100 ppm sul-
fur.[1,26,27])

II. EXPERIMENTAL

A. ESR Experimental Procedure

High-carbon martensitic stainless steel 8Cr17MoV is
typically produced as follows: induction furnace melt-
ing fi LF refining fi horizontal continuous casting fi
ESR fi hot rolling fi pickling fi cold rolling. A
8Cr17MoV steel rod with a diameter of 90 mm was used
as a consumable electrode in P-ESR experiments. The
chemical composition of the consumable electrode is
listed in Table I. The premelted slag (29.3 mass pct CaF2,
30.5 mass pct CaO, 34.5 mass pct Al2O3, 3.8 mass pct
MgO, 1.9 mass pct SiO2) was roasted at 973K (700 �C) in
an electrical resistance furnace for 8 hours to remove the
moisture in the slag before P-ESR experiments.

The schematic diagram of the P-ESR apparatus has
been illustrated in a previous publication.[28] The inner
diameter of a water-cooled copper mold is 170 mm. The
oxide scale on the electrode steel surface was basically
removed mechanically prior to ESR experiments. In the
case of calcium treatment, calcium wire (calcium metal
purity 97.8 pct, 7 mm in diameter) enclosed in a
seamless steel tube (1.5 mm in thickness) that attached
to an electrode was continuously added as the electrode
was inserted downward during ongoing ESR. The
detailed descriptions of the alloy addition technique
have been presented elsewhere.[33] The first trial T1 was
performed without calcium addition. The calcium wires
addition was 9 and 18 kg/t of steel in trials T2 and T3,
respectively.
The operating current, voltage, and outlet tempera-

ture of the mold cooling water were maintained at about
2800 A, 45 V, and 313 K (40 �C) in each P-ESR trial,
respectively. The melt rate was approximately 75 kg/h in
each trial. The remelting was conducted under the
atmosphere of argon gas at a gas flow rate of 20 NL/min
in the whole ESR procedure. A steel sample was taken
from a liquid metal pool in mold during P-ESR refining
using a vacuum sampling tube that was made of quartz
(6 mm in inner diameter), followed by quenched in water
to examine inclusions evolution in this refining process.
The sampling from a liquid metal pool was performed at
the time when about two thirds of the whole refining
process was finished. The as-cast ingots produced in
trials T1, T2, and T3 were designated as ESR-1, ESR-2,
and ESR-3, respectively. The height of as-cast ingot is
about 250 mm.

B. Chemical Analysis and Microscopic Observation

The inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was performed to analyze the
contents of soluble Al, Ca, Mg, Si, Mn, Cr, Ni, Mo, V,
and Ti in consumable electrode, and the contents of
soluble Al, Ca, and Mg in remelted ingots. The total
oxygen, sulfur, and carbon contents in the steel were
measured by the inert gas fusion-infrared absorptiom-
etry. The nitrogen content was determined by an inert
gas fusion-thermal conductivity method. The chemical
analysis was performed at the National Analysis Center
for Iron and Steel, China.
A metallographic sample was taken from the mid-

height of each as-cast ESR ingot at the mid-radius
position. Steel samples were mechanically polished by
silicon carbide papers and diamond paste for analyzing
inclusion characteristics by scanning electron micro-
scope (SEM, FEI Quanta-250; FEI Corporation, Hills-
boro, OR) equipped with an energy-dispersive X-ray
spectrometer (EDS, XFlash 5030; Bruker, Germany).
The instrument was operated at an acceleration voltage
of 20 kV.
The cross section of metallographic sample was

etched with a solution of 25-mL alcohol, 25-mL
hydrochloric acid, and 5-g ferric chloride for a few
seconds at room temperature, and then it was examined
by SEM–EDS again to observe its microstructure.
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To reveal the transient evolution of inclusions in the
ESR process, the steel samples that were collected from
the liquid metal pool by vacuum sampling tubes were
mounted with epoxy resin, polished, and then examined
by SEM–EDS to observe inclusion characteristics.

III. RESULTS AND DISCUSSION

A. Remelted Ingot Composition

The chemical compositions of electroslag remelted
ingots are listed in Table II. It is clear that calcium
addition did not apparently reduce the oxygen and
sulfur contents further in ESR refining, indicating an
invalid role of calcium in improving steel cleanliness.
The total oxygen content, as a general criterion to assess
steel cleanliness, decreases from 58 ppm in the electrode
to 40 ppm in remelted ingot. The decrease in sulfur
content from 64 ppm in the electrode to around 24 ppm
in remelted ingots demonstrated noticeable desulfuriza-
tion of the current ESR trials.

