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Abstract

High-temperature measurements of macroscopic deformation are of great interest for better understanding the
behaviour of materials used in high-temperature processes. However, such measurements are still challenging when
performed on very heterogeneous materials such as the bauxite-based material studied here. In this work, a high-
resolution camera is used in combination with a high-temperature furnace to monitor the change in size of a bauxite-
based sample. The technique is applied to measure the change in diameter induced by phase transformation of the
material and by the impregnation of molten oxides. The decrease in diameter owing to solid-liquid sintering has
been assessed to 5% and the formation of the expansive phases CaO-6(Al,03,Fe,03) and CaO-2(Al,03,Fe,05)
makes the diameter increase by 0.5 and 5 %, respectively. It is also possible to identify the temperatures at which the
transformations occur. The technique may be used to study the effect of corrosion on macroscopic deformation of

refractories.
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I. Introduction

Volume expansion induced by phase changes has been
studied for a long time in the field of ceramics and com-
posites! —8. Routinely used, thanks to their high accura-
cy, classic dilatometers allow the determination of the co-
efficient of thermal expansion, shrinkage induced by sin-
tering, glass transition, and chemical changes*?-10. Con-
tactless optical instruments have pushed the temperature
limit back and can therefore be used in the measurement
of melting samples!1-13. However, the sample size lim-
itation to a few millimetres makes it difficult to conduct
tests on heterogeneous material with a large representative
volume. For instance, some refractory materials are made
of aggregates measuring a few millimetres and a represen-
tative volume must have a characteristic dimension larg-
er than a few centimetres. Furthermore, high-temperature
transformation of raw materials is another case where the
aggregates may have a size of a few millimetres. The usual
apparatus is not appropriate for these materials.

De Bilbao et al. performed accurate 3D measurements
of the macroscopic deformation of SiC-based refractory
castables induced by slag corrosion and to relate the defor-
mation to the phase changes 1415, The measurements were
performed at room temperature before and after the cor-
rosion test. Merzouki et al. also performed accurate mea-
surements of the swelling of SiC-based refractory casta-
blesinduced by oxidation 16. The authors used a calliper to
measure the diameter of the sample every millimetre over
the height at high temperature at the beginning and at the
end of thedwell. However, neither method combined high
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spatial resolution with real-time in-sit# measurement.
The current work was aimed at determining, at high tem-
perature, the macroscopic change in the volume of a het-
erogeneous sample composed of aggregates measuring a
few millimetres in size induced by the sample’s own phase
changes or in contact with molten oxides and relating
the deformation to the phase transformations. To achieve
these objectives, in-situ optical measurement of deforma-
tion method was thought to be relevant. The technique is
based on the determination of the change in diameter of
a cylindrical sample over its height from post-processing
images. However, commercial optical devices, such as op-
tical dilatometers or hot stage microscopes, do not allow
for testing sample sizes exceeding few millimetres. Addi-
tionally, sample size and resolution decrease when the test
temperature increases. This motivated us to develop a spe-
cific device. A standard furnace has been equipped with a
wide quartz window that makes it possible to capture im-
ages with a high-resolution camera at high temperature.
The main merits of this device are first the possibility to
perform in-situ high-temperature measurements and sec-
ond the possibility to test larger samples than is possible
to test with commercial optical dilatometers. Macroscop-
ic deformations are evaluated by means of image process-
ing. X-ray diffraction and scanning electron microscopy
analyses were performed on the samples after the tests to
determine the phase changes. Our approach was applied
to samples made of coarse aggregates of bauxite. Two tests
were performed. The first one was carried out on the sam-
plealone to measure the deformation induced by the phase
changes of the sample itself. In the second test, pellets of
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oxides were placed on the top of the sample to study the
effect of reactive impregnation. Additionally, image pro-
cessing was performed on the area corresponding to the
molten oxides that had not yet impregnated the sample to
evaluate the impregnation rate.

