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EdB : What are the most important properties of refractory material to resist slag corrosion?

Chatounet : To resist slag corrosion, refractory materials should possess the following
properties:

1. Chemical stability: blablabla.
2. High melting point: blablabla.

3. High density: blablabla.
4. Low porosity: blablabla.

5. Resistance to thermal shock: blablabla.

6. Resistance to erosion: blablabla.
7. Appropriate chemical composition: blablabla.

Overall, selecting a refractory material with the appropriate properties to resist slag
corrosion is critical to ensure long-term performance and prevent costly maintenance 
and replacement.
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Exemples de corrosion

10 cm

Exemple de corrosion d’une tuile d’UVEOM*

* Audrey Tixier, GFC 2023, prix de la meilleure thèse

Exemple de corrosion d’une dalle d’impact‡

‡ de Bilbao et al., MRT 2015
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Imprégnation réactive

E. De Bilbao et al.: Metall. Res. Technol. 112, 607 (2015)

Fig. 1. SEM micrograph of a Al2O3-MgO castable corroded by a Al2O3-CaO slag.
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Fig. 2. Microstructure of corroded andalusite refractory by Al2O3-CaO slag.

the liquid. The slag penetration depth can
be modelled, after Poiseulle’s law and con-
sidering interfacial energies [5] as following:

l2 =
r cosθ

2
γ
η

t (1)

where l is the slag penetration depth, r is
the open pore radius, θ is the contact an-
gle, η is the slag viscosity, γ is the slag sur-
face tension, and t is time. The transport

mechanisms is hence taken into account by
the refractory material properties and the
molten slag properties, especially the vis-
cosity, which depends on the temperature,
considering the temperature gradient across
the refractory lining. The viscosity also de-
pends on the composition of the slag and ac-
counts for the dissolution mechanism indi-
rectly because ionic diffusivity in the slag is
inversely proportional to viscosity following
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Problématique de la corrosion

Ø Quel est l’objectif de l’étude ?
Ø Si OJECTIF = COMPRENDRE le mécanisme de corrosion :

v Analyses post-mortem

v Essais éventuels en laboratoires

v Calculs thermodynamiques pour les équilibres locaux

v Analyse de la composition des produits de corrosion par fluorescence X

v Analyse de la minéralogie par diffraction des rayons X

v Analyse de la microstructure par microscopie électronique à balayage

Ø Si OBJECTIF = MODÉLISER pour PRÉDIRE
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Pourquoi et quand faire toutes ces mesures ?
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Al2O3 versus CA6 – Une contradiction ?

Si on considère :

• 1 g de Al2O3 ou CA6
• Laitier :

• 50 %m CaO

• 50 %m Al2O3 

• T = 1500 °C

Quelle quantité de laitier pour 

dissoudre complètement ?

mL = (XAl2O3/R - SL) / (SL – 0.50)

Réfractaire (R) : Al2O3 CA6

Quantité de laitier XS pour 

une dissolution complète
9 g 7.4 g

Al2O3

C
A
2

C
A C
A
6

C
3
A(s) + CA(s)

CA(s) + CA2

CA2 + CA6

A(s4) + CA6

Slag + CA2

Slag + CA6

Slag + A(s4)

Slag

Slag + C
3
A(s) Slag + CA(s)

Slag + C(s)

C
3
A(s) + C(s)

0.45 0.55

Al2O3 - CaO 08/04/2011

mass Al2O3/(Al2O3+CaO)

T 
(°

C
)

0 0.2 0.4 0.6 0.8 1
1000

1200

1400

1600

1800

2000

2200

CaO
0.92

1500 °C

SL=0.55



Première approche – La réactivité et la solubilité

03/05/2023 Emmanuel de Bilbao 7

Composition du laitier pour les essais de corrosion

Al2O3 versus CA6 – Une contradiction ?

