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Abstract

Calcium hexaaluminate (CA,) materials have garnered attention for their potential use as lining materials
in metallurgical furnaces during the steel-making process. The present work explored the effects of M,0O;
(M = Nb, Ta) on the steel corrosion behaviour of calcium hexaaluminate combined with the evolution of
physical properties. The introduction of M,Os (M = Nb, Ta) was proved to be advantageous in mitigating the
emulsification of CA, material in the molten steel, and the increase in the densification of emulsion layer could
prevent CAg materials from further steel corrosion and penetration. The improved steel corrosion resistance
of CA4 materials was attributed to the optimization of the physical properties facilitated by the formation of
defects and the in situ phase. In addition, the reduction in the wettability between the CA ; materials and molten
steel served to diminish the reactivity of the interface reaction. This work determined the corrosion behaviour
and corrosion mechanism of the CA ; materials in molten steel and provided a new research route for designing
CA4 materials with improved corrosion resistance to molten steel.
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I. Introduction In the context of refractory applications in iron and
steel smelting, it is crucial to predict service per-
formance, stability and reliability. This necessitates
a deeper understanding of corrosion behaviours and
mechanisms [12-14]. CA, plays a vital role in calcium
aluminate cements and aluminium magnesium castables
for ladle [15-18]. During the initial high temperature
use of aluminium magnesium castables, a large amount
of CA, is generated in the refractory matrix and the de-
velopment of CA layer structure leads to the increase of
porosity of the refractories, resulting in the severe steel
penetration phenomenon [16]. Accordingly, the deterio-
ration of the corrosion resistance of refractories will in-
evitably affect the service performance and service life.
In addition, the exfoliation of refractories under the steel
erosion leads to an increase in the amount of the exter-
nal inclusions in the steel, which not only affects the
quality of the steel but also results in the submerged
nozzle clogging of the molten steel during the contin-
uous casting process [19-21]. Therefore, enhancement
of steel resistance is of paramount importance to the

Calcium hexaaluminate (CaAl,,0,,), often referred to
as CA,, has been widely used in metallurgy, petrochemi-
cal and various other fields due to its unique physical and
chemical properties, including high melting point, excel-
lent high temperature mechanical properties and chemical
stability [1-4]. However, CA, structure comprises stacked
spinel block units and mirror layers in alternating pattern,
resulting in a layered structure. This structural arrangement
poses challenges in achieving full density for the reaction
sintered CA, refractories, even at the elevated temperatures
[5-11]. Consequently, the CA, with porous structure is
generally obtained and such structures will allow the steel
infiltration into the CA, material matrix, which accelerates
the degradation of inherent properties. Simultaneously, the
corrosion of CA refractories can also adversely affect the
iron-making and steelmaking processes.
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application of CA, materials and other CA,-containing
composite materials. On this basis, exploring the cor-
rosion behaviour and corrosion mechanism of steel to-
wards CA materials will be of great significance for de-
veloping new techniques to reduce the steel corrosion.
Different methods were used for preparation of cal-
cium aluminates, and most of them were based on a
high-temperature solid-phase method, i.e. solid-state re-
action sintering of Al,O; and CaCO, powder mixtures
[22,23]. However, calcium aluminate powders were ob-
tained by wet-chemical synthesis methods too [24-26]
and calcium hexaaluminate ceramics were made also
from calcium dialuminate (CA,) and corundum pow-
ders [27], CaO, Al,O, and Al powders [3] etc.
Numerous studies have explored the doping with
small amount of bivalent, trivalent or tetravalent cations
substituting the Ca>* or AI’*, resulting in more Vy; de-
fects in the structure of CA, and promoting grain devel-
opment and increasing the density [28-35]. Although
many of these studies do not directly address the steel
corrosion resistance of CAy, it is clear that the improve-
ment of CA, densification will be beneficial for reduc-
ing the steel corrosion. Limited to this, the discussion
of corrosion mechanism is insufficient. Moreover, it is
foreseeable that dopants with higher-valence state and
smaller-size may have potential to generate more Vy;
than other low valent dopants, thus, the crystal structure
of CA, and the comprehensive properties can be opti-
mized. Therefore, considering the limited research on
the improvement of the properties of the CA, materials
by doping pentavalent elements, the present work inves-
tigates the role of the M,O4 (M = Nb, Ta) on the steel
corrosion behaviour of CA materials. In order to get the
insight into the mechanism of the effects of additives on
the CA, corrosion resistance to steel, the evolution of
physical properties and microstructure of M,0O5-doped
CA materials and the wettability between CA, material
and steel were explored. This work determines the cor-
rosion behaviour and mechanism of steel influence on
CA materials and provides a new research route for the
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design of CA, materials with improved steel corrosion
resistance, which will contribute to the better applica-
tion of CA, in metallurgical and petrochemical fields.

