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Abstract
One possible application for zirconium oxide is as a metering nozzle in a tundish for continuous steel casting.

Such nozzles are mounted at the bottom of the tundish, and they are exposed to the corrosive effect of liquid steel
at a temperature up to 1600 °C. In this study, the corrosion behavior of the zirconia metering nozzle after service
in a tundish for continuous steel casting was investigated. The phase composition and chemical composition were
investigated by means of x-ray diffraction and x-ray fluorescence, respectively. The microstructure of the nozzles was
observed using a scanning electron microscope coupled with an energy-dispersive x-ray system. The major phases
present in the metering nozzles were monoclinic zirconium oxide and Mg-stabilized zirconium oxide. With this
investigation, it was possible to characterize the behavior of Mg-partially stabilized zirconia during steel casting. In
each of the corroded nozzles, it was possible to distinguish two zones. The first zone was a light uncorroded area of
the nozzle, and the second was a dark zone from the “hot face” of the nozzle. Furthermore, cracks along the surface of
the brick were present in all corroded nozzles. SEM/EDS investigation confirmed that during the corrosion process
liquid steel and inclusion infiltrate the zirconia nozzle.
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I. Introduction
It is commonly known that there are three polymor-

phous forms of zirconium oxide: the stable monoclinic
form at room temperature; up to about 1100 – 1200 °C
monoclinicZrO2 (m-ZrO2) transforms into tetragonal
ZrO2 (t-ZrO2). On further heating to above 2 300 °C,
zirconium oxide transforms into a cubic ZrO2 (c-ZrO2).

A transformation from a tetragonal to monoclinic struc-
ture is associated with large volume change, of about
4.5 % 1, 2. The thermal expansion mismatch is related to
microcracking during cooling 3. To protect the ceram-
ic material from failure, the zirconium oxide is partial-
ly or fully stabilized in a high-temperature structure.
For this purpose, dopants as stabilizing agents such as
MgO 4 – 6, CaO 7, Y2O3

8, and CeO2
9 are used. In-

corporating dopants into the zirconia structure creates
the oxygen vacancies that neutralize the excess charge.
H. Tomaszewski 10, 11 shows that controlling the partial
pressure of oxygen during heat treatment changes the
phase composition of the zirconia material. The presence
of metastable at room-temperature cubic (c) or tetragonal
(t) phase in the non-stabilized zirconia materials sintered
in reducing atmosphere is the result of oxygen non-stoi-
chiometry 10.

Partially or fully stabilized zirconia is widely used as a
thermal barrier coating on turbine plates to protect metal-
lic components from heat, oxidation, and corrosion 12, 13.
The zirconia-based material is also used in the steel in-
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dustry as a nozzle in a tundish for continuous steel cast-
ing 14 – 16. The nozzle provides the flow of molten steel in
continuous steel casting and is exposed to liquid steel and
inclusions as well as high temperature. The factors influ-
encing the corrosion are molten steel and non-metallic in-
clusions, temperatures up to 1600 °C and rapid change of
temperature.

The most important factor influencing the damage of
partially or fully stabilized zirconia material is the loss of
the stabilizing agent, which causes the phase deformation
from cubic or tetragonal phase into monoclinic phase with
volume increase.

Yanling Guo and others 17 investigated an effect of rare-
earth oxides on corrosion by steel. At low temperatures,
the reason for the degradation of the zirconia material was
the dissolution of Fe2O3 in the zirconia structure. The sta-
bilizing agent diffuses out of the zirconia and reacts with
molten steel, which is the reason for phase transformation.

The destabilization process of yttria-stabilized zirconia
is affected mostly by molten slag 18. Slag components in-
filtrate the zirconia material and yttria is leached into the
slag. The presence of SiO2, Al2O3 and Fe2O3 also has an
influence on the destabilization of Mg-stabilized zirconia.
During the corrosion process, these components can be re-
moved out of the zirconia structure and react with stabiliz-
ing agent 15, 19. Moreover, the porous structure of zirconia
ceramic accelerates corrosion and increases the surface for
corrosion attack 19.
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Cited studies have been conducted mostly under labora-
tory conditions. Zirconia-based materials applied in con-
tinuous steel casting is vulnerable to factors such as erosion
by flowing molten steel, rapid temperature changes, infil-
tration of molten steel and slag into the porous ceramic and
reducing atmosphere.