Ceramics 2020, 3 224

variation occurs during the reaction. However, the chemical resistance against liquid slag at higher
temperatures was hardly tackled [3,4], despite the relevance for incineration and gasification processes,
wherein the remaining mineral contents of fuels tend to melt locally and dissolve the refractory
components at the lining interface. Beyond the high resistance to alkali bursting, the possible
advantages of calcium hexa-aluminate must be defined regarding its stability to molten oxides, in order
to consider this refractory phase as an alternative to alumina in refractory products designed for new
energy applications. The corrosion behavior of calcium hexa-aluminate and alumina matrix against the
main oxides of biomass composition (CaO, SiO2 and K2O) must be better understood for the design
of incinerators linings. This work emphasizes the microstructural features of two types of matrix,
alumina and calcium hexa-aluminate-based ones, and their influences on the corrosion behavior.

2. Materials and Methods

2.1. Refractory Materials

Two types of matrix from refractory castables with comparable microstructures and di↵erent
mineral compositions were targeted. This allowed us to isolate the e↵ect of calcium hexa-aluminate as a
refractory component regarding its potential to replace alpha alumina for specific biomass applications.
The alumina and calcium hexa-aluminate matrices were formulated with the same grain size and
comparable open porosity, but di↵erent chemistry and bonding.

To obtain two di↵erent chemistries for the matrix, two di↵erent binding systems were used.
The binding of the calcium hexa-aluminate matrix was provided by calcium aluminate cement and
reactive alumina in order to react with CA6 during the sintering, and the weight ratios were adjusted
to obtain the stoichiometry of the targeted phase. The alumina matrix was bonded with boehmite
gel which irreversibly transforms into ↵-alumina during sintering. The alumina gel was prepared
from a commercial boehmite powder (AlO(OH)) containing acetate. After dissolving the powder in
80–85 �C hot water, the dispersion was stabilized through the addition of nitric acid and vaporized
to a specific amount. The formulations of the matrices were developed through the optimization of
the Andreasen packing coe�cient and of the rheological behavior. Then, the proportion of the water
was adjusted to obtain the required rheology to cast the samples, but also to obtain comparable open
porosity after sintering (Table 1). The raw materials for the castable samples were provided by FIRE
C2 partners: the reactive alumina was supplied by Alteo; the tabular alumina and calcium aluminate
cement by Imerys; and the calcium hexa-aluminate raw material by Almatis. The dispersant used for
the deflocculation was supplied by BASF.

Table 1. Formulations of the matrix samples: (a) gel bonded matrix A; (b) cement-bonded matrix CA6.

a)

Matrix A [wt.%]

Tabular alumina 0-0.045 mm 30.0

Reactive alumina PFR 27.5

Tabular alumina 0-0.5 mm 41.0

Boehmite gel 14.0

b)

Matrix CA6 [wt.%]

Reactive alumina PFR 20.0

Tabular alumina 0-0.045 mm 25.0

Sintered calcium
hexaaluminate 0-0.5 mm 40.0

CA cement Secar71 15.0

Dispersant FS65 0.15

Water 11.0

Ceramics 2020, 3 227

X_a = 1 � DOC (2)

To further reduce the uncertainty of the amorphous quantification, the liquid amount yield by the
reaction is determined by subtracting the amorphous content calculated for the uncorroded sample.

Liq = D(X_a) = X_a (Corroded) � X_a (Uncorroded) (3)

This method was used to quantify the liquid formed in matrix samples of CA6 with di↵erent
open porosities after 2 h and after 24 h. Both Rietveld and DOC quantifications enable the calculation
of the CA6 content remaining in the matrix sample. The decrease of the CA6 content was used to
estimate the dissolution progress. The extent of dissolution was calculated based on the decrease of
CA6 content according to reaction duration. The values are expressed in an arbitrary unit of calcium
hexa-aluminate loss per hour (%/h), while considering that the samples all have the same contact area
as the slag; namely, 5 ⇥ 25 mm2.

3. Results

3.1. Characterization of the Porosity

For the resistance against slag infiltration, some microstructural properties of the matrix are
relevant, such as the open porosity, the pore sizes and the permeability to gas. The rheology of matrix
CA6 requires lower amounts of water during the mixing of the raw materials. However, the resulting
open porosity is slightly higher than for matrix A. This might be due to the poorer tendency for
densification of calcium hexa-aluminate reported in the literature, leading to higher open porosity
compared to alumina [5]. Although comparable amounts of open porosity were achieved for both
matrices, the porous network seems to exhibit di↵erent features. The use of a colloidal binder led to a
greater average pore diameter of 3.0 µm, while the deflocculated cement binding resulted in a lower
average pore diameter of 1.0 µm (Figure 2).
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Figure 2. Pore size distribution after sintering at 1700 �C/6 h.