II. Experimental

2.1. Sample preparation

The Al,O, (purity >99.0%, Sinopharm Chemi-
cal Reagent Co. Ltd.) and CaCO; (purity >99.0%,
Sinopharm Chemical Reagent Co. Ltd.) powders with
the molar ratio of 6:1 were employed as starting materi-
als for the preparation of the CA, refractories, whereas
Nb,Os (purity >99.0%, Sinopharm Chemical Reagent
Co. Ltd.) and Ta,O4 (purity 299.0%, Sinopharm Chem-
ical Reagent Co. Ltd.) were used as the additives. The
compositions were ball milled using corundum balls
media in ethanol for 4 h and then the ball-milled slurries
were dried at 90 °C. The obtained powders were uniax-
ially pressed into pellets at a pressure of 300 MPa for
heat treatment at 1200 °C for 1 h. The obtained samples
were crushed and ball milled again for 2h with Nb,O4
and Ta,O4 added (1.0 wt.% and 4.0 wt.%), respectively.
After drying, specimens of 20 mm in width, 20 mm in
height and 100 mm in length were compacted under a
pressure of 100 MPa. The specimens were sintered at
the peak temperature of 1600 °C for 2 h in air with the
heating rate of 5°C/min. Subsequently, the static cru-
cible test was used to investigate the steel corrosion re-
sistance of the sintered CA specimens. This experiment
simulated the actual smelting process and took place un-
der ambient air conditions, where the specimens were
heated to the target temperature (1600 °C) at a heating
rate of 5 °C/min with the holding time of 2 h. For refer-
ence, the CA prepared without an additive was used as
the baseline material for comparison with the properties
of the prepared specimens. Figure 1 shows schematic
presentation of static crucible test, chemical composi-
tion of the steel, as well as macro-appearances and com-
positions of samples with and without additives used in
the present study.
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Figure 1. Scheme of static crucible test and the compositions of the steel
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2.2. Characterization

The field emission scanning electron microscopy
(FE-SEM, Model Ultra Plus, ZEISS, Germany) and the
energy dispersive spectroscopy (EDS, Oxford, United
Kingdom) were used for analysing the steel corrosion
behaviour of prepared CA, specimens. The dripping
method was adopted to measure the wetting contact an-
gle between the CA specimens and steel.

The phase compositions of the sintered CA, spec-
imens were detected using X-ray diffraction (XRD,
Model D500, Siemens) using Cu Ke radiation. For the
physical properties of the CA, samples, the Archimedes
principle was adopted to determine the densification pa-
rameters in terms of bulk density and apparent porosity
based on the water as the medium.

III. Results and discussion

Figure 2 presents the corroded microstructures and
EDS mapping analysis of the pure CA (baseline). Ob-
servations revealed the presence of three distinct layers:
the original steel layer, the corrosion layer, and the origi-
nal CA layer. Within the corrosion layer, adjacent to the
CA, substrate, there was a noticeable penetration layer
composed of FeO-Fe,0;-Al,0; composite phase and
CA, phase. The emulsion layer was located between
the penetration layer and the original steel layer. It was
composed of FeO-Fe,0,-Al,0, composite phase, CA-
CA, (CaAl,0,-CaAl,O,) phase, and a low amount of
Fe phase. The FeO-Fe,0,-Al,0; composite phase, re-
sulting from the interfacial reaction between molten
steel and CA, was distributed within the CA, material.
This distribution of the composite phase effectively de-
layed further CA¢ corrosion and steel penetration [36—
38]. In summary, the thickness of the corrosion layer in
the pure CA, samples (without additives) was measured
to be approximately 1462 um, comprising of 566 um for
the penetration layer and 896 um for the emulsion layer.
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The SEM images and EDS mapping analysis of the
corroded cross-section of the M5+—doped CA, (M =Nb,
Ta) after corrosion test are displayed in Figs. 3 and 4.

In the case of the Nb>*-doped CA,, SEM images
(Fig. 3) indicate that the thickness of corrosion layer
decreased significantly compared to that of pure CA,
since the thicknesses of corrosion layers were 1061 um
and 439 um for the CA, specimens with 1.0 wt.% and
4.0wt.% of Nb,Os addition, respectively. The enrich-
ment of molten steel inside the CA, materials was
significantly reduced, accompanied by a decrease in
the thicknesses of the emulsion layer (reducing from
896 um for pure CA, to 386 um for the doped CA, with
4.0 wt.% of Nb,O, addition) and penetration layer (re-
ducing from 566 um for pure CAg to 53.0 um for the
doped CA, with 4.0 wt.% of Nb,O4 addition). This ob-
servation demonstrated that only a slight corrosion of
the CA, materials was presented and that the steel corro-
sion resistance of CA, materials was greatly improved.
The EDS analysis results confirmed that the emulsion
layer was composed of FeO-Fe,0,-Al,O; composite
phase, CA-CA, (CaAl,0,-CaAl,O,) phase and small
amount of penetrated Fe phase. Accordingly, the formed
FeO-Fe,0,-Al,0; composite phase distributed in the
CA materials further improved the densification of the
emulsion layer, resulting in further inhibition of corro-
sion and infiltration. Because of this, the thickness of the
penetration layer sharply decreased compared to that of
pure CA, materials.