II. Material and Methods

1. Materials

Bauxite is used as a raw mineral and as a raw refractory

material in many industries. At high temperature, baux-

ite-based mineral undergoes phase changes such as dehy-

dration of diaspore, decarbonation, and formation of cal-

cium-aluminates phases 17, which may induce significant

changes in volume. Bauxite-based raw materials are char-

acterized by:

® High heterogeneity owing to aggregates measuring a
few millimetres in size

® Phase changes at high temperature with formation of
liquid phase

e Large macroscopic deformation

These characteristics make it difficult or even impossible
to measure deformations at high temperature using classic
dilatometers or contactless optical instruments. Bauxite-
based materials are therefore a good example for the ap-
plication of the in-situ measurement method presented in
this paper.

Bauxite samples were composed of red bauxite ag-
gregates (& <4 mm) mixed with a mineral molten
phase (Table1). The molten phase was composed of
two lime-alumina phases, CaO-(Al,03,Fe;O3) and
2Ca0-(Al,03,Fe;03), and gehlenite 2Ca0-Al,O5-Si10,.
Cylindrical samples measuring 30 mmin heightand 28 mm
in diameter were shaped by means of uniaxial compaction
under a pressure of 16 MPa, and pre-fired at 500 °C.
The open porosity was measured with the Archimedes’
method using oil and ranged from 31 % to 35 %.

The molten oxides used for the second test were mixed
to be close to the molten phase of the sample. They were
mainly composed of Al,O3, CaO and Fe,Oj5 (Table1).
The mixture of oxides was compacted at room tempera-
ture to form pellets. The liquidus temperature, 1385 °C,
and the solidus temperature, 1140 °C, were determined by
means of differential scanning calorimetry (Setaram Ligne
96) with a heating rate of 5K/min in an argon flow of
20 mL/min.

Table 1: Chemical composition of bauxite material and
reactive molten oxide (+ 1 wt%)

A1203 F6203 CaO SIOZ T102

Bauxite 56 21 12 9 2

material

Molten 40 14 38 6 2
oxides

2. In-situ measurement device

The device for optical measurement of deformation is
composed of a high-temperature furnace (Thermocon-
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cept HTL04, 1750 °C) with a window (40 x 50 mm?) in-
tegrated in the door (Fig. 1). The high-resolution CCD
monochromatic camera (6579 x 4384 pixels), fitted with
an SP70-300 mm lens (TAMRON), is positioned 80 cm
from the furnace window. A UV-filter protects the cam-
era against thermal radiation. Owing to the design of the
door, the maximum sample size is 35 mm in width and
45 mm in height. This size is bigger than that of samples
tested with commercial devices, such as optical dilatome-
ters or hot stage microscopes (HSM), for which the sample
size cannot exceed a few millimetres. Moreover, the maxi-
mum temperature 1750 °C is higher than that of available
devices. The optical system was calibrated with a gauge
block of 30 mm for each test. The pixel size was evaluat-
ed at 12 £ 1 um, depending on the position of the sam-
ple and the optical adjustment. The uncertainty in diam-
eter measurement depends on the initial sample geometry,
L.e. size, cylindricity, waviness, roughness, and also on the
temperature. Measurements of the coefficient of thermal
expansion (CTE) of alumina-based samples showed that
our technique overestimated the CTE up to 60 % com-
pared with the results obtained with a classical horizon-
tal dilatometer (Netzsch DIL 402 PC). For the application
presented below, the diameter measurement uncertainty
was £0.05 mm for a diameter of 28 mm, i.e. £0.35 %. This
uncertainty was acceptable in respect of the observed de-
formations.

The cylindrical sample (h =35 mm, & =28 mm) was
placed on two alumina rods and walls made of alumina
slabs were placed around it to isolate the sample from
the direct radiation of the furnace resistances (Fig. 2). The
sample temperature was evaluated by means of a thermo-
couple placed right behind the sample.

Furnace
(1750 °C)

,HR Camera
4(6576x%x4384
pixels)

Fig. 1: Photo showing the in-situ measurement device.

For all experiments, the sample was heated up to 1450 °C
for4 hinair with a heating rate of 300 K/h. Animage of the
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sample was taken at room temperature before heating. The
reference intensity was calculated over a region of inter-
est delimited by a rectangle framing the sample. The refer-
ence intensity was used to adjust the exposure time of the
camera to keep the grey level gradient constant indepen-
dent of the heating radiation. Images were captured every
minute for a temperature lower than 1300 °C, and every 30
seconds above. Time and temperature were also recorded
for each image. Finally, a last image was also taken at room
temperature after the firing.