The magnesium content maintains 4 ppm regardless
of calcium treatment in the ESR process. The decrease
in the total magnesium content in steel after P-ESR
provided an evidence of considerable removal of orig-
inal MgOÆAl2O3 inclusions, whereas the inclusion
removal through P-ESR is still in a limited extent.
Calcium content in the steel shows a slight increase with
increasing calcium addition. The aluminum content
increases from 0.058 mass pct in the electrode to 0.089
mass pct in remelted ingots with increasing calcium
addition during the P-ESR process. This constant
aluminum pickup is considered to result from calcium
wires that usually contain aluminum as an impurity, as
well as originate from the reaction between calcium and
alumina in molten slag, as expressed in the following
equation:[34]

3 Ca½ � þ Al2O3ð Þ ¼ 2 Al½ � þ 3 CaOð Þ
DG�

1 ¼ �733500þ 59:7T J/molð Þ
½1�

Thermodynamically, the aluminum pickup that arises
from the reaction between calcium and alumina inclu-
sions is more likely due to the higher Al2O3 activity in
alumina inclusions compared with that in molten slag.
However, the quantitative calculation showed that the
maximum limit of aluminum pickup according to this

reaction is 0.0065 mass pct assuming that all oxygen in
steel existed as alumina inclusions. Compared with the
measured values shown in Table II, it can be obtained
that this reaction has a negligible contribution to alu-
minum pickup.

B. Characteristics of Inclusions and Primary Carbides

1. Inclusions in consumable electrode
From SEM–EDS determination, the oxide inclusions

in the consumable electrode were identified as either
Al2O3 or MgOÆAl2O3 inclusions. Figure 1 presents the
SEM backscattered electron (BSE) images and EDS
results of typical inclusions in the electrode. The
SEM–EDS analysis revealed that the observed
MgOÆAl2O3 inclusions could be categorized into two
types according to the height of Mg peak of EDS
spectra, and the composition of these inclusions was
quite uniform. One is pure spinels (MgAl2O4-Al2O3

solid solutions) in Figures 1(c), (d), and (h). The other is
low-MgO-containing (<10 mass pct of MgO) inclusions
[with compositions in the spinel + alumina two-phase
region at 1873 K (1600 �C)][1] as shown in Figures 1(e)
and (f). Similar observations were also reported by
Verma et al. in aluminum-killed steel.[1] It is noted that
all observed oxide inclusions are irregular in morphol-
ogy and mostly about 1 to 4 lm in size. Most of these
oxide inclusions were observed to be partially sur-
rounded by a manganese sulfide inclusion (see Figure 1).
The SEM micrograph and element mappings of typical
dual-phased inclusions are presented in Figure 2. The
obtained results showed that the majority of manganese
sulfide inclusions were adhering to oxide inclusions and
that pure manganese sulfide inclusions were just occa-
sionally found.

2. Inclusions and primary carbides in remelted ingots
In the case of remelting without calcium treatment, all

oxide inclusions were identified as alumina or
MgOÆAl2O3 in ingot ESR-1. The BSE images and EDS
results of typical inclusions in ingot ESR-1 are shown in
Figure 3. Most of these oxide inclusions serve as a
nucleation site for nitride (Ti,V)N formation. Pure
alumina and MgOÆAl2O3 inclusions were just occasion-
ally found. No single-phased nitrides (without oxide
inclusion core) were observed. It should be mentioned
that the majority of these dual-phased precipitates

Table I. Chemical Composition of the Consumable Electrode Used in P-ESR Experiments (Mass Pct)

C Si Mn Cr Ni Mo V Ca Mg Ti Al S N O

0.89 0.66 0.49 17.16 0.19 1.05 0.12 <0.0005 0.0007 0.013 0.058 0.0064 0.032 0.0058

Table II. Chemical Compositions of Remelted Ingots (Mass Pct)

Ingot No. O Al Ca Mg N S

ESR-1 0.0040 0.053 <0.0005 0.0004 0.031 0.0025
ESR-2 0.0046 0.075 0.0005 0.0004 0.035 0.0024
ESR-3 0.0040 0.089 0.0009 0.0005 0.035 0.0022
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seemed likely to act as a nucleation site for primary
carbides (see Figures 4(a) and (d)). Meanwhile, there are
a large amount of primary carbides without heteroge-
neous nucleation core as shown in Figures 4(e) and (f).

In P-ESR refining, calcium treatment did change the
compositions of original inclusions considerably. The
element mappings of typical inclusions observed in ingot
ESR-2 are illustrated in Figure 5. The oxide inclusions
in the ingot are mainly partially modified inclusions of a
CaO-MgO-Al2O3 core surrounded by an outer
CaO-Al2O3 layer, together with occasionally observed
inclusions of an unreacted Al2O3 core surrounded by a
CaO-Al2O3 layer (see Figure 5(b)), which is an indica-
tion of incomplete modification by calcium. Another
kind of dual-phased CaO-MgO-Al2O3 + CaO-Al2O3

inclusion was also occasionally found. In these inclu-
sions, the Al concentration is inhomogeneous through-
out their cross sections (an example is shown in
Figure 5(e)). A portion containing Mg of the inclusion
is higher in Al and lower in Ca, whereas the other
portion (Mg-free region) is lower in Al and higher in Ca.
A large amount of CaO-MgO-Al2O3 inclusions con-

