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The steel industry is one the biggest consumers of refractories. In this industry, refractories are commonly used as
linings for steel production equipment, because they can sustain high temperature and corrosive attack in their working
environment. However due to the harsh conditions, their life span is limited. Corrosion mainly by slag and molten steel is
the principal phenomenon responsible for degradation and wear of the refractory bricks. It is a complex phenomenon that
is due to infiltration (penetration) into and subsequent dissolution of the refractories by slags and molten steel. A thorough
understanding of these mechanisms is necessary in order to improve the refractories behavior for steel making applications.
However, even nowadays, no laboratory test can reproduce the real working conditions in the steel industry. According to the
parameter of interest several testing methods have been developed. They can be static like the sessile drop test or crucible
test or dynamic like the rotary slag test. This paper describes the principal corrosion tests used in the steel industry in order

to give an overview of the way to determine and finally alleviate the impact of corrosion on refractories.

INTRODUCTION

Refractories are structural materials designed to
be used in harsh environments. The definition of a re-
fractory material according to the currently valid ISO
standard is “non-metallic material or product (but not
excluding those containing a proportion of metal) whose
chemical and physical properties allow it to be used
in a high temperature environment” [1]. In a broader
sense, all structural materials that can be used in harsh
environment and which retain most of their functionality
when exposed to mechanical/thermomechanical strain
and stresses, abrasion, corrosion/erosion as well as
thermal shock can be considered as refractories. They
can be found in applications such as glass furnaces, ce-
ment kilns, incinerators, blast furnaces and other high-
temperature devices. They take different forms: pre-fired
shapes such as bricks or unfired monolithic (usually
castables) and can be made from various raw materials
to fulfil the need of the different industries [2—4]. During
theiruse, they degrade due to mechanical wear or chemical
attack or a combination of both. The mechanical wear
comes out from thermomechanical constrains — such as
compression, tension, thermal shock — which make the
refractory crack and break. The major chemical attack is
corrosion, which comes from the interaction between a
refractory and a corrosive medium: gas, molten metals,

molten glasses, molten salts or slag. It results in a loss of
mass and thickness and in the degradation of the material
properties.

The steel industry is one of the major consumers
of refractories. It was estimated in 2015 that 10 to
12 kg of refractories are necessary to produce 1ton of
steel in Europe and in America, 8 kg of refractories are
necessary to produces lton of steel in Japan and 30 kg
of refractories are necessary to produces 1 ton of steel
in China [5]. Indeed, the refractories degrade quickly
and have to be replaced often due a combination of
mechanical wear and chemical attack mainly by slags
and to a lesser extent by molten steel. [3, 6-9]. The che-
mical attack which is corrosion is due to three mecha-
nisms: infiltration (which some authors might prefer
to call penetration) of slag or molten steel into the re-
fractory, reaction with the latter and/or possibly its sub-
sequent dissolution. Infiltration leads to the formation of
an infiltrated region from the surface of the refractory
brick which can promote spalling due to the difference
of thermal the infiltrated region and the rest of the brick.
Infiltration can also provoke the tearing out of aggregates.
As for dissolution, it occurs because there is no chemical
equilibrium at the interface between the refractories and
the slag or molten steel. Dissolution can be direct (with
the formation of a diffusion layer in the slag/steel at the
interface between the brick and the slag/steel) or indirect
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(with the precipitation of new phases at the surface of
the refractory brick). The former (direct) dissolution
mode is usually faster and more aggressive than the
latter (indirect). Infiltration and dissolution depend on
different parameters such as wettability, temperature,
slag composition etc. In order to determine the material
behavior under corrosive attack and the influence of the
relevant parameters several corrosion tests have been
designed [10-11]. They can be static, which means that
the slag/steel is not stirred, or dynamic, for which the
brick or the slag/steel are put into motion.

The purpose of the present paper is to discuss, based
on our own experience, the main research methods in the
steel/slag corrosion of refractories.