The permeability to liquid was determined by a multi-point measurement of gas permeability to
determine the intrinsic permeability. The exploitation of the results is based on Dranchuk interpretation
reported in [6] and its application to refractory products is described in [7,8].

The alumina matrix exhibits a permeable microstructure with an intrinsic permeability of 22.7 mD
against 4.9 mD for the calcium hexa-aluminate matrix (Figure 3). The permeability value represents
the interconnected open porosity and is a relevant parameter for the resistance to infiltration.

Composition pour les 2 réfractaires Porosité des deux réfractaires :

Oxides: SiO2 CaO K2O

Weight ratio 2 2 1

• Composition différent du laitier Al2O3-CaO

Mais présence de :

• CaO qui réagit avec le réfractaire Al2O3 ou CA6
• SiO2 qui réagit et ralentit la réaction

• K2O qui réagit éventuellement avec le réfractaireLoison et al., Ceramics, 2020
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Résultat corrosion Réfractaire Al2O3 Résultat corrosion Réfractaire CA6

Al2O3 versus CA6 – Une contradiction ?
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3.2. Resistance to Structural Spalling

After reacting at 1400 �C with CSK slag for 24 h, the matrix samples revealed strong di↵erences in
their geometries (Figures 4 and 5). The samples were kept massive for space-resolved XRD using an
XYZ table as the sample holder.Ceramics 2020, 3 FOR PEER REVIEW  7 
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Figure 4. Space-resolved XRD of matrix A after 24 h in contact with CSK slag at 1400 �C and quenching
in water.

At the surface of the alumina matrix, which was covered with slag, alumina (A) was present with
high amounts of calcium hexa-aluminate (CA6), potassium �-alumina (�A) and amorphous phase.
The measurement performed at 5 mm from the interface shows an attenuated presence of the reaction
products. The gradient in the mineralogical composition between the interface and the core of the
sample is strongly marked. The di↵erence of volume between the reaction products and the alumina
leads to the curved shape of the sample after cooling and the cracking observed in Figure 4.
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Figure 5. Space-resolved XRD of matrix CA6 after 24 h in contact with CSK slag at 1400 �C and
quenching in water.

While the alumina sample shows a strong deformation after corrosion (Figure 4), the calcium
hexa-aluminate matrix remains dimensionally stable (Figure 5). The XRD measurements show the
main phase to be calcium hexa-aluminate, and traces of Gehlenite (C2AS) and Grossite (CA2) show the
low reactivity of the calcium hexa-aluminate matrix. The silica-containing phase was only present at
the interface. Since the extent of reaction at the interface is low, only a slight di↵erence was observed
in the XRD measurements of the surface and of the core of the sample. At a distance of 5 mm from
the interface, calcium hexa-aluminate was present with traces of calcium di-aluminate. The density
variations were measured on the ground samples with helium pycnometer (Table 2).

Table 2. Density measurements of the matrix samples.

[g/cm
3
] Before Corrosion with CSK 1400

�
C/24h After Corrosion with CSK 1400

�
C/24h

Matrix A 4.0 3.4

Matrix CA6 3.7 3.4

The starting density for matrix A was higher, with a value of 4.0 g·cm�3, than for matrix CA6,
with a value of 3.7 g·cm�3, in agreement with the theoretical densities. After corrosion, both matrix
samples exhibited the same density of 3.4 g·cm�3. The density measured after corrosion is the sum of
all the single contributions of the di↵erent phases coexisting in the sample. The reaction with CSK slag
generates low density products, which require a greater volume than the original phase. The density
gradient was lower in the case of the matrix CA6, and the reaction products could expand in the open
porosity without macroscopic volume expansion.