taining a very small amount of MgO and CaO-Al2O3

inclusions, both of which were homogeneous in com-
positions, was also found in ingot ESR-2 as shown in
Figures 5(a), (c), and 6(a). Two examples of partially
extracted inclusions in ingot are shown in Figure 6. The
partially modified MgOÆAl2O3 inclusions are featured
with the enrichment of CaO in the MgO-poor region. It
is clear that the fully and partially calcium-modified
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Fig. 1—Typical original inclusions in the consumable electrode. (EDS spectrums shown in (i), (j), (k), and (l) correspond to the oxide inclusions
shown in (a), (e), (f), and (h), respectively.).
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CaO-MgO-Al2O3 inclusions are spherical in morphol-
ogy, which is evidence of their liquid state in liquid steel.
In addition, there are many dual-phased precipitates in
the form of an Al2O3 or MgOÆAl2O3 inclusion core fully
surrounded by a nitride (Ti,V)N (see Figure 7), and
most of these dual-phased precipitates are associated
with primary carbides as shown in Figures 7(c) and (e).
No pure Al2O3 and MgOÆAl2O3 inclusions were
observed in this ingot.

In the case of remelting with a large calcium addition,
the oxide inclusions in remelted ingot were identified as
calcium aluminates, whereas no Al2O3 and MgOÆAl2O3

inclusions were observed. Figure 8 illustrates the SEM
micrograph and element mappings of typical inclusions.
CaO-MgO-Al2O3 inclusions with homogeneous compo-
sitions containing a very small amount of MgO and
CaO-Al2O3 inclusions with evenly distributed elements
are the dominant oxide inclusions in the ingot. Further-
more, still a small proportion of partially modified oxide
inclusions by calcium were observed, as shown in
Figures 8(c) and 9. An example of a partially extracted

inclusion in the ingot is presented in Figure 9. It is clear
that MgO and Al2O3 concentrated in the core that
contains a trace amount of CaO. The concentration of
Al2O3 decreases outward along the radius of the
inclusion. Conversely, CaO concentrated at the outside
layer where Al2O3 was poor and contained a trace
amount of MgO. It suggests that MgOÆAl2O3 inclusion
is progressively reduced by calcium accompanied by the
reaction of calcium with Al2O3 in the MgOÆAl2O3

inclusion to yield a modified CaO-MgO-Al2O3 inclu-
sion. The MgO content in the modified CaO-
MgO-Al2O3 system inclusions is extremely low.
It should be mentioned that, according to SEM–EDS

determination, there are no dual-phased inclusions of
unreacted MgOÆAl2O3 core surrounded by a calcium
aluminate layer in calcium-treated ingots, whereas this
is the typical type of calcium-modified MgOÆAl2O3

inclusions observed by other researchers.[1,15,35,36] A
detailed explanation of the difference in the extent of
MgOÆAl2O3 inclusions modification will be presented
later.

Fig. 2—Element mappings of typical dual-phased inclusions in consumable electrode: (a) MnS adhering to alumina and (b) dual-phased inclu-
sion of MgOÆAl2O3 + MnS.

Fig. 3—BSE images and EDS results of typical inclusions observed in ingot ESR-1. (a) and (b) Al2O3, (c) and (d) MgOÆAl2O3, (e) and (f) dual-
phased Al2O3+(Ti,V)N, (g) and (h) dual-phased MgOÆAl2O3+(Ti,V)N.
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A small fraction of CaS inclusions was present in
calcium-treated ingots. It is of interest to note that all
CaS inclusions are invariably associated with modified
calcium aluminate inclusions, as shown in Figures 5(b)
and (d), 8(c) and (d). In most cases, CaS exhibits as a
thin ring surrounding calcium aluminate inclusions.
This observation differs with the finding in calcium
treatment of spinels in ESR of ultralow-sulfur steel.[28]

No modified calcium aluminate inclusions (not only
the fully but also the partially modified) with associated
nitrides or primary carbides were found in cal-
cium-treated ingots. It suggests that modification of
alumina and MgOÆAl2O3 inclusions to calcium alumi-
nates could prevent the formation of nitrides and
primary carbides that have preferred nucleation sites,
arising from the elimination of heterogeneous nucle-
ation sites.