For the Ta’*-doped CA,, the changes in the emul-
sion layer and penetration layer exhibited the same trend
as the Nb>*-doped CA, (Fig. 4), indicating that the
steel corrosion resistance of CA, materials was also en-
hanced by introduction of the Ta,Os. The thicknesses of
corrosion layers (1080 um and 682 um for the CA spec-
imen with 1.0 and 4.0 wt.% of Ta,O addition, respec-
tively) were larger than that of the Nb>*-doped CA,.
The synergetic effect of penetration layer and emulsion

500 pm
s

Figure 2. Corroded microstructures and EDS mapping analysis of CA4 baseline specimen
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Figure 3. SEM images and EDS mapping analysis after corrosion test of the Nb>*-doped CA with: a) 1.0 wt.% and b)
4.0 wt.% of Nb,O; addition

layer played a crucial role in affecting the steel corrosion
resistance of CA, materials. For the Nb>*- and Ta’*-
doped CA, the decrease in the thicknesses of the pen-
etration layer and the emulsion layer significantly con-
tributed to the improvement of the steel corrosion resis-
tance.

Figure 5 summarizes the steel corrosion resistance of
the CA, materials, which included measurements of the
thicknesses of the emulsion layer of CAg, penetration
layer of steel and the total corrosion layer. It is evident
that both Nb>*-doped and Ta>*-doped CA samples ex-
hibited a thinner corrosion layers compared to that of the
pure CA, samples. In summary, it can be affirmed that
the steel corrosion resistance of the CA, materials was
improved after M,O5 (M = Nb, Ta) was introduced and
the types of the additives had an important effect on the
steel corrosion resistance behaviour of CA, materials.

In order to clarify the corrosion mechanism of molten
steel in the CA, materials, Fig. 6 provides the schematic
diagram of the reaction between molten steel and CA,
materials. As depicted in Fig. 6a, the molten steel en-
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ters the interior of the CA, materials through the pores
and cracks on the surface of the materials at the initial
stage. Subsequently, the penetrated steel reacts with the
CA/ substrate, forming a liquid interface layer primar-
ily composed of FeO-Fe,0,-Al,0, composite phase at
high temperatures. The liquid interface layer emulsified
with the molten steel under the dynamic conditions, al-
lowing the molten steel to further penetrate into the CA
materials accompanied by the reaction and aggregation.
The accumulation of the molten steel in the interior of
CA materials and the occurred reaction will cause large
cracks inside the materials, resulting in the damage at
the reaction interface. After the molten steel invades the
interior of the material, the new interface of the CA,
material reacts with the molten steel again, leading to
additional damage of the CA, material [39].

With the introduction of Nb,Oy and Ta,Os into the
CA, materials, the thickness of the corrosion layer in
CA, was significantly reduced, as shown in Fig. 6b. In
fact, CA, lattices serve as an excellent host structures

for the formation of solid solutions by substituting AI**
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Figure 4. SEM images and EDS mapping analysis after corrosion test of the Ta**-doped CA, with: a) 1.0 wt.% and b) 4.0 wt. %
of Ta,O; addition
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Figure 6. Schematic of the reaction between molten steel and CA, materials
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Figure 7. XRD patterns of the sintered CA, with various M, O contents

with metal cations and Ca* with alkaline-earth or rare-
earth cations of similar radii. The XRD patterns of the
sintered CA, after addition of M,Os, shown in Fig. 7,
indicated that the introduced M>* substituted AI’* in
the CA, lattice, caused the formation of Vy; defects,
according to Pauling’s rules, resulting in a reduction
in lattice parameters and lattice volume. This substi-
tution of M>* (M = Nb, Ta) for A" in CA,4 notably
promoted CA grain growth along the direction perpen-
dicular to the basal plane (c-axes), resulting in a more
equiaxed morphology and a highly dense microstructure
[22,40]. Furthermore, formed Ca(MO,), infiltrated the
pores within the CA samples and reduced the appar-
ent porosity [22,40]. Based on the above analysis, the
introduction of the Nb,O; and Ta,Os significantly im-
proved physical properties of the sintered CA, materi-

als, as shown in Fig. 8. The reduction in the apparent
porosity diminished the infiltration of molten steel into
the interior of the material through surface pores and mi-
crocracks. In addition, the additives can play an impor-
tant role in refining grain size and reducing micro cracks
inside the materials, thus the aggregation area of molten
steel after infiltration into the interior of the material
also decreased. The synergistic effect of two factors al-
leviated the infiltration and aggregation of molten steel
inside the CA, materials. Similarly, the formed FeO-
Fe,0,-Al,0, and CA-CA, phases can prevent further
penetration of the molten liquid.