EXPERIMENTAL

Static tests

Static tests are tests for which no agitation takes
places, nor of the slag nor of the refractories. These
tests will generally give lower corrosion rates compared
to what is actually observed under working conditions.
However, they are useful to study the chemical reactions
that take place between the refractories and the corrosive
medium.

Hot stage microscopy

A hot stage microscope, also called heating micro-
scope, as shown in Figure 1, consists in a furnace with or
without purging plug to control the atmosphere, a light
source which lights up the inside of the furnace at low
temperature, a camera opposite to the light source linked
to a computer with [12] or without an integrated software
for image treatment, a thermocouple the closest possible

Filter

(optional) Sample holder

to the sample to control the temperature and optionally a
filter added in front of the camera to reduce the effect of
the sample’s radiation at high temperature.

It can be used for several applications for refracto-
ries. The first one is the sessile drop test (which can also
be performed using a goniometer at room temperature)
which is designed to measure the contact angle between
two phases including a solid and a liquid, as shown in Fi-
gure 2 where the Young equation can be applied (1) [13]:

Ysy = Ysz T Yy €0OS O (D

where vy, is the gas-solid surface tension, v, is the liquid-
gas surface tension, vy, the liquid-solid surface tension,
@ is the equilibrium contact angle. For refractories appli-
cation the sessile drop test is used to follow the evolution
of the contact angle as it can evolve with the temperature
[12, 14-17] and composition [18-24].

Additionally, to the measurement of contact angle,
this test can also be used for other applications such as
the determination of the work of adhesion [25] but they
will not be described here.

The second use of the hot stage microscope is the
determination of the specific temperatures of the slag or
steel [23] as shown in Figure 3. They are defined using
the definition of to the standard DIN 51730:2007 [26]
or ISO 540:2008 [27] for the determination of ashes
fusibility of hard coal and coke:
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Figure 2. Schematic of a drop of liquid on a solid substrate.
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Figure 1. Schematic of a hot stage microscope.
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Figure 3. Schema of the appearance of hot stage microscopy sample for each specific temperature.

e Sintering temperature range (for powders only) — the
range of temperature at which local melting takes place,
preferentially at the particle contacts. This process
leads to shrinkage of the sample while preserving its
initial shape. The starting point is sometimes defined
as the point where the sample height decrease to below
98 % of the initial value.

e Softening point - temperature at which the first signs
of sample softening, such as rounding of the edges or
disappearance of the sample’s asperity, are visible.

e Melting point or hemispherical point — temperature at
which the shape of the test sample forms a spherical
cap (depending on the contact angle), and the height
of the sample is typically equal to half the length of its
base or 2/3 of the original height.

e Flowing point — temperature at which the sample
spread out on the substrate to form a layer with a thick-
ness of typically 1/3 of the initial height (DIN 51730)
or 1/3 or the hemisphere point’s height (ISO 540).

Hot stage microscopy can also be used for the charac-
terization of behavior and observation of phenomena
taking place in situ and determination of characteristic
temperatures of a system: refractory material + corrosive
agent. For this purpose, the components are mixed in
a selected ratio.

To perform all the tests aforementioned, the first
step is the preparation of the sample and, in case of de-
termination or/and comparison of contact angle(s), the
substrate. Indeed, the roughness of the surface of the
substrate will have an influence on the contact angle.
An increase of the subtract roughness will increase the
contact angle as shown in Figure 4 [22]. The standard
sample is a small bar or cylinder of a few mm® but
sample can be bigger. The ideal sample have straight and
net edges, sharp angles, a base completely touching the
substrate and should forms a 90° angle with the substrate.
The samples can be prepared in two ways. They can be

Figure 4. Schema of the effect of substrate porosity on the
measure contact angle.

cut using precision cutting tools for metal, otherwise
samples have to be grind to a thin powder which is mixed
with a small amount of liquid with or without binder, the
paste obtained is then pressed in a mold of the desired
shapes.