Alumina
shelter

Fig. 2: Photo showing the sample placed on cylindrical alumina
supports under an alumina shelter before firing.

After the experiment, the diameter of the sample was
evaluated for each image by means of image processing.
During the test, the rods supporting the sample expand
owing to the heating. The vertical position of the sample
is determined based on the edges of a vertical segment (red
vertical line on Fig. 3). The edge detection is based on the
grey level gradient. The vertical line is also used to measure
the sample height and to distribute uniformly a chosen
number of horizontal lines over the height of the sample.
The diameter is evaluated for each horizontal line from the
edge coordinates. It is then possible to calculate the mean
diameter and to compare it with that of the initial image
captured at room temperature. An equivalent profile can
be also derived from the relative change in diameter line
by line over the height.

3. Sample analyses

After the tests, the samples were cut along the main ax-
is and prepared for scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-EDX,
FEIESEM X1.40). The SEM-EDX analyses allowed map-
ping of phase contents over the height of the fired sam-
ple. The mapping was performed on a rectangular zone
of interest, 1.5 mm in width, centred on the analysed sur-
face to prevent edge effects. The zone was divided into a
grid pattern made of rectangles, 0.8 mm high. Additional-
ly, X-ray diffraction analyses (Bruker, D8 Advance) were
performed on fired samples at room temperature to deter-
mine the crystalline phases. Thermodynamic calculations,
performed with Factsage software 18 (FToxid database),
completed the SEM-EDX and XRD results to determine

the crystalline phases and liquid phase present at high tem-
perature.

Sample = Thermocouple
&: @28 mm

P & v - vos ST
| Y
.
- MEEIPTRR

il

Fig. 3: Photo showing the sample taken at 1450 °C. Image process-
ing consists of defining a vertical line using edge detection to assess
the sample height. Horizontal lines are then uniformly distributed
over the height. Each horizontal line gives an equivalent diameter
and all the lines make it possible to draw an equivalent profile.

III. Results and Discussion

1. Measurement of the macroscopic deformation of the
bauxite-based sample.

The first application of our method was aimed at measur-
ing the deformation induced by the mineral phase changes
of the bauxite-based sample itself. Apart from the first im-
age, the camera started to capture images from 600 °C be-
cause of the lack of brightness below this temperature.
Above 600 °C, sample radiation enhanced furnace radia-
tion to get the brightness and contrast required for post-
processing quality. Images captured while furnace resis-
tance heating elements were on offered the best contrast.
The diameter was determined on 20 horizontal lines and
the mean relative change in diameter was derived from the
initial mean diameter of the first image at room tempera-
ture. The measurement uncertainty of each edge coordi-
nate was about 4 pixels, yielding an uncertainty of the di-
ameter measurement of about 96 um for a sample mea-
suring 28 mm in diameter. This corresponded to a relative
change in diameter uncertainty of £0.35 %.

The evolution of the relative change in the diameter of the
sample during the firing is shown in Fig. 4. The green curve
(triangles oriented upwards) corresponds to Line 3 located
in the upper part of the sample while the blue one (triangles
oriented downwards) corresponds to Line 15 located in
the lower part. The red curve (diamonds) corresponds to
the average relative change in the diameter of the sample
(average of the 20 lines). The three curves can be split into
five stages:
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Fig. 4: Evolution of macroscopic deformation of the sample durmg f1r1ng Section a corresponds to thermal expansion, Section b decarbonation
of the material, Section c represents the shrinkage caused by reactive sintering, Section d corresponds to a reactive expansion, Section e represents
the expansion caused by liquid solidification, and Section f corresponds to thermal expansion.
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Fig. 5: Evolution of the change in diameter following the tempera-
ture from 600 °C to 800 °C. The thermal expansion coefficient was
evaluated to 9.2 + 1 x 10-6 K-1 with a coefficient of determination
of 0.992.