3. Composition distribution of inclusions in remelted
ingots

Modifying oxide inclusions to a lower melting
temperature state could improve the deformability of
the inclusions.[11–16] This is the aim of oxide inclusions
control by refining slag or calcium treatment in many
cases.[11–16] The chemistry of the oxide inclusions
(excluding CaS in dual-phased CaO-Al2O3-(MgO)+
CaS) in calcium-treated ingots was depicted on a
ternary CaO-MgO-Al2O3 phase diagram, as shown in
Figure 10. The compositions of the oxide inclusions
that act as the core for nitride and carbide were also
plotted on this phase diagram. The region surrounded
by a solid line and a dashed line in this phase diagram
is the low-melting-temperature region (solid line<1873
K (1600 �C), dashed line <1773 K (1500 �C)) calcu-
lated using FactSage 6.4 with FToxid database
(ThermFact/CRCT, Montréal, Canada). The compo-
sitions of most CaO-MgO-Al2O3 system inclusions in
ESR-2 were observed to locate in the liquid region or
close to it, as presented in Figure 10(a). However,
many modified oxide inclusions still fall out of the
liquid region at 1873 K (1600 �C). In the case of a large
calcium addition during P-ESR, the compositions of
inclusions in the remelted ingot lie in or nearby the
low-melting-temperature region (see Figure 10(b)),
indicating that the plasticization of oxide inclusions
was improved.

4. Transient inclusions in liquid metal pool during
P-ESR refining

To reveal the inclusion evolution and modification by
calcium, the liquid steel samples collected from a liquid
metal pool during P-ESR were determined by
SEM–EDS. The SEM–EDS results are shown in
Figures 11 through 14. It should be pointed out that
no sulfide inclusions (not only calcium sulfide but also
manganese sulfide) were present in these steel samples.

In the case of no calcium treatment, the inclusions are
Al2O3 and MgOÆAl2O3 in the liquid metal pool. The
typical inclusions are shown in Figure 11. It could be
noted that the types of inclusions were not changed
during ESR without calcium treatment until in ESR
ingot.

Figures 12 and 13 show examples of inclusions in the
sample collected from the liquid metal pool during
P-ESR T2. The inclusions are mainly partially modified
inclusions consisting of a CaO-MgO-Al2O3 core sur-
rounded by an outer CaO-Al2O3 layer, as evidenced by
the element mappings (see Figure 12(a)). MgO was
enriched in the core, whereas CaO concentrated in the
outside layer of the inclusion. Al2O3 distributes evenly
throughout the cross section of the inclusion. In
addition, CaO-MgO-Al2O3 and CaO-Al2O3 inclusions
with uniform elements distribution were also found; an
example is shown in Figure 12(b). In addition, many
alumina and MgOÆAl2O3 inclusions were found as
shown in Figures 13(a) and (b).
Figure 14 shows the element mappings of typical

inclusions observed in the sample collected from the
liquid metal pool during P-ESR T3. The dominant
inclusions are CaO-MgO-Al2O3 and CaO-Al2O3, both
of which are homogeneous in compositions. In addition,
a small amount of dual-phased CaO-MgO-Al2O3 +
CaO-Al2O3 inclusions were observed in the sample.
Some of these dual-phased inclusions were featured with
a much lower or higher CaO concentration in the core.
The enrichment of MgO in the core of modified
CaO-MgO-Al2O3 inclusions could be clearly observed,
as can be seen in Figures 14(b) and (c). In some cases,
the concentration of CaO is higher, whereas Al2O3 is
lower in the region of MgO-free or with a trace amount
of MgO (outside layer of the inclusion), compared
with that in the core of the inclusion as shown in
Figure 14(b). No alumina and MgOÆAl2O3 inclusions
were found in the liquid metal pool in this heat.

C. Transient Evolution of Sulfide Inclusions in P-ESR
Process

It was confirmed by SEM–EDS determination that
there were no manganese sulfide inclusions found in the
liquid metal pool for each heat and in each ESR ingot,
indicating that all original manganese sulfide inclusions
have been removed before liquid metal droplets collect
in the liquid metal pool during P-ESR. The chemical
reaction for manganese sulfide inclusion formation in
liquid steel is expressed as[37]:

Mn½ � þ S½ � ¼ MnSð ÞDG�
2 ¼ �168822þ 98:87T J/molð Þ

½2�
The temperature of liquid metal film at the electrode

tip in the ESR process is close to the liquidus temper-
ature of electrode steel,[28,38] and its superheat could
hardly exceed 20 K to 30 K (20 �C to 30 �C).[38–40] Thus,
the temperature of the liquid metal film in the current
ESR refining was taken as the liquidus temperature of
8Cr17MoV steel. The liquidus temperature and solidus
temperature of the steel were calculated by Thermo-Calc
as 1697 K and 1561 K (1424 �C and 1288 �C), respec-
tively. The Gibbs free energy change for reaction [2] was
calculated to be 81.46 kJ/mol at 1697 K (1424 �C), on
the basis of the value of DGo

2, first-order interaction
parameters summarized in Table III, and available
second-order interaction parameters as:[41] rCS =
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0.0058, rSiS = 0.0017, rSS = �0.0009, rAl
S = 0.0009. This

extremely positive Gibbs free energy change indicated
that reaction [2] took place toward the left-hand side.
Thus, it was concluded that the dissociation of MnS
inclusions into dissolved sulfur and manganese in liquid
steel occurred during liquid metal film formation and
subsequent collection into droplets at the electrode tip.
That is why original manganese sulfide inclusions have
been completely removed during the P-ESR process.