On the other hand, the substrates are prepared either
by cutting a small piece out of a refractory or by pre-
paring the substrates directly at the good dimension by
split casting or pressing and firing. To achieve a smooth
surface, the top face of the substrate can be grind and the
roughness of the sample can be determined before the
experiment [15, 21].

After preparation, the sample is put on the substrate,
the ensemble is placed on the sample holder and is either
inserted in the cold furnace and heated to the selected
temperature at the selected heating rate, either inserted
directly in the furnace at the selected temperature [18,
28]. The sample can be kept in the furnace during a dwell
[24]. It can be cooled down with a controlled rate or not.
The atmosphere can also be controlled by injecting the
desired gas in the furnace.

During the heating cycle, the sample is recorded
using a camera link to a computer and the information
are extracted using an image analysis software either
manually or automatically as programs have been
developed to automatically treat the sample’s images
[12]. An example of sample evolution during heating is
presented in Figure 5.

An example of the use of the hot stage microscope
for the sessile drop test is the study of the wetting of
coated alumina filter for the removal of inclusions by
W. Yan et al. [21]. Different substrates consisting in
heat treated pellets of pressed alumina powder coated
with slurry containing various amount of carbon were
prepared. Their roughness was measure after the heat
treatment. A commercial steel, in the formed of cylinders
of 10 mm in height and 10 mm in diameter, is used as the
wetting medium for the experiment. During testing, the
samples are heated at 10 K-min™ up to 1500 °C, 1510 °C
or 1520 °C under argon atmosphere. At the selected
temperature the sample are kept for 30 min and pictures
are taken at regular time intervals 5 min. The contact
angles were then obtained from the picture, with a 1.5°
error, by image analysis using ImageJ software. The
authors determined that the roughness of the substrate
had a bigger effect on the contact angle than the carbon
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a) 100 - 1200 °C

b) 1330 °C

c) 1390 °C

d) 1430 °C e) 1480 °C

Figure 5. Evolution of the contact angle of a slag on an alumina substrate.

content of the coating. The contact angle evolves du-
ring the dwell time due to reaction and some special
type of carbon (Nano-tube and Nano-sheets) favors its
stabilizations by enabling reactions to take place at lower
temperature.

Hot stage microscopy can provide a preliminary
assessment of the corrosion resistance of the tested
materials as well as information on contact angle and
surface energy which cannot be obtained with the others
testing methods. However, it has limitations because in
the case of contact angle evolution, the slag is rapidly
saturated by the dissolved refractory material, whereas in
the real situation fresh slag constantly arrives and comes
into contact with the refractories, the determination of
the contact can be difficult and different values of angle
can be found in literature for the same material, external
conditions have a strong impact on the angle values.

Based on the principal of hot stage microscopy, im-
proved tests have been developed such as the constrain
sessile drop test [29], where the substrate imposed the
size of the drop. This will change the angle between the
liquid and the substrate and facilitates the measurement
of the contact angle leading to lower error for the values.
Another development is the sessile drop test where
a drop of liquid is dropped on the substrate when the
dwell temperature has been reached [28]. This test pre-
vents solid state reactions between the substrate and
the corrosive media before its melting. It might be of
interest for the study of the evolution of contact angle
according to the change of the liquid composition due to
the dissolution of the substrate into the corrosive media.

Crucible test

The crucible test, also called cup test, is realized
in hollow refractory samples as shown in Figure 6.
They can be made by coring out refractory bricks or by

Corrosion
test D
Corrosive _» H, -
medium D, — Y
=
Refractory g—"

Figure 6. Schematic of crucible test; D, is the dissolved brick
thickness, D; the infiltration depth and H,, is the remaining slag
level.

shaping castables directly into a hollow cylinder shape.
The tests can be performed either after drying or after
heat treatment when using castable. The standard sample
is a cylinder of 100 mm in outer diameter and 76 mm
in total height cored out by a hole of 55 mm in inner
diameter and a 55 mm in depth [11] but other sizes [30]
and shapes [31] can also be used if attention is paid to
the thickness of the walls and the bottom to avoid their
complete infiltration.