The aim of this study was the investigation of corro-
sion of the Mg-PSZ metering nozzle after service in a
tundish for continuous steel casting for various corrosion
test times. The knowledge of the behavior and material
changes during service in a tundish can be the introduction
to further investigation to improve material durability.

II. Experimental Methods

(1) Materials
The experimental procedure consisted of three steps.

The first step was preparing the zirconia nozzle. For this
purpose, Mg-partially-stabilized zirconia based on fine-
grained material was used. The nozzle was formed by
means of cold isostatic pressing and fired at 1640 °C to
obtain the dense refractory material. The second step was
the corrosion test in a tundish for continuous steel casting.
The metering nozzle was mounted at the bottom of the
tundish and exposed to the corrosive environment for 1 h
and 30 min, 6 h and 30 min, 10 h and 30 min (for this paper
the corroded nozzle was designated N1, N6, N10, respec-
tively). The third step was analysis after service (the post
mortem analysis) of the corroded material and comparison
with an “as delivered” metering nozzle (designated N0).
The grade of cast steel was B500SP/G, according to the
Polish standard PN-H-93220:2006. The chemical compo-
sition of additives present in the cast steel was measured
with spark optical emission spectroscopy. The analysis is
presented in Table 1.

(2) Characterization
The bulk density and apparent porosity was measured

with the Archimedes method. Phase identification was
performed by means of the x-ray diffraction (XRD) tech-
nique, using a CuKa radiation on an X’Pert Pro diffrac-
tometer from PANalitycal with Bragg-Brentano geom-
etry. The chemical composition was examined with the
x-ray fluorescence (XRF) method. The Axios mAX wave-
length dispersive x-ray fluorescence spectrometer from
PANalytical was used for this study. The XRD patterns
were refined with the Rietveld method, the Maud pro-
gram 20, 21 being used for this purpose. A scanning electron

microscope (SEM) coupled with an energy-dispersive x-
ray (EDS) system was used to observe the polished surface
of the corroded and uncorroded nozzles. The ultra-high-
definition NOVA NANO SEM 200 was used for this pur-
pose.

III. Results

(1) Macroscopic observation and density
It was possible to distinguish three zones in each of

the corroded nozzles. The first zone was a light uncor-
roded area of the nozzle, the second zone was a dark
zone from the “hot face” of the nozzle, and the third
zone was a black layer on the inner side of the noz-
zle. Fig. 1 presents a schematic drawing of the zirconia
material after the corrosion test, and Fig. 2 shows the
part of the zirconia nozzle after the 6.5-hours corrosion
test. Furthermore, cracks along the surface of the brick
in each of the corroded nozzles were present. The bulk

Fig. 1: Schematic drawing showing the zirconia nozzle, with distin-
guished zones: reaction, transition, unchanged.

Table 1: Chemical composition of additives in cast steel.

Steel grade
Content, mass%

C Mn Si Al P S Cu

B500SP/G 0.220 1.60 0.55 0.200 0.05 0.050 0.80

Measurement uncertainty 0.006 0.02 0.02 0.004 0.03 0.003 0.02
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Fig. 2: Zirconia material N6 after the corrosion test for 6.5 hours.

density (Fig. 3a) changed slightly during the corrosion
test, and a small increase in apparent porosity (Fig. 3b)
could be observed. The apparent porosity of the zirconia
material before the corrosion test (N0) was 7 %, and the
bulk density was 5.34 g/cm3. Changes in the bulk density
are the resultant value between the infiltration by the com-
pounds such as Al2O3, SiO2, S or MnO, which can appear
in cast steel as inclusions.

Fig. 3: a) The bulk density; b) The apparent porosity of the tested
materials.

(2) Phase composition and chemical composition
The main phase present in the tested material is mono-

clinic zirconia (m-ZrO2), and the second phase is cubic zir-
conia (c-ZrO2) with the reflexes in the positions 2h=30.4,
35.3, 50.6, 60, 62.9, 74.9 and 83°. It is worth noting that the

intensity of reflexes derived from cubic zirconia increased
in materials after the corrosion test. The XRD pattern is
presented in Fig. 4.

Fig. 4: The XRD patterns of samples N10, N6, N1, N0 (m-mono-
clinic zirconia, c-cubic zirconia).

The chemical composition changed during service. The
content of oxides such as Al2O3, CaO, SiO2 and Fe2O3
increased after 1.5 hours and 6.5 hours of the corrosion
test, which is illustrated in Fig. 5. After 10.5 hours of
the corrosion test, the content of these oxides was lower.