It is worth noting that the wettability between molten
steel and CA, materials was also a significant factor that
affected the steel corrosion resistance of CA, materials.
Figure 9 illustrates the wetting behaviour of molten steel

370



T. Wen et al. / Processing and Application of Ceramics 17 [4] (2023) 365-373

(%)
W

(7%}
<

[5o]
W

(]
(=]

1 wt.% 4 wt.%

—
w

—

Apparent porosity (%)
(=]

w

pored pored

35
S0l Lwto B o 4wt %
~
‘B25¢+
~
o
220
15}
=
=2
S10f
&
0.5
0.0 ———cet Oz
C}’ﬁ"'a veﬁﬁ 6"‘3

Figure 8. Physical properties of the sintered CA; materials
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Figure 9. Wetting processes of molten steel on specimens
surface (a) and contact angle between CA, specimens
and molten steel (b)

on the surface of CA, with different additives. The high-
temperature wetting angle was determined from the mo-
ment when the molten steel began to melt, capturing
image of the steel every 40s as shown in Fig. 9a. It
is evident that the wetting angle between the pure CA,
specimen and the molten steel was significantly smaller
than that of the specimens with the additives (Nb,Os,
Ta,O5) added. Figure 9b shows the changes in wetting
angle between the molten steel and the CA specimens.
Considering the accuracy of the experiment, the wetting
angle was measured at a node of 20 s. The wetting angle
between the pure CA, specimen and the molten steel
reached maximum within 40s, reaching 112.5°. After
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120s, the wetting angle decreased to 53.7° (a reduction
of about 52.3%). After adding 1.0 wt.% and 4.0 wt.%
Nb,Os, the wetting angles between the CA, specimen
and the molten steel reached a maximum of 115.3° and
120.65° within 40 s, respectively. After 120s, the wet-
ting angles decreased to 61° and 82.45° (a reduction
of about 47.1% and 31.6%, respectively). Similarly, the
wetting angles between the sample and the molten steel
reached a maximum of 113.15° and 115.75° within 40s
when 1.0 wt.% and 4.0 wt.% Ta,O5 were added to the
CA specimen, respectively. After 120 s, the wetting an-
gles decreased to 65° and 74.35° (a reduction of about
42.6% and 35.7%, respectively). The above analysis in-
dicates that the presence of additives reduced the wetta-
bility between molten steel and CA, materials. This de-
creases the reactivity between the molten steel and the
materials, thereby reducing the corrosion of the molten
steel in the CA, material.

In summary, the key factors contributing to the re-
duction in CA, corrosion by molten steel included low
porosity, decreased wettability and the formation of
the secondary phases. The introduction of Nb,Oy and
Ta,O, into the CA, enhanced the material’s physical
properties by promoting defect formation and in situ
phase formation. This improvement was beneficial for
reducing emulsification and penetration of molten steel
into CA, samples. In addition, the formation of dense
FeO-Fe,05-Al,0, and CA-CA, phases effectively in-
hibited further corrosion by the molten steel.

IV. Conclusions

The present work looked at the role of the M,O,
(M = Nb, Ta) on the steel corrosion behaviour of CA
materials. The evolution of physical properties and mi-
crostructure of M>*-doped CA, materials and the wetta-
bility between CA, materials and steel were combined
in order to explore the effects of the additives on the
steel corrosion resistance of CA, materials. It was found
that the introduction of Nb, O and Ta,O5 was beneficial
for reducing the emulsification of CA, material in the
molten steel, whereas the increase in the densification
of emulsion layer could prevent CA materials from fur-
ther steel corrosion and penetration. The improvement
in the steel corrosion resistance of the Nb>*- and Ta>*
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doped CA, materials were attributed to the optimization
of physical properties caused by the point defects and
the in situ phase formations. In addition, the reduction
in the wettability between the CA, materials and molten
steel decreased the reactivity at the CA-steel interface.
Among the tested compositions, the Nb>*-doped CA;
exhibited the best physical properties and thereby pos-
sessed the satisfactory steel corrosion resistance. This
work determined the behaviour and mechanism of steel
corrosion on CA materials and provided a new research
route for the design of CA, materials with improved
steel corrosion resistance. These findings have the po-
tential to enhance the efficacy of CA, in metallurgical
furnaces, thereby improving their overall performance.
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