For testing, the crucible is filled by the corrosive
medium (slag, steel, steel topped by slag [32]) usually up
to the middle of the hole. The crucible is heated up to the
selected temperature for several hours. After the dwell,
the samples can be quenched [32] or let to cool down
naturally. The atmosphere can be controlled [30, 32]. At
the end of the test, the crucible can be filled with resin
to protect it and cut vertically. The two parts are studied
to estimate the extent of degradation; a qualitative
description of the general state of the sample can be done
on the basis of visual inspection [11] (this classification
is also applicable for all the following tests):

U: unaffected; for samples with no visible degradation,
LA: lightly attacked; for samples with minor attack,

A: attacked; samples with clearly visible degradation,
C: corroded; for completely corroded samples.

The formation of new phases can also be studied
by sampling different areas of the crucible (cup) and
analyze them by X-ray diffraction and SEM/EDS.
Additionally, various parameters — such as dissolution
or infiltration depth, mass loss, oxidation thickness — can
be measured according to one variable — such as amount
of a specific oxide in the slag, time, temperature — as
shown in Figure 7 to determinate the impact this variable
has on corrosion and/or compare the performance of the
refractories. (This kind of comparison can be done for
most of the tests presented below).

Examples of crucible tests can be found in the
study by Benavidez et al. [33] on MgO-C brick corro-
sion, where the performance of different bricks against
corrosion and oxidation was compared. For this purpose,
the authors prepared cups of 50 mm in edge length and
70 mm in height. In the middle of the sample, they drilled
a hole of 20 mm in diameter and 30 mm in depth. Then
they added 4 g of a high basicity slag (basicity = 6.7) in
each crucible hole, corresponding to approximately half
of the hole height. After a firing for 2 hours in oxidizing
atmosphere at 1650 °C the crucibles were filled with resin
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to avoid further damage and cut in half. The resistance
of the refractory brick materials to oxidation was compa-
red by measuring the thickness of the decarburized
layer (average of 50 measurements taken along the
wall of the crucible). Furthermore, optical and scanning
electron microscopy were used to compare the materials’
resistance to slag attack. The authors showed that the
degradation of these refractory bricks was due to the
infiltration of slag between the magnesia aggregates, the
low dissolution of the aggregates and that the dissolution
of the higher quality magnesia was slower than this of
the lower quality magnesia.

>
»

—#— Refractory 1
—@— Refractory 2

Variable e.g. basicity

Parameter of interest e.g. corrosion depth

v

Figure 7. Example of evolution of corrosion depth with slag
basicity for two refractories.

In the case of castables, the material can be cast
directly in the crucible shape as in Luz et al. [34]. These
authors investigated different compositions of alumina-
spinel castable. They cast samples of 100 mm in outer
diameter, 100 mm in total height and a hole of 50 mm
in diameter and 50 mm in depth. Before the corrosion
test, the samples were cured, dried, calcined at 800 °C
for 8h and heat treated at 1500 °C for 8 h. After this,
the samples were filled with 150 g of slag and corroded
in oxidizing atmosphere for 2 h at 1500 °C. After
corrosion, the crucibles were cut in two halves and the
wear and infiltration index was determined by the image
analysis software /mageJ. The two indexes were defined
as follows: the first index is obtained by dividing the
distance between the initial internal surface and the one
after corrosion (D,) by the overall wall thickness. The
second one is the relative infiltrated area of the sample
cross section, i.e. original and infiltrated areas of the
sample cross section were measured and divided by each
other to obtain the infiltration percentage. After polishing
of the cross sections, phases were identified using SEM-
EDS. Additionally, thermodynamic simulations were
realized using the software Factsage. The composition
of the saturated slag after, corrosion obtained with XRD,
served as an input for the software. They found out that

changing the binder of the castable could improve its
performance and they were able to predict the relative
performance of the castables using thermodynamic
simulations.