The observations after corrosion with the model slag are compared with the resulting sample
geometry after corrosion with wood ash (Figure 6)
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After corrosion with wood ash, the calcium hexa-aluminate sample showed a low expansion of 
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3.3. Influence of the Porosity 

Figure 6. Matrix samples after corrosion with wood ash at 1550 �C: (a) matrix A after 2 h; (b) matrix A
after 24 h; (c) matrix CA6 after 24 h

• Des limites de solubilités très proches

• Des porosités assez proches

• Une imprégnation dans Al2O3 >> CA6

• Des perméabilités très différentes

Al2O3 CA6

K (milliDarcys) 22.7 4.9



Première approche – La réactivité et la solubilité

03/05/2023 Emmanuel de Bilbao 9

v Dans la cas de la dissolution, la solubilité est importante mais elle n’explique pas toute seule la 
résistance à la corrosion

v Quelles sont les autres propriétés importantes ?

Les propriétés de transport qui gouvernent l’imprégnation

• Diffusivité (réactivité)
• Viscosité

• Porosité
• Distribution des tailles de pore
• Perméabilité

• Mouillabilité et la succion capillaire

Laitier Réfractaire
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Mesure de la perméabilité

de Bilbao et al., Ceramics International, 2018 
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Porosité et perméabilité

Infiltration
1.5 mm 

Limited infiltration
0.5 mm. No cracks

BA ZM

Sample BA ZM

Shape Cylindrical D35×H50

Open porosity 11.4 % 10.6 %

Sample Permeability
K∞ (mD)

Inertial factor
k2 (nm)

Slippage factor
b (kPa)

BA 132 4.77 30.1

ZM 23 9.80×10-2 11.2

BA
ZM
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Succion capillaire

Liquid saturation
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EdB : And what are the most important slag properties involved in corrosion of refractory materials?

Chatounet : Slag is a byproduct of certain industrial processes, and it can be highly corrosive to 
refractory materials. The most important slag properties that can affect the corrosion of 
refractory materials include:

1.Basicity: blablabla The more basic the slag, the more corrosive it can be to acidic refractory
materials.

2.Viscosity: blablabla Slag with high viscosity may be less corrosive than slag with low viscosity
because it is less likely to penetrate the refractory material.

3.Melting point: blablabla.

4.Composition: blablabla

5.Thermal expansion: The thermal expansion coefficient of the slag can affect blablabla

6.Redox potential: blablabla
blablabla



Deuxième approche – Le transport réactif

Ø Dispositif : Creuset, plongeur
v Limitation en température

Ø Contact entre le laitier et le dispositif
v Risque de réaction

v Limitation en composition
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La mesure de la viscosité
The measurement of viscosity of alloys

sensor wires

known volume of liquid

capillary tube

catch pot

3 zone furnace

water cooled sealed end piece

alumina seal

cone to stop surface 
tension effects

Figure 1. Diagram of a capillary viscometer.

where the values of Cl and C2 are easily evaluated using
viscosity standard reference samples, but are constants equal
to

C1 = πr4gh

8V (l + nr)
, C2 = mV

8π(l + nr)
. (3)

In determining the viscosities of metallic liquids by the
capillary method, an especially fine and long-bore tube (in
general, r < 0.15–0.2 mm, l > 70–80 mm) is needed so as to
satisfy the condition of a low Reynolds number for ensuring
laminar flow. This in turn requires a furnace with a similarly
long and uniform hot zone. Blockage of the capillary by
bubbles or oxide inclusions is a common problem, particularly
with aluminium alloys, and due to materials problems a
temperature limit of about 1200 ◦C is often imposed, but metals
such bismuth have been successfully measured [1].

1.2. Oscillating vessel viscometer

Most measurements of the viscosity of metals use some form of
oscillating vessel viscometer. A liquid contained in a vessel,
normally a cylinder, is set in motion about a vertical axis
and the motion is damped by frictional energy absorption and
dissipation within the liquid. The viscosity is determined
from the decrement and time period of the motion. The
main advantages of the method are that the time period and
decrement are easily measured and the amount of liquid is
relatively small, which allows stable temperature profiles to
be attained. One of the major difficulties is relating the
measured parameters to the viscosity through the second-order
differential equation for the motion of an oscillating system
and there are a number of mathematical treatments appearing
to yield different results [2–6] with the same experimental
data. Since this is the most commonly used method it will be
discussed in more detail below.