The aforementioned experimental results showed that
calcium sulfide inclusions did not precipitate in the
liquid metal pool, whereas they presented as a thin ring
surrounding modified calcium aluminate inclusion in
as-cast ingot. The starting precipitation temperatures of
CaS inclusions in the P-ESR heat T2 and T3 were
calculated to be 1495 K (1222 �C) and 1524 K
(1251 �C), respectively, by using the thermodynamic
data of standard Gibbs free energy change (DG� =
�530,900 + 116.2T[34] (J/mol)) of reaction [Ca]+
[S] = (CaS), first-order interaction parameters listed in
Table III, and available second-order interaction

parameters listed as[42] rCCa = 0.012, rSiCa = 0.0009,

rOCa = 2.6 � 105, rAl
Ca = 0.0007. The current thermody-

namic analysis indicates that it is in the progress of
liquid steel solidification that calcium sulfide inclusions
precipitate.
As the temperature of liquid steel drops from liquid

metal pool bulk to the bottom of the liquid metal pool
during P-ESR refining, liquid steel starts solidifying with
consequent segregation and enrichment of solute con-
centrations in interdendritic melt due to the solute
rejection from the solid to liquid metal phase. With the
progress of liquid steel solidification, calcium sulfide
inclusions start forming in the last liquid as a result of
the supersaturation of dissolved calcium and sulfur. In
this process, some modified calcium aluminate inclu-
sions serve as nucleation sites for calcium sulfide
formation. This is in agreement with the finding revealed
by Wang et al.,[16] but it is different from the results
showing that CaS formed due to inclusion overmodifi-
cation by excessive calcium addition[46] or as a transient
reaction product.[1,26,27] Calcium sulfide inclusion is
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Fig. 4—BSE images and EDS results of primary carbides in as-cast ingot ESR-1. (EDS spectrums shown in (g) and (h) correspond to the nitride
and carbide shown in (a) and (f), respectively.).
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Fig. 5—Element mappings of typical inclusions in ingot ESR-2: (a) CaO-Al2O3, (b) ternary-phased Al2O3 + CaO-Al2O3 + CaS, (c) CaO-
MgO-Al2O3, (d) ternary-phased CaO-MgO-Al2O3 + CaO-Al2O3 + CaS, and (e) dual-phased CaO-MgO-Al2O3 + CaO-Al2O3 inclusion with a
complementary concentration of Ca and Al in Mg-free portion as compared to Mg-enriched portion.

Fig. 6—Element mappings of partially extracted inclusions in ingot ESR-2: (a) homogeneous CaO-MgO-Al2O3 inclusion and (b) CaO-MgO-
Al2O3 inclusion with a complementary concentration of Ca and Mg.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 48B, FEBRUARY 2017—153



hardly deformable during rolling.[47] Efforts should
always be made to avoid the presence of calcium sulfide
inclusions for deep rolling tool steel. One available
countermeasure is to reduce the sulfur content of steel to
a lower level before achieving calcium modification
reaction.

D. Proposed Mechanism for Modification of Inclusions
by Calcium During the P-ESR Process

In aluminum-killed steel, the dissolved oxygen in
liquid steel is determined by both dissolved aluminum in
liquid steel and alumina, as expressed by the following
equation:[48]

2 Al½ � þ 3 O½ � ¼ Al2O3ð Þ
DGo

3 ¼ �1205115þ 386:714T J/molð Þ
½3�

K¼ aAl2O3

a2Al � a3O
¼ aAl2O3

fAl½pct Al�ð Þ2� fO½pct O�ð Þ3
½4�

where aAl2O3
is the activity of alumina. fAl and fO are

the activity coefficients of dissolved aluminum and
oxygen in liquid steel, respectively, and can be
expressed by the following formulas:[49]

lg fi ¼
X

eji½pct j� þ rji½pct j�
2

� �
½5�

where eji and rji are the first-order and second-order inter-
action parameters, respectively. The first-order interac-
tion parameters used in the present study are listed in

Table III. The available second-order interaction param-
eters are as follows: rCAl = �0.004,[42] rSiAl = �0.0006,[42]

rAl
Al = �0.0011+0.17/T,[42] rNi

O = 0.00011,[43] rCrO =

0.00058,[4] rAl
O = 0.0033 � 25/T.[50]