This test is often used because it is easy to perform,
and several crucibles can be fired at the same time
[30-36]. However, its use is limited because the slag
quickly reaches saturation and is not stirred. Moreover,
there is no thermal gradient inside the samples which
generates a higher corrosion compare to the working
conditions. Indeed, in working condition, the temperature
decreases from the hot face to the cold face, consequently
the viscosity of the liquid increases with the depth of
infiltration which hinders the infiltration of the liquid

Finger test

The finger test, more precisely the static finger
test, can also be called immersion or dipping test. It
consists in immerging one or more cylinders (rods)
[37] or prismatic refractory bars into a corrosive liquid
(slag, steel, steel topped with slag [38]). The amount
of liquid used for the experiment are depending on the
experimenter but large amount of liquid compare to the
sample size or liquid renewal during the experiment will
help avoid the saturation of the corrosive liquid. The
standard size of the samples is 10 to 30 mm in diameter
(or cross-section edge length) and 50 to 120 mm in
length [11] but samples with other dimensions are also
use. A typical experimental device can be seen in Figure
8a and the typical evolution of sample shape during this
test is indicated in Figure 8b.
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Figure 8. Experimental settings that can be used for the finger
test with control atmosphere (a), sample evolution during the
finger test (b); D, corresponds to the original sample dimension
in the transverse direction, D,, to the dimension of the thinnest
part (corrosion neck) and D, to the characteristic dimension of
the corroded rod or bar in the transverse direction sufficiently
far off the corrosion neck.
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To perform the experiments, the corrosive medium
is heated up in a top loaded furnace to the selected tem-
perature. The rods or bars are usually maintained above
the crucible to heat them up before the dipping to avoid
thermal shock [23, 39] then, they are dipped (by 30
to 70 % of their length) into the molten liquid during
a given amount of time. If the furnace is in a closed
chamber the atmosphere can be controlled. When several
samples are corroded at the same time, attention must
be paid to avoid interactions between the samples which
can be due to the change of composition of the corrosive
liquid coming from the samples’ dissolution.

After testing, the extent of degradation can be
estimated by measuring the mass loss or thickness loss
of the sample at the slag-air interface (D,) where the
degradation is the highest due to the Marangoni effect
and at mid-height of the bottom part of the sample
(D.). These measurements can be used to compare the
performance of corroded samples. They can also be used
to obtain a rough approximation of the average corrosion
rate (note that the corrosion rate is not uniform; it is
faster at the beginning of the experiment — no diffusion
layer has built up at the refractory surface and the slag
is not saturated — and decreases progressively during the
test). The infiltration depth can be measured in addition
to the thickness loss when the sample is cut vertically.
By sampling the rod or bar, it is possible to obtain the
composition, phases and morphology of the different
areas (interface and infiltrated zone) using XRD and
SEM with EDS.

The finger test has several advantages: it is relatively
easy to realize and in some cases several samples can be
tested at the same time. The temperature and atmosphere,
in an enclosed chamber, are controlled. The samples are
inserted in molten slag or steel, which prevents solid
state reaction before the corrosion, on the contrary of
the hot stage microscope and the cup test. However, the
finger test needs more slag or other corrosive medium
than the hot stage microscope and the cup test. When
the quantity of slag is not large enough, the slag will
be saturated. The absence of a thermal gradient inside
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Figure 9. Schematic of a rotating finger test.

the sample leads to a higher corrosion. Furthermore, the
corrosive media is not stirred which is not representative
of the real situation. To improve this test, the rotating
finger test was developed and is nowadays more often
used than the static finger test.

Dynamic tests

Dynamic tests are corrosion tests for which the
corrosive liquid or the refractories are stirred. The expe-
rimental conditions are usually closer to the real indust-
rial operating conditions compared to static test, but the
experiments are more difficult to realize.