Figure 2 shows the experimental arrangement for an
oscillating vessel viscometer and details of this particular
design are given in [7]. The sample is contained within an

Oscillation
Initiator

Coupling

Temperature
Controlled

Jacket
(30°C)

Torsion Wire
Supsension

Mirror

Window

Water Cooled
Section (Cold)

Suspension Rod

Alumina Enclosure

Furnace

Container

Laser Beam

Diode Array

Positional
Adjuster

Positional
Adjuster

Gas Inlet
(O  free)2

Gas Inlet
(O  free)2

Thermocouple

Figure 2. Diagram of the NPL oscillating viscometer.

alumina crucible (105 mm long by 14 mm internal diameter),
which is screwed into a molybdenum lid and suspension rod
and suspended on a torsion wire. A rotary solenoid is used to
impart oscillatory motion to the crucible, and an optical pointer
with a diode array is used to measure the time constant and
decrement of the system. The sample is heated by a two-zone
furnace. These authors claim an uncertainty of measurement
of ±9% within a 95% confidence limit. A major contribution
to the uncertainty is the extrapolation of the dimensions of the
crucible and the height of liquid at high temperatures.

For a right circular cylinder that is infinitely long
containing a fluid the equation of motion of the damped
cylinder is

I0(d2θ/dt2) + L(dθ/dt) + f θ = 0. (4)

I0 is the moment of inertia of empty cup and suspension,
t is the time, f the force constant of the torsion wire, θ is
the angle of displacement of any small segment of the fluid

355

The measurement of viscosity of alloys

computer

thermocouple

furnace

balance

platinum sphere

platinum crucible

alumina tube

alumina cap

platinum suspension wire

Viscous Resistance = 3π η DV(1+3/16Re)
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Figure 4. Diagram of a counterbalanced sphere viscometer.

be important, and that if the metal does not wet the crucible
it may slip during the oscillation and thus provide greater
damping. The aspect ratio of the sample may be important in
both these assessments, and further work is required to justify
modification of the (Roscoe) equation.

1.3. Falling body or counterbalanced sphere viscometer

In this method a body (normally a sphere) is either allowed
to drop due to gravity or dragged upwards through the liquid.
This can be achieved with the apparatus shown in figure 4.
The viscosity is calculated using Stokes’ law:

η =
2gr2(ρk − ρliq)

9S
(10)

where g is the gravitational constant, r is the radius of the
sphere, ρk and ρliq are the density of the sphere and the liquid
respectively and S is the velocity of descent or ascent of the
sphere. It is normal to correct for the expansion of the ball [15]
and the diameter of the ball should be less than 1/10 of the
diameter of the crucible [16]. This is not an absolute method
requiring an apparatus constant to be derived from calibration
curves with liquids of known viscosity. The method was
successfully demonstrated by Endell et al [17, 18] for slag
and glasses by the time taken to pull a ball from a melt at a
constant measured force.

Hara et al [19] used the counterbalance sphere of Pt–
20% Rh to determine the viscosity of an oxide system in air,
but for melts with a low viscosity (Reynolds number Re <

0.1) Stokes’ law does not hold and a modified equation must
be used [19]. Although the counterbalanced sphere reduces
the experimental difficulties associated with the falling body
method in a dense, opaque liquid metal, the authors have found
no reference on its use for metals.

1.4. Oscillating plate method

This method [20–22], shown in figure 5, relies on vibrating
a flat plate in a liquid with a constant driving force. The
amplitude of motion will be dependent on the viscosity of the
liquid. The amplitude of the plate oscillations is measured in
air and in the liquid and the following relationships have been

power amplifier
sine wave 
generator

voltmeter

computer

oscillating plate

oscillator

leaf spring

target

laser 
displacement 
transducer

Figure 5. Diagram of an oscillating plate viscometer.

derived [23, 24]:

ρη = RM
2

πf A2

(
faEa

f E
− 1

)2

= Kθo (11)

where ρ is the density, Ea and E are the amplitudes of
oscillation in air and the liquid respectively, fa and f are the
frequency of the oscillation in air and the liquid, A is the area
of the plate and RM is the real component of the mechanical
impedance. The assumptions of the method are:

1. The liquid is a Newtonian fluid.
2. Turbulent flow does not occur.
3. There is no slippage between the plate and the fluid.
4. The size of the oscillating plate must be larger than one

wavelength of the oscillation wave and is planar.
5. The end effects of the plate on damping of the amplitude

are negligible.
6. The size of the vessel is large enough that the effects of

the waves reflected from the walls are negligible.