The activity of Al2O3 in the CaF2-containing ESR
slag was calculated using FactSage 6.4 (CON2 database)
as 0.015 at 1873 K (1600 �C). This database includes all
thermodynamic data for component CaF2 in molten
slag. The dissolved oxygen in equilibrium with Al2O3

was calculated to be 2 ppm in the liquid metal pool. The
measured total oxygen content is 40 ppm in remelted
ingot. The total oxygen in steel includes both the
dissolved oxygen (free oxygen) and the oxygen bonded
as oxide inclusions. Thus, this extremely low dissolved
oxygen would contribute inconsiderably to the genera-
tion of newly formed oxide inclusions in the liquid metal
pool during solidification of liquid steel, as well as to the
proportion of total oxide inclusions.
The aforementioned analysis demonstrated that all

calcium sulfide inclusions observed in as-cast ingot were
that formed at the bottom of the liquid metal pool
during liquid steel solidification, and they nucleated on
CaO-Al2O3-(MgO) inclusions rather than in liquid steel
(as discussed earlier). Even though formation of
metastable CaS inclusions cannot be completely
excluded due to a high local concentration of calcium
in liquid steel after calcium injection, calcium sulfide is
not transient inclusion during the current P-ESR refin-
ing as demonstrated by SEM observations of the
samples taken from the liquid metal pool. Consequently,
it was considered that calcium sulfide did not take part
in the modification of alumina and MgOÆAl2O3

Fig. 7—BSE images and EDS results of multiphase precipitates in as-cast ingot ESR-2. Note: (e) is enlarged image of the enclosed area in (d).
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Fig. 8—Element mappings of typical inclusions observed in ingot ESR-3. (a) CaO-Al2O3, (b) CaO-MgO-Al2O3, (c) ternary-phased CaO-MgO-
Al2O3 + CaO-Al2O3 + CaS, and (d) dual-phased CaO-Al2O3 + CaS. (EDS spectrums shown in (e) and (f) correspond to the oxide inclusions
shown in (a) and (b), respectively.).
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inclusions by calcium. This result agrees well with that
showing an absent role of calcium sulfide in calcium
modification of alumina or MgOÆAl2O3 inclusions
reported in previous studies.[17–25,35,36] But the current
finding is different from the observations reported by
Verma et al.[1,26,27] who showed that CaS formed
adhering to alumina or spinel immediately after calcium
injection (through sampling the steel melt 2 and 4 min-
utes after calcium injection, together with subsequent
SEM determination), and subsequently reacted with
Al2O3 contained in the inclusions resulting in the
modification of alumina and spinel inclusions.

From experimental determination of transient inclu-
sions and the inclusions in as-cast ingots, the results

showed that the original alumina and MgOÆAl2O3

inclusions (except for that had been removed during
P-ESR) were fully modified to mainly CaO-MgO-Al2O3

or CaO-Al2O3 inclusions with homogeneous composi-
tions by calcium treatment. Partially modified inclusions
(consisting of a CaO-MgO-Al2O3 core surrounded by a
liquid CaO-Al2O3 layer) also account for a small
proportion not only in liquid metal pool but also in
as-cast ingot. In the case where there is a small calcium
addition, unmodified alumina and MgOÆAl2O3 inclu-
sions indeed remain in the whole P-ESR process until in
remelted ingot.
Partially modified inclusions of an unreacted alumina

or CaO-MgO-Al2O3 core surrounded by an outer

Fig. 9—Element mappings of a partially extracted inclusion in as-cast ingot ESR-3. (MgO and Al2O3 are enriched in the core and poor at the
outside layer; CaO showed opposite distribution.) Note: (b) and (c) present the point analysis EDS spectrums, which correspond to the center
and the edge of the inclusion shown in (a), respectively.
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CaO-Al2O3 layer provided an indication that the orig-
inal alumina and MgOÆAl2O3 inclusions were gradually
modified by dissolved calcium from outside to inside.
The observations revealed that the MgO content was
reduced in the calcium-modified inclusions (compared
with original oxide inclusions, and those partially
modified CaO-MgO-Al2O3 system inclusions). This is
more intuitively in partially modified CaO-MgO-Al2O3

inclusions (comparing the core with the outside layer of
the inclusion, two examples are shown in Figures 5(d)
and 8(c)).

It is considered that the modification of spinel
inclusions progresses through reducing magnesium
oxide progressively from the spinel by calcium from
outside to inside. This reaction generates the fully
modified CaO-Al2O3 inclusions with evenly distributed
components, and incomplete transformation of
MgOÆAl2O3 to CaO-MgO-Al2O3 inclusions with

homogeneous compositions or dual-phased inclusions
of an outer CaO-Al2O3 layer forming around the
CaO-MgO-Al2O3 core. The reactions involved in the
modification are as follows:

Ca½ � þMgO � xAl2O3 sð Þ ¼ CaO � xAl2O3 sð Þ þ Mg½ � ½6�

Ca½ � þ xMgO � yAl2O3 sð Þ
¼ CaO � x� 1ð ÞMgO � yAl2O3 sð Þ þ Mg½ �

½7�

The mechanism presented here for spinels modifica-
tion is basically consistent with that proposed by
Pretorius et al.[20] in modifying MgOÆAl2O3 spinels in
LACK steel by calcium, but apparently it is different
from that suggested by Verma et al.[1,30] and Yang
et al.[35]