Stages a and b: Previous investigation on this bauxite-
based material showed that bauxite dehydrated at 500 °C
but no phase change occurred from this temperature up
to 800 °C 7. Considering the first image was taken from
600 °C, the mean relative change in diameter is therefore
duetolinear thermal expansion, and the coefficient of ther-
mal expansion between 600 and 800 °C was assessed to
9.2 x 10-6K-1 (Fig. 5), which is in good agreement with the
literature for bauxite 3. From 800 °C the slope of the curve
decreases slightly owing to decarbonation.

Stage ¢: From 1150 °C up to 1450 °C, the relative change
in diameter decreases drastically with a drop of roughly
5 %.Secondary phases melted and reacted with the bauxite
aggregates and the solid mineral binder, yielding a reactive
sintering prevailing over the thermal expansion.

Stage d: When the temperature reached 1450 °C the
shrinkage stopped and the sample started to swell es-

pecially within the first hour of the dwell. The swelling
can be explained by the precipitation of the major phase
Ca0:-6(Al,03,Fe,03) (80 wt%) observed in SEM-EDX
and XRD analyses. No significant variation of the chem-
ical composition was observed along the vertical axis,
revealing the expansive phase precipitated uniformly
within the sample in agreement with the rather uniform
sample shape. Thermodynamics calculations confirmed
that a liquid phase (20wt%) formed at high tempera-
ture. The change in diameter owing to the precipitation of
Ca0-6(Al,03,Fe;03) was about 0.5 %.

Stage e: At the end of the dwell, the diameter increases
during cooling down to 1250 °C owing to the solidifica-
tion of the liquid phase.

Stage f: The sample continued to cool freely and the di-
ameter decreases owing to thermal expansion.

It can be observed that the upper and lower lines (Fig. 4)
show a difference in diameter change from the beginning
of the swelling induced by the precipitation of hibonite.
This could be explained by the heterogeneity of the sample
composition.

2. Deformation of bauxite-based sample interacting
with molten oxides

In this test, three pellets of pre-mixed oxides, repre-
senting 3.5wt% of the sample weight, were put on the
top of the sample before its insertion into the furnace.
The test was performed in the same way as the previous
one and the sample geometry was analysed as previously.
Fig. 6 shows images of the sample with the pellets at four
different temperatures: 1180, 1330, 1380, and 1445 °C.
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1180 °C
(t =-40 min)

1330 °C
(t=-8 min)

Beginning of the
melting of the slag

Beginning of pellet
deformation

Fig. 6: Photos of the sample and pellets at different temperatures.

The pellets melted and wetted the sample from 1380 °C.
They had disappeared at 1445 °C just before the plateau.
Micrographs of the sample facilitated understanding
of the reactive impregnation occurring during the test
(Fig.7). The sample texture completely transformed in
the upper zone. Aggregates dissolved, pore size increased
significantly, and cracks formed. EDX analyses combined
with thermodynamics calculations indicate the precipi-
tation of CaO-2(Al,03,Fe,03) solid phase and a liquid
phaseat 1450 °C. The liquid phase composition was closed
to CAS, with alow quantity of Fe;O3 (8 £1 wt%). In the
lower zone, the texture and the microstructure of the
sample were similar to those of the sample tested alone.
Ca0:-6(Al,03,Fe,O3) and liquid phase were observed
as expected. The content of the liquid phase was high-
er than the content observed in the first test, even at the
bottom. A part of the liquid phase produced by the ox-
ide pellets wholly impregnated the sample. However, the
interactions between the molten oxides and the sample

Change in diameter (%) ——
. 0

1380 °C 1445 °C
(t=0 min) (t=12 min)
Liquidus temperature End of the impregnation
of the slag of the slag

in the upper zone differed from those in the lower zone.
The mixture of oxides was mainly composed of Al,O3
and CaO with a ratio very close to the eutectic point of
binary system and it is possible to draw an analogy with
this binary system. The liquid reacted with the alumina
aggregates according to a dissolution/precipitation pro-
cess, forming monomineral layers of calcium aluminates
around the alumina grains 19 (liquid/CaO-Al,0;/CaO
-2A1,03/Ca0-6A1,03/A1,03). For the system studied in
this work, the reactivity of the slag with its initial com-
position was high and the liquid diffusion prevailed on
the solid diffusion. The CaO-2(Al,03,Fe,O3) layer grew
instead of CaO-6(Al,03,Fe,O3). The slag enriched in alu-
mina remained liquid owing to the presence of silica, but
its reactivity decreased. It barely reacted with the materi-
al. The formation of the CaO-6(Al,03,Fe,O3) layer was
mainly due to the liquid phase formed from the matrix of
the sample itself as it was observed on the test without the
pellets.