It has been shown that the resonant frequency in air and
in liquid can be considered to be the same for all practical
purposes so that

ρη = RM
2

πf A2

(
Ea

E
− 1

)2

= Kθ . (12)

θ = RM
2

πf A2 is the damping factor and K = (Ea/E) − 1
is determined experimentally using viscosity reference
materials. Recent comparisons [25] of this technique with the
rotating cylinder method, for slag systems, have shown good
agreement, typically within ±7% [20]. Although in theory
a simple method, for low viscosity metals a thin oscillating
plate of large area must be vibrated slowly within the liquid.
As far as the authors are aware, this method has not been used
to measure the viscosity of liquid metals.

1.5. Rotating cylinder

For the rotating cylinder technique the torque on a cylinder
rotated in a liquid is related to the viscosity of the fluid.
Viscometers of this type consist of two concentric cylinders,
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Figure 6. Diagram of a rotating bob viscometer.

i.e. a bob and a crucible. The viscosity is determined
from measurements of the torque generated on the rotor arm
of the rotating cylinder. When rotating the cylinder at a
constant speed the viscosity can be obtained from the following
equation:

η =
(

1
r2

1

− 1
r2

0

)
M

8π4nh
(13)

where M is the torque, n is the number of revolutions per
second, r1 is the radius of the bob, r0 is the radius of the
crucible, and h is the height of the bob. The theory is applicable
to infinitely long cylinders and it is normal to calibrate the
system with reference materials using the equation

η = G = S/n (14)

where S is the scale deflection and G is the apparatus constant.
This is the most common method for the measurement

of slag viscosity and for several practical reasons it is more
customary to rotate the bob rather than the crucible. A typical
rotating bob apparatus is shown in figure 6. Probably the most
important reason is that the rotating bob viscometer is based
upon readily available and cheap commercial instruments. It
is also easier to centre the bob, but the viscosity range is less
than for a rotating crucible instrument. It is critical that the bob
rotates axisimetrically and concentrically within the sample.
Any instability due to rotation speed or alignment will increase
the apparent viscosity. Nakashima et al [26] show a modern
example of a rotating crucible method.

In order to obtain the necessary sensitivity to measure
the low viscosity of liquid metals the clearance between the
stationary and rotating parts has to be made very small, and
it is difficult to maintain the system coaxially. In spite of the
experimental difficulties the rotating bob technique has been
used to measure the viscosity of aluminium and its alloys [27].

An adaptation of this method has been developed as part
of a spiked parallel plate creep/rotational viscometer [28],
shown in figure 7. This elegant design to measure a wide range
of viscosities from about 1012 to 101 Pa s has been successfully
demonstrated with various glasses to a temperature of 1200 ◦C.
The instrument combines an indentation method for the highest
viscosities, a creep parallel plate method for the intermediate

displacement 
transducer coil

core holder
load

load cell

reference rod 
(for expansion)

furnace

sample
spiked disk

servomotor lifting mechanism

x-y stage
pully

rotary disk

Figure 7. Spiked parallel plate creep/rotational viscometer.

range, 107 to 104 Pa s, and a rotating plate method for the lower
range. The plate acts in the same way as the rotating cylinder,
with a large surface area to obtain the necessary sensitivity. It
is claimed that because the principles and mechanism of this
viscometer are simple, the absolute values of sample viscosity
can be determined, at least to the right order, without any
calibration using standard reference samples. There are no
reports of it being used on liquid metals.