In the modification of low-MgO-containing
MgOÆAl2O3 inclusions, not only Mg but also Al was
reduced from the original inclusion (see examples in
Figures 5(e), 9, and 14(b)). This modification involves
both the preferential reduction of MgO from the
MgOÆAl2O3 inclusion by calcium and the reaction of
calcium with Al2O3 in the inclusion. This route is
significantly different from that of spinels modification
revealed not only in the current study but also by other
researchers.[1,20,30,35]

For modification of alumina inclusions by calcium,
injected calcium reacts with alumina directly, thereby
forming CaO-Al2O3 inclusions with uniformly dis-
tributed elements or incompletely modified dual-phased
inclusions of an unreacted alumina core surrounded by
an outer CaO-Al2O3 layer, as represented by the
following reaction:

Ca½ � þ xþ 1=3ð ÞAl2O3 sð Þ ¼ CaO � xAl2O3 sð Þ þ 2=3 Al½ �
½8�

The calcium modification reaction of these inclusions
could be assumed to progress in the form of an
unreacted core model, as suggested by Park et al. in
calcium modification of alumina inclusions[25] and
aluminum modification of MgO to MgOÆAl2O3 inclu-
sion.[51] In the process of calcium treatment, calcium
element diffused into the inner part of the inclusion
through newly formed calcium aluminates layer gradu-
ally, and the formed product elements diffused in an
opposite way. The transformation reaction occurred at
the newly formed intermediate layer/unreacted inclusion
core interface.
Except for those having been removed in the P-ESR

process, all original alumina were completely modified
to homogenous CaO-Al2O3 inclusions, but insufficient
modification of MgOÆAl2O3 remained (occupying a
small proportion). Despite the insufficient modification,
however, there are no unreacted MgOÆAl2O3 or Al2O3

cores in the partially modified inclusions. The current
result is different from the observations reported by
other researchers.[1,15,35,36] These findings indicate that
the inclusion modification in the ESR process is more
thorough than that in other refining practices. The

Fig. 10—Composition distribution of oxide inclusions in remelted in-
gots on ternary CaO-MgO-Al2O3 diagram: (a) ESR-2 and (b) ESR-3
[dashed line<1773 K (1500 �C) and solid line<1873 K (1600 �C)].
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inclusion modification is determined not only by ther-
modynamic but also by kinetic constraints. The superior
inclusion modification is expected to be attributed to
preferable conditions (namely, small size of original
inclusions (mostly 1 to 4 lm), long chemical reaction
time, and high ratio of surface o volume between the
liquid metal film at the electrode tip and slag[52,53]) in
ESR refining, which are beneficial to the reaction
kinetics of calcium modification.

The previous research[4,36,54] demonstrated that even
at a few ppm of dissolved calcium, calcium aluminates
could form from alumina and spinel inclusions, whereas
excessive calcium addition led to CaS formation in
liquid steel, which was indicative of overmodification of
inclusions by calcium.[46] The current study confirmed
that the formation of CaS inclusion initiated in the
progress of liquid steel solidification, and the formed
CaS adhered to calcium aluminates (even though
incompletely modified). Thus, the formation of CaS
cannot be exclusively attributed to excessive calcium
addition. Further study should be made to establish

chemical composition conditions for achieving full
liquefaction of oxide inclusions with favorable deforma-
bility but without forming CaS. To this end, it was
suggested from the current results that the sulfur
content, rather than calcium, of liquid steel should be
reduced to a lower level. It is realizable in ESR refining,
as demonstrated in previous ESR practice.[28]

The total oxygen and magnesium contents of stainless
steel were not further reduced even when calcium
addition was employed in the P-ESR refining, which
was an evidence of the absent contribution of calcium to
oxide inclusions removal. It is attributed to the fact that
the modified low-melting-point calcium aluminate inclu-
sions are removed less easily and thoroughly from liquid
steel than solid inclusions (alumina and spinel) because
of their smaller contact angle.[55–58] Similar observations
were also reported by Yang et al.[55] and Reis et al.[58]

through laboratory crucible experiments and industrial
secondary refining practice.
The remelted ingots confirmed that all alumina and

MgOÆAl2O3 inclusions that had not been removed in the
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Fig. 11—Typical inclusions observed in the sample collected from the liquid metal pool during ESR T1. (EDS spectrums shown in (f) and (g)
correspond to the oxide inclusions shown in (a) and (e), respectively.).