Rotating finger test

The rotating finger test is very similar to the static
finger test, but in order to be closer to the working con-
ditions, the rods are rotated inside the slag/steel with
a defined angular speed [10]. A typical device with
controlled atmosphere can be seen in Figure 9.

In case of the rotating finger test, a static diffusion
layer is not established, in this case, the corrosion rate
can be expressed using the following equation type (6)
[40]:

dr

—E=A0Ub (6)

where A, is a constant, U is the rotating cylinder
peripheral velocity, r is the rotating cylinder radius, ¢ is
the time and b is a constant. The term can be used to
calculate the mass transfer of the different species into
the corrosive liquid. In addition to the dissolution of the
refractory into the slag, erosion can take place: the matrix
or the grains can be torn off by the flow of the corrosive
liquid. All together the corrosion rate is higher with the
rotating finger test compared to the static finger test.
According to the literature, the static finger test is
less frequently used than the rotating finger test [37, 38,
41-44]. That is why only examples of the latter are given
here. Jansson et al. [40] studied the corrosion resistance
of three doloma-based refractories: doloma, doloma-C
and doloma-magnesia using three different alumina-rich
slags. 41 experiments were conducted using the rota-
ting finger test under argon atmosphere. For each test,
60 g of slag was melted in carbon crucibles and rod of
refractory of 13 mm in diameter were dipped when the
selected temperature was reached. For each experiment,
one parameter was modified: either the rotation speed
from 100 to 400 rpm, either the immersion time from
15 to 120 min, either temperature from 1500 to 1700 °C.
Some experiments were realized twice to verify the test
repeatability. After testing, the authors calculated the
thickness loss to determinate the average reaction rate.
It turned out that the changes of condition had more or
less impact on the different types of bricks. For example,
the doloma brick was more affected by the increase of
rotation speed than the two other types of bricks.
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Another example is the study realized by Jeon et
al. [45]. They investigated two high-spinel refractories
containing the same amount of spinel but made using
two different binders. Rods of 18.5 mm in diameter of
were immerged in 100 g of a high-MnO-content slag and
their resistance to corrosion was tested at 1550 °C with a
rotation speed of 150 rpm and different immersion times
(30, 60 and 120 min). After testing the authors compared
the thickness loss of the samples and investigated the
difference in phase composition using SEM and XRD.
They found out that due to the difference of binder,
the two refractories were different from the viewpoint
of porosity which led to a difference in behavior: one
sample suffered thickness loss and the other one had its
bottom part torn off, the first sample had a denser binding
phase while the second one was more porous. Hence, the
authors explained the difference in behavior by a deeper
slag infiltration in the second sample, which led to its
weakening and breaking under the flow of slag.

This test has similar advantages and disadvantages
to the static rotating finger test, the main difference being
the flow of the corrosive liquid.

Induction furnace test

The induction furnace test is a semi-static test. It
consists of heating steel [46], topped or not with slag
[47], by induction. For this test, refractories are shaped
to form a crucible with polygonal surface, as shown
in Figure 10a [10, 11]. The standard dimensions are
220 mm in width and 250 mm in height. It can be made
of bricks, castables [48] or bricks embedded in castables
[49]. Different compositions can be tested in the same
crucible to unsure the same corrosion condition, but in
such a case attention must be paid to the compatibility
between the refractories. The standard amount [11] of
material used for this test is 15 kg of steel and if slag
is added, 1 to 2 kg of slag — renewable to keep the slag
compositions constant [S0] — but these quantities can
vary [48, 49].