1.6. Industrial viscometers

Several simple viscometers have been developed for ‘on
plant’ determination of slag viscosities and quality assurance
exercises, but these have not been used for liquid metals.
Examples are the Herty viscometer [29] where the viscosity
is determined by the length of the slag ribbon formed, and
the Krabiell immersion viscometer [30, 31]. In recent years
the inclined plane method has been investigated in more
detail [32]. In this method a molten slag is poured from a
crucible onto an inclined steel plate plane with a ‘V’ section.
The viscosity can be related to the length of the slag ribbon
obtained. Mills et al [32] claim that measurement uncertainties
of ±15%, for slags with viscosities in the range of 0.1 to
1 Pa s, are possible. The oscillating plate method has also
been proposed as an in situ measurement.

1.7. Draining vessel method

It is common for comparative measurements of viscosity to be
made for oils and slurries in industrial applications by use of
a flow cup, where the time taken for a volume of sample to
flow through a small orifice in the bottom of a cup is measured
and viscosity is derived from look-up tables. Roach et al [33]
have derived equations to adapt this method for liquid metals,
and to provide values of viscosity, surface tension and density.
The apparatus is shown in figure 8. The values for aluminium
are lower than usually quoted, but the method is robust and
experiments simple to perform.
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So, on September 23, 1890, he closed his establish- 
ment in Paris and left for Angers, where he was to 
spend the next 43 years as Professor of Physical 
Sciences at the Free Faculty of Sciences. He lectured 
in particular in mechanics, electricity, optics, thermo- 
dynamics, and a little later began teaching physics and 
meteorology at the Catholic University's School of 
Agriculture, set up in 1898. He also gave courses at 
the School of Commerce and Externat Saint-Maurille 
during the First World War and subsequently at the 
Ecole Freppel, a private secondary school for girls. 

From this date onwards, his scientific activity was 
extremely varied, in spite of the limited facilities at his 
disposal in Angers and the intense teaching activity he 
had to pursue in order to meet his family's needs. In- 
deed, there was growing conflict within France at the 
time and this eventually led to the official separation 
of Church and State in 1905. Maurice Couette con- 
tributed to a number of anthologies, writing articles 
on both theories and experimental research. Examples 
included osmosis theory in batteries or sound pro- 
pagation phenomena. 

In particular, he supervised the doctoral research of 
Fernand Charron at Angers. His thesis, entitled "The 
influence of air in friction between solids", was pre- 
sented in Paris in 1911, and Fernand Charron was 
later to succeed Maurice Couette as Professor of 
Physical Sciences at the UCO. Maurice Couette also 
wrote a number of scientific articles and analyses for 
the journal La Science Catholique. The Catholic Fac- 
ulties had in fact asked him to take charge of the 
Physics Bulletin for this journal. 

Maurice Couette had been elected a member of the 
French Physics Society in 1888. At the time of his 
departure for Angers in 1890 he became a non-resi- 
dent member and kept this status for many years. As 
a Professor at the Catholic Faculties, he kept in con- 
tact, at least for a certain time, with university re- 
search being carried out in physics in Paris, as borne 
out by the analysis of an article he published in the 
Journal de Physique in 1901 and his election in 1907 
to the Council of the French Physics Society for a 
period of 3 years. 

Recognition from the Catholic community of his 
eminent services rendered to Catholic higher educa- 
tion and for his exemplary lifestyle led to Maurice 
Couette's being appointed a Knight of the Order of 
St. Gregory the Great by Pope Pius XI in 1925. 

He gave up his university teaching in 1933 and died 
10 years later, 2 years after his wife, loved by all those 
close to him and a figure of great esteem. On the 
golden wedding anniversary of Maurice and Jeanne 
Couette in August 1936, which was celebrated at St. 

Fig. 1. Maurice Couette (1858- 1943) 

Thomas Aquinas in Angers, a homily praising their 
exemplary lifestyle and great merits was delivered by 
Monsignor Costes, Bishop of Telmesse and coadjutor 
to the Bishop of Angers, a personal friend. Figure 1 
shows Maurice Couette at this period. His funeral was 
attended by more than 300 local and regional digni- 
taries in addition to his family and close friends. 