Fig. 5: Chemical analysis of the tested samples.
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Especially, the content of SiO2 increased significantly,
from 1.55 % in sample N0 to 3.33 % in sample N6. In-
creasing those oxides is the result of the infiltration of the
non-metallic inclusions during casting.

(3) Microstructure
Fig. 6 shows the cross-section of the polished surface of

zirconia material before the corrosion test (the N0 sam-
ple). Grains of zirconium oxide are surrounded by sili-
cate phase (dark gray). The EDS analysis confirmed that
the chemical composition of this phase is similar to the
composition of forsterite. Nevertheless, the content of
forsterite was too low for reflexes to appear on the XRD
pattern. Pores are also visible in this image, mostly be-
tween the grains.

Fig. 6: Cross-section of the polished surface of the zirconia material
(sample N0).

The microstructure of the zirconia material after the test
changed, however, the changes occurred only in the inner
area of the nozzle. In all corroded nozzles, it was possible
to distinguish two areas. In the area from the working
surface, the grains of zirconia were larger and microcracks
extended through the zirconia grains. Fig. 7 shows the N1

Fig. 7: Cross-section of the polished surface of the zirconia material
(sample N1), the area from the ceramic/steel interface.

nozzle (after the corrosion test for 1.5 hours). Molten steel
penetrated into zirconia material and created the drops of
metal located in pores. Nevertheless, the main phase filling
the pores is a SiO2-rich phase.

In material N6 after the corrosion test for 6 and half hours
(Fig. 8), microcracks and inclusions of steel are also visible.

Fig. 8: a) Cross-section of the polished surface zirconia material
(sample N6), the area from the ceramic/steel interface. Spot 1
- zirconium oxide, Spot 2 - iron, Spot - 3 Al and Si- rich phase;
b) EDS analysis for selected spots.
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The edges of the zirconia grains are rounded. Fig. 9 shows
the cross-section of material N10, with a microcrack ex-
tending among the zirconia grains. Changes in the cross-
section of the zirconia grains are the most significant. The
grains are larger than in the samples discussed earlier, and
it is difficult to distinguish the intergranular border. Slag
and steel appear mostly as inclusions in the zirconia.

Fig. 9: The cross-section of the polished surface of zirconia material
(sample N10), the area from the ceramic/steel interface.

Extending the test time increases the grain size and con-
tent of closed pores in the grains. In each tested sample
after the corrosion test, the most significant changes in

the grains’ cross-section on the interface in contact with
molten steel were noted. The microstructure changes with
increasing distance from the working surface are shown
in Fig. 10, based on the example of the N6 sample. The
EDS analysis in 14 spots was performed to show the chem-
ical composition changes in the zirconia grains. The grains
of zirconia are noticeably larger in the reaction zone than
in the transition zone. The thickness of the reaction zone
measures approximately 300 μm. The quantities of mag-
nesium and calcium are higher than in the transition zone,
where the content of those elements drastically decreases.
The appearance of iron and manganese was confirmed in
the entire volume of the zirconia nozzle, and the content of
these elements was constant in the reaction and transition
zone, about 1 %at.

IV. Discussion

During service, the partially stabilized zirconia is ex-
posed to temperature changes up to 1600 °C, a reducing at-
mosphere, contact with molten steel, and erosion by flow-
ing steel.

The SEM investigation reveals that the microstructure
changes are the most significant in the area in contact with
the molten steel. In each tested material, the grains were
bigger, and the shape was more regular. Steel and non-
metallic parts of steel are located mostly between the zir-
conia grains, nevertheless, the EDS analysis showed that
some amounts of iron and manganese had dissolved in zir-
conia. The average content of oxides in the zirconia grain
from the area along the steel/ceramic interface is shown in
Fig. 11.

Fig. 10: The evolution of the microstructure in N6 nozzle from the reaction zone to the transition zone, with secondary element content at 14
spots.
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Fig. 11: The average content of selected oxide in zirconia grains
along the ceramic/steel interface.