In order to perform this test, the crucible is installed
in an induction furnace as shown in Figure 10b, steel is

Refractory
Refractory

Induction coil J

a)

Figure 10. Induction furnace (here without controlled atmo-
sphere) (a) and Octagonal (8-faced) crucible made by different
refractories used in the induction furnace test (b).

introduced in the crucible and heated up by induction to
the selected temperature which can be controlled with a
thermocouple either inserted in the wall of the crucible
either immerged in the steel [51]. When the steel is
molten and the appropriate temperature is reached, slag
can be added on top on the steel. Often the slag cannot be
heated up by induction, its heating is achieved thanks to
the contact with hot steel. The corrosive liquid is left to
react with the refractories for the desired time. Due to the
heating mode, steel is naturally stirred — according to the
frequency used for the induction heating, the flow of the
molten steel is more or less strong. Furthermore, gases
can be blown above the surface of the liquid to reproduce
more closely the working atmosphere [51] or the
atmosphere can be controlled if the furnace is operated
in a closed chamber. At the end of experiment, the whole
experimental setup can be cooled down together or the
crucible can be emptied and cooled down empty [49] or
else a gas can be blown onto the surface to quench the
corrosive liquid [52].

After the test the extent of degradation is estimated
by visual inspection or by measuring thickness and
infiltration loss of the refractories as shown in Figure 11.
If bricks are corroded under the same conditions, it is
possible to compare the measurements to evaluate their
relative performance [11].

Refractory

Corrosion
test
Dd
\DW

Figure 11. Induction furnace corrosion test — sample evolution
with D, the greatest dissolution depth and D, the (average)
infiltration depth.

Many papers using this test can be found in the
literature. A practical example is given by Zou et al. [50]
who compared the resistance to corrosion of alumina-
magnesia castables using a CaO-SiO,—Al,O; synthetic
slag. Four different castables were tested. Their matrix
was identical but their aggregates were different: one
contained dense tabular corundum with small and large
pores, one contained light-weight corundum with only
large pores and the two others contained light-weight
corundum with only small pores. The four castables
were cast in rectangular molds of dimensions 25 x 25 x
x 125 mm on a vibrating table, then they were cured,
dried and finally, they were installed in a medium range
induction furnace (3500 Hz). 2.7 kg of steel were placed
inside the crucible and heated up to 1600 - 1625 °C.
When this temperature was reached, 70 g of slag was
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added on top of the steel. The experiment was carried
out for 40 min and at the end, the liquids were poured out
and the empty crucible was left to cool down naturally.
After the experiment the authors compared the four
corroded samples visually and they found out that the
samples with low porosity and light-weight aggregates
had the best resistance to corrosion.

This test has advantages, the temperature and the
atmosphere can be controlled. Due to the heating by
induction a thermal gradient is established: the internal
face of the brick is heated by the steel and the external face
of the brick is in a cold zone. Furthermore, this mode of
heating generates a stirring of the steel and consequently,
a stirring of the slag; this leads to the destruction of the
diffusion layer and so, to the increase of the corrosion
rate — this situation is closer to the working conditions.
Finally, the reproduction of the interface steel/slag
is interesting as it mimics the working conditions,
especially the Marangoni effect which provokes a local
increase of the wear of the brick. However, this test has
drawbacks: the slag can be saturated and the stirring of
the steel melt and the slag is by far not as strong as in real
steelmaking equipment.

Rotary slag test

The rotary slag test is a dynamic test where solid
slag and/or steel is introduced in a cylindrical chamber
and melted with a burner as shown in Figure 12a. The
cylindrical chamber is lined with refractory bricks to
create a chamber with 6 to 12 faces as shown in Figure
12b. This crucible can be made either by machining
samples either by casting samples directly in the
chamber. For castables, they can be tested in green state
or in the fired state. If different samples are tested at the
same time, attention should be paid to their compatibility
and comparable corrosion rates, otherwise the corrosion
of neighboring samples could be affected [10, 11].

To conduct this test, the chamber is rotated hori-
zontally at a low speed (from 2 to 6 rpm). Solid slag,
sometimes with steel [53], in the form of fine powder or
small pellets, is introduced into the cold chamber [54] or
into the chamber at the selected temperature [53, 55-57].
A burner, often fueled by propane and oxygen, is placed
inside the chamber to heat it. As the temperature inside
the chamber depends on the flow of fuel in the burner,
the temperature is measured at given intervals of time
with a pyrometer to help adjust the flow.