Fig. 12—Element mappings of typical inclusions in the sample sampled from the liquid metal pool during ESR T2: (a) a dual-phased CaO-
MgO-Al2O3 + CaO-Al2O3 and (b) a homogeneous CaO-MgO-Al2O3 inclusion.
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P-ESR process served as preferred nucleation sites for
promoting nitrides and primary carbides formation,
whereas it is not the case for calcium aluminate

inclusions (not only the fully but also the partially
modified). It is suggested that calcium modification of
oxide inclusions during ESR refining could indirectly

Fig. 14—Element mappings of typical inclusions in the sample collected from the liquid metal pool during ESR T3: (a) CaO-MgO-Al2O3 inclu-
sion and (b) and (c) dual-phased CaO-MgO-Al2O3 + CaO-Al2O3 inclusion with lower or higher CaO concentration in the core, respectively.
Note: The inclusion in (b) is featured with a complementary concentration of Ca and Al at the outside layer.
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Fig. 13—Typical inclusions in the sample sampled from the liquid metal pool during ESR T2. (EDS spectrums shown in (f) and (g) correspond
to the oxide inclusions shown in (a) and (b), respectively.).

Table III. First-Order Interaction Parameters eji Used in the Present Study

i (jfi) C Si Mn S Ni Cr V Mo Ca O Al

Mn �0.0538 �0.0327 0 �0.048 �0.0072 0.0039 0.0057 0.0046 — �0.083 —
S 0.111 0.075 �0.026 �0.046 0 0.0105 �0.019 0.0027 �110 �0.27 0.041
Ca �0.34 �0.096 �0.0156[42] �140 �0.044 0.014[43] — — �0.002 �2500[42] �0.072
O �0.421 �0.066 �0.021 �0.133 0.006 �0.033[4] �0.14 0.005 — �0.17 �1.17
Al 0.091 0.056 0.035[44] 0.035 �0.029[4] 0.0096[4] — — �0.047[4] �1.98[4] 0.045[4]

Note: The data without notation are from Ref. [45].
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control nitrides and primary carbides formation. Sim-
ilarly, heterogeneous nucleation of TiN on alumina
inclusion was reported by Suito et al.,[59] and on
MgOÆAl2O3 spinel was observed by Park et al.;[60,61] a
crystallographic relationship between TiN and oxide
inclusions in view of the planar lattice disregistry
concept was presented in their studies.[59–61] If only
targeting the restraint of nitrides and primary carbides
formation, it is indeed not indispensable to achieve full
liquefaction of oxide inclusions, as demonstrated by the
current results. Further discussion on the nucleation
potency among oxide inclusions, nitrides, and primary
carbides in ESR refining will be presented in the next
article of the present series,[62] as well as in the phase
characterization of these primary carbides.

IV. CONCLUSIONS

The modification of alumina and MgOÆAl2O3 inclu-
sions by calcium treatment during P-ESR of 8Cr17MoV
stainless steel containing high sulfur and oxygen was
investigated. This study was also conducted to reveal the
effect of oxide inclusions modification on nitrides and
primary carbides in as-cast ingot. The following con-
clusions were drawn:

1. Calcium treatment made no contribution to further
reducing oxygen and sulfur contents, as well as
increasing oxide inclusions removal during P-ESR
refining. The original oxide inclusions in the electrode
were Al2O3 and MgOÆAl2O3, among which had not
been removed during P-ESR remained until in as-cast
ingots.

2. Except for those having been removed, calcium
treatment during the P-ESR process modified all
alumina to liquid/partially CaO-Al2O3 inclusions
with homogeneous compositions, as well as modified
MgOÆAl2O3 inclusions to mainly CaO-MgO-Al2O3 or
CaO-Al2O3 inclusions with evenly distributed ele-
ments, together with a small amount of partially
modified CaO-MgO-Al2O3 core surrounded by an
outer CaO-Al2O3 layer.

3. The modification of spinels progresses through pref-
erential reduction of MgO from the spinel by cal-
cium, just like in the case of spinel modification in
ultralow-sulfur steel. The modification of low-MgO
MgOÆAl2O3 inclusions is attributed to the preferential
reduction of MgO from the inclusion by calcium
accompanied with the reaction of calcium with Al2O3

in the inclusion. It is the direct reaction of calcium
with alumina that contributes to the full modification
of alumina inclusions.

4. Calcium sulfide did not play a role in the modifica-
tion of alumina and MgOÆAl2O3 inclusions by cal-
cium during P-ESR refining, whereas calcium sulfide
inclusions were invariably associated with modified
calcium aluminate inclusions in as-cast ingots. To
achieve the target of full modification of oxide
inclusions and prevent the formation of calcium
sulfide, the sulfur content, rather than calcium, of
liquid steel should be reduced to a lower level.

5. Unlike what all alumina and MgOÆAl2O3 inclusions
did, the modified calcium aluminate inclusions (both
the fully and the partially modified) did not serve as
preferred nucleation sites for promoting nitrides and
primary carbides formation. All observed nitrides
(Ti,V)N possessed an alumina or MgOÆAl2O3 inclu-
sion as their nucleation site, and almost all these ni-
trides are associated with the favorable formation of
primary carbides.

6. If exclusively targeting the restraint of nitrides and
primary carbides formation, it is indeed not indis-
pensable to achieve full liquefaction of oxide inclu-
sions.
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