It is worth mentioning that the phase composition
changed after the corrosion test. The content of c-ZrO2
increases with the longer time of the corrosion test, which
can be observed in the XRD patterns as an increasing
intensity of the peak in position 2h 30,4°, derived from
Mg-stabilized ZrO2. The Rietveld refinement 21 confirms
the increasing content of c-zirconia. Table 2 compares the
lattice parameters and phase content in each nozzle, the
exemplary fitting is presented in Fig. 12. The lattice pa-
rameters of the monoclinic phase were unchanged, while
in the cubic phase the a-parameter increased slightly with
increasing time of the corrosion test. Doping a zirconium
oxide with cations such as Mg2+ or Ca2+ (the ions have a
size of 0.89 and 1.12 Å, respectively while Zr4+ is 0.84 Å 22)
is related to the formation of oxygen vacancies. The re-
moval of the oxygen anions (O2- has an ionic size 1.42Å)
should reduce the volume of the unit cell. However, the
introduction of larger cations into the zirconia structure
causes an increase in volume. The earlier study 23 shows
that the content of c-ZrO2 is higher in the dark layer than

in the light layer or in the reference sample. According
to the EDS investigation, it can be assumed that not only
magnesium cations incorporate into the zirconia structure
but also calcium and iron cations.

Table 2: The unit cell parameters of the zirconium oxide.

N0 N1 N6 N10

Goodness of fit 1.53 1.51 1.81 1.67

Monoclinic (ZrO2)

a [Å] 5.152 5.153 5.154 5.153

b [Å] 5.207 5.206 5.207 5.207

c [Å] 5.320 5.320 5.320 5.320

alpha [°] 90.000 90.000 90.000 90.000

beta [°] 99.208 99.193 99.192 99.188

gamma [°] 90.000 90.000 90.000 90.000

Volume [Å3] 142.717 142.717 142.772 142.744

Content
[wt%]

88.3 85.1 84.6 84.0

Cubic (Zr0.91Mg0.09O2)

a [Å] 5.023 5.096 5.099 5.102

alpha [°] 90.000 90.000 90.000 90.000

Volume [Å3] 126.733 132.339 132.573 132.807

Content
[wt%]

11.7 14.9 15.4 16.0

As shown by Aneziris et.al. 19, a slag can remove the sta-
bilizing agent out of the structure. Nevertheless, molten
steel is not as an aggressive agent as a slag. Iron cations
can partially dissolve in zirconia under a reducing at-
mosphere. Martensitic m→t transformation causes crack

Fig. 12: The MAUD Rietveld plot for the reference nozzle (the N0 sample). The vertical lines mark the peaks of the phases included in the
refinement.
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formation, whereby the porosity increased which allowed
the non-metallic part of steel such as silicon to penetrate into
the zirconia material and accelerate the chemical corrosion
and dissolution of the zirconia in the emerging glassy phase.

During service, the microstructure of the zirconia nozzle
evolves. In the beginning, the material with the significant
amount of monoclinic zirconium oxide is rapidly heated
up to 1600 °C, which causes the m→t transformation, and
further t→c transformation. The molten steel fills the pores
in the reaction zone of the zirconia material. Iron and non-
metallic part of steel partially dissolve in the ZrO2 grains,
which stabilizes the high-temperature structure of ZrO2
after cooling. The grains of zirconia grow during corrosion
test and the increasing time promotes the grain growth in
the reaction zone.

Attention should be paid to the abrasion process that oc-
curs on the inner layer of the zirconia material caused by
flowing steel. During service, the zirconia material was con-
tinuously abraded, which causes the reaction zone to move
into the material, nevertheless the thickness of this zone is
constant. The grain growth causes the densification of ma-
terial, therefore the infiltration process after 10 hours of ser-
vice was slower, which was confirmed by XRF. In the N10
sample, the content of secondary oxides in the zirconia ma-
terial was lower.

V. Conclusions
The corrosion of Mg-partially-stabilized zirconia ceramic

was tested under industrial conditions in a tundish for con-
tinuous steel casting. The zirconia-based material was tested
after service for different times.
From this investigation. the following conclusions are
drawn:
a) During the corrosion test, molten steel and slag pene-

trate the zirconia materials. In the beginning, the slag fills
the voids between the zirconia grains, while as the test
time increased, the slag inclusions centered on the inter-
granular spaces.

b) At temperatures up to 1600 °C of the corrosion test,
zirconia transformed into a high-temperature structure.

c) High temperature and rapid temperature changes lead to
crack formation and failure.

d) Increasing the time of the corrosion test leads to more
significant changes in the microstructure of the zirconia-
based material.

e) Regardless of the test time, the most significant changes
in the microstructure occur only in the area along the
ceramic/steel interface.
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