Depth (mm)

2  C(AF), precipitation
i’
BSE 20 kV ———1 500 pm
' C(A,F)_ precipitation
‘ -

0 20 40 60

BSE 20 kV

———1 500 ym

Phase contents (wt.%) —0— C(A,F). —O— C(AF), —4— Slag

Fig. 7: Phase composition of the sample along the vertical axis after firing according to Factsage thermodynamic calculation from the MEB/
EDX mapping. In the upper zone, the slag impregnated the sample and reacted to form CaO-2(Al,03,Fe,O3)-aggregates dissolved and pore
size increased. In the lower zone, the microstructure looks like the one observed in the sample tested without the slag pellets. Enriched therefore
in alumina and remaining liquid, the slag continued to impregnate the sample but its reactivity decreased. It barely reacted with the aggregates.
The precipitation of CaO-6(Al,03,Fe;,O3) was mainly due to the liquid phase formed from the bauxite-based material itself.
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Fig. 8: Relative change in diameter. Comparison of change for sam-
ple without and with pellets.

The evolution of the average relative change in diame-
ter of the sample interacting with the molten oxides was
compared with that of a sample alone (Fig. 8). It can be
observed that the evolutions are similar. However, the in-
flexion between the shrinkage stage and the swelling oc-
curred earlier in presence of the pellets. The composition
of the oxide pellets was close to the that of the liquid
phase formed from the sample itself. The reactions with
the aggregates were similar. However, the diameter de-
crease during the shrinkage stage was lower in the pres-
ence of the pellets. It can therefore be assumed that the
change in diameter arising in the shrinkage stage results
from both reactive sintering and swelling induced by the

1381 °C
Dwell -15’°
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reaction. In the zone impregnated with the molten pel-
lets, the reaction with aggregates started prevailing over
the solid-liquid sintering earlier, mainly owing to the pre-
cipitation of the expansive phase CaO-2(Al,03,Fe,03).
Moreover, the drop of the relative change in diameter in-
creased during Stage d in comparison with the previous
test since the phase CaO-2(Al,03,Fe;,O3) is more expan-
sive than CaO-6(Al,03,Fe;,O3). According to calculation
from the volumetric lattice parameter of the involved ox-
ides CaO-6(Al,03,Fe,03), precipitation leads to amacro-
scopic expansion in volume of 3 % when precipitation
of CaO-2(Al,03,Fe;O3) expands the volume by about
24 %.

Moreover, the change in diameter along the vertical axis
of the sample was not uniform (Fig. 9). The equivalent pro-
file indicates the lower zone shrunk, like the entire sam-
ple in the test without the pellets. The slight difference
at the bottom can be explained by the difference between
the initial samples and the measurement uncertainties. On
the contrary, the upper zone swelled. The expansion in-
duced by the adding of molten oxides was more than two
times higher than the chemical expansion observed on the
sample tested alone. The lower zone shows a gradient of
change in diameter along the axis although the phase com-
position does not change. This gradient can be explained
by elastic deformation induced by the difference between
the upper zone made of the more expansive phase and the
bottom of the sample containing the less expansive phase.

1450 °C
Dwell 0’

1450 °C
Dwell 15’

1450 °C
Dwell 4h

10

—_
(&)
L

Depth (mm)
S

N
(8]
L

151
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Corrosion test
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corrosion test

-1 0 1 2 3

Relative change in diameter (%)

Fig. 9: Evolution of the relative change in diameter over the depth of the bauxite sample from the beginning of the impregnation and comparison
of the relative change in diameter over the depth of before and after the corrosion test (blue line and red line).
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Fig. 10: Photo showing molten oxide pellet at 1360 °C and 1380 °C. Image processing allows determination of the contact length L between
the molten oxide and the sample (red arrow), the molten slag area S (green area), and the contact angle 6 (blue arrow).