At regular intervals, the slag can be changed [56,
58, 59]: the chamber is tilted vertically to empty out
the slag then it is tilted back to the horizontal position
and fresh slag is introduced again. The contact time
for each batch, as well as the number of cycles, are
the experimenter’s choice. In some cases, between two
cycles a less aggressive slag can be introduced into the
chamber in order to “clean” the refractories and insure
that only fresh slag is present for the new cycle. The

behavior of the refractories under thermal shock can also
be tested by blowing cold gas into the furnace just after
emptying it and bringing it back to the horizontal position
[53-55]. After testing, the samples can be examined by
visual inspection, and the dissolution and infiltration of
the samples can be compared in relative terms if they are
tested together; the phases and the composition can be
analyzed using XRD and SEM-EDS.
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Figure 12. Rotating furnace (a) and crucible with 8 faces used
in the rotating furnace (b).

Paper using this tests are less numerous than for other
tests. In Ko’s [55] work, the corrosion of several alumina
castables containing spinels with different amounts of
MgO were studied using the rotary slag test with steel
and slag. The test consisted of 6 consecutive cycles with
addition of steel followed by addition of slag in the hot
chamber. For each cycle, the rotation speed was 2 rpm,
and steel and slag were hold at 1650 °C for 60 min. At
the end of each cycle, the chamber was emptied and new
steel and slag were added for the next cycle. After the
sixth cycles, the chamber was emptied and let to cool
down naturally, then the bricks were removed. The
authors compared the dissolution and infiltration of the
bricks by visual inspection. They defined the extent of
dissolution according to the parameter D (7):

thickness of sample before corrosion test — thickness of sample after corrosion test

(7

they calculated the infiltration in the same way by using
the thickness of the sample after the corrosion test and
the thickness of the reaction area zone. They found out
that the samples containing spinel with a high MgO
content had a higher resistance to corrosion. They also
stated that the dissolution of spinel and the precipitation
of MgO in the slag increased the viscosity of the slag and
hence, decreased the infiltration depth of the slag.

This rotary slag test has several advantages: the slag/
steel cannot reach saturation if it is refreshed regularly in
sufficiently short intervals, the slag/steel is stirred and
there is a thermal gradient inside the brick due to the
heating at center of the chamber. However, this test has

D=

thickness of sample before corrosion test
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also several disadvantages: the temperature is difficult to
control, the refractories can interact between themselves,
and the test reproducibility is low. Furthermore, it is not
easy to realize and requires big quantities of slag (at least
several hundred of grams).

Other tests can be and have been designed to
improve the existent or afore mentioned ones or to
study the test reproducibility under specific conditions,
but they are not described here, because they are not as
broadly used as the ones presented.

CONCLUSION

The main corrosion tests used in the steel industry
have been presented and critically reviewed in this paper.
They can be used either for a qualitative comparison of
the corrosion and infiltration of the samples with an
optical classification based on visual inspection (U, LA,
A, C) either for a quantitative analysis when composition
and phases are analyzed mainly by XRD and SEM-EDS.
Of course, according to the parameter of interest and the
equipment available, one or another test will be favored.
For example, the sessile drop test is the only suitable
method to study the interfacial tension, crucible or cup
tests can be used to study the impact of the change of
composition of the corrosive liquid or to quickly compare
the resistance of several materials using the same slag/
steel and the rotary slag tests can be used to reproduce
conditions closer to reality, but it is more complicated
to realize and it needs more corrosive liquid and more
refractory material (bricks).

In order to compare the different tests and as a han-
dy reference for the reader, Table 1 summarizes the ad-
vantages and disadvantages of each test.

Table 1. Corrosion tests parameters comparison.
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