Note that liquid phase, present at high temperature, made
the bulk stiffness decrease and therefore facilitated the
macroscopic deformation. Finally, the change in diameter
of the top between the beginning and the end of the im-
pregnation of the molten pellets, i.e. between 1380 °C and
1450 °C, was 63 % of the total change. The diameter ex-
pansion rate was 1 mm/h during this period. The change
in diameter induced by the phase CaO-2(Al,03,Fe,O3)
can be assessed based on the difference of the change in
diameter at the top (+2 %) with that at the bottom which
is induced by the precipitation of CaO-6(Al,03,Fe,O3)
(-3 %). This gives about five points.

Finally, image processing was also performed on the pel-
lets with Image J toolkit to assess the area occupied by the
oxides on the image, the contact angle between the drop
and the sample, and the contact length (Fig. 10). The three
parameters are plotted from 1150 up to 1450 °C in Fig. 11.
From 1150 to 1380 °C, the contact length decreased very
slightly from the initial diameter of the pellets of around
13 mm. The area decreased in the same way indicating the
pellets shrunk slightly owing to the melting that started at
1140 °C in agreement with the solidus temperature. The
contact angle was constant at 90° until the pellets had melt-
ed sufficiently at about 1310 °C. From this temperature
up to 1330 °C, the area started to decrease more quick-
ly while the contact length started to increase. This indi-
cates that the pellets transformed into a very viscous drop
that did not wet the top surface of the sample since the
contact angle increased sharply up to 140°. The contact
angle decreased while remaining above 90° until the pel-
let melted quite completely right below 1380 °C. At the
same time the drop started to spread on the top surface
(contact length increase) and to densify (area decrease). At
1380 °C, the drop started to wet the sample and to im-
pregnate the porous material. The contactlength remained
constant while both area and contact angle decreased. The
slag area is the rest of slag that has not yet impregnated the
porous material. Since the temperature rate is constant up
to the dwell, the constant slope of the slag area indicates

that the molten oxides impregnated the sample with a con-
stant rate for 15 min and had completely impregnated it
when the temperature reached the dwell (1450 °C).
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Fig. 11: Characterization of the impregnation kinetics.

IV. Conclusions

Contactless measurements have been developed to study
the macroscopic deformation induced by phase transfor-
mations at high temperature. The device combines a high-
temperature furnace fitted with alarge window and a high-
resolution camera. It allowed measurement of the defor-
mation of a bauxite-based sample made of aggregates of
millimetric size. The tests performed on sample alone al-
lowed identification of the characteristic temperatures of
phase transformations based on determination of the av-
erage diameter. The results were in good agreement with
those obtained with other techniques. The thermal ex-
pansion coefficient of the material for temperature up to
800 °C; i.e. before the first phase transformation, which is
the decarbonation, has been evaluated to 9.2 x 10-6 K-1. At
1150 °C, when the liquid phase started to form, the liquid-
solid sintering led to a change in diameter of 6 %. The sin-
tering process effects vanished at 1450 °C when the expan-
sive phase CaO-6(Al,03,Fe,O3) precipitated and made
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the diameter increase by 0.5 %. Adding pellets of oxides
with a composition close to the molten phase enhanced the
precipitation of CaO-2(Al,03,Fe;O3), which led to the
diameter increase of 5 %. The profile of the sample was
related to the phase composition determined with SEM-
EDX analyses. Image processing also allowed monitoring
of the wettability of the molten oxides with the material
and to describe the reactive impregnation mechanism. This
technique highlighted the evolution of the physico-chem-
ical properties of the slag and the interactions between the
slag and the sample (wettability, time of impregnation) as
afunction of the temperature and the time.

In future, the in-situ optical measurement device will be
used to investigate the deformation of refractories corrod-
ed by a slag, flux or salts. The intensity and the kinetic of
the change in volume of impregnated refractory will be
measured at high temperature. This approach will com-
plete the kinetic of chemical corrosion investigations of re-
fractories under extreme conditions.
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