The scientific community in France and world-wide 
has adopted Couette's name to describe a type of flow 
between two walls moving tangentially to one an- 
other, and also for the cell that he built and the cor- 
rection factors he calculated. But still, little is known 
about the professor, researcher, and extremely culti- 
vated man of science that he was throughout his life. 

3. His writings 

The writings of Maurice Couette (see Appendix) are 
generally little known. Apart from his thesis and its 
published version in the Annales de Chimie et Physi- 
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Fig. 2. Diagram of Couette's apparatus 
(front-view), taken from Fig. 2, p. t6 of 
his thesis 

victions -- Maurice Couette took with him the 
cylinder apparatus that he had used to carry out the 
viscosity measurements described in the first chapter 
of  his thesis. For many years, the dismantled appara- 
tus laid unused in a store-room, unknown to most 
people. It was brought out and refurbished by Michel 
Br6mond and Maurice Dubois, professor and hono- 
rary professor of physics at the UCO, on the occasion 
of  an exhibition of old instruments organized by this 
university to mark the beginning of the 1990-1991 
academic :year. 

Two years later, on May 1 2 -  15, 1993, an interna- 
tional congress was held at St. Lazare priory at the 
Royal Abbey of Fontevraud, on the subject of 
polymer rheometry. The congress was supported by 
the EEC and the Proceedings are to be published in 
the JNNFM. Jean-Michel Piau, who organized the 
congress, wished to gather as much information 
about Maurice Couette (who was from that region) as 
possible. With valuable assistance from these pro- 
fessors, it was possible to retrace Maurice Couette's 
career, and his apparatus was shown to the par- 
ticipants, including university research workers and 
industrialists from many countries, 50 years after its 
inventor's death and more than 100 years after it was 
built. 

Figures 2, 3, and 4 are exact reproductions of the 
original diagrams for the apparatus presented in 
Maurice Couette's thesis on pages 16, 17, and 18 (and 
in volume 21 of the Annales de Chimie et Physique 
(1890), on pages 4 4 6 -  447). They indicate the respec- 

.C] U. 

8 
o 

Plma 1,4o 
Fig. 3. Diagram of Couette's apparatus (plan-view), taken 
from Fig. 3, p. 17 of his thesis 

tive arrangement of the inner measuring cylinder s, 
which is centered and held in position during rotation 
by devices C'  and n and fixed guard rings g and g', 
and of  the outer rotating cylinder V. The cross-section 
(Fig. 4) was redrawn in two articles (Donnelly, 1991, 
1992) describing the history of Couette-Taylor insta- 
bilities 3), but was unfortunately represented as being 
symmetrical, which meant that two screws had to be 
introduced to hold the rod h, instead of  the single 

9) These two review papers by R.J. Donnelly contain a 
short abstract of Couette's work on the cylinder apparatus. 
The bibliographical summaries are concerned with the prob- 
lems of stability in flows. Taylor's study dealt with Newto- 
nian flows. These articles therefore give only a partial view 
of Couette's work, overlooking his fundamental contribu- 
tion. 

Maurice Couette et son appareil
d’après J.M. Piau et al. Rheol. Acta, 1994

Brooks et al., Meas. Sci. Technol., 2005 
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FIG. 7. (Left) Resonance scan using the driven damped harmonic oscillator method for a liquid alumina sphere at two different temperatures at 2523 K in the
liquid and at 2173 K in the supercooled liquid state 150◦ below the melting point. (Right) Surface tension versus temperature obtained from Eq. (2) using values
for the (l = 2, m = 0)-mode obtained from backlighting measurements. The area enclosed by the dotted line as well as all other lines represent data taken from
the literature41 with the enclosed area representing ADL data using incandescent imaging. The open diamond at 2523 K represents surface tension calculated
using the sum rule46 applied to the data from the left figure. The vertical dashed line represents the boiling point temperature of Al2O3.

liquid droplets clearly results in a clean oscillatory response
at each frequency. Finally, the Fourier amplitudes of the en-
tire frequency range are plotted in Figure 7 (left) for two
different temperatures. These show a relatively clear pattern
comprising five resonance peaks, the most prominent being at
178 Hz which can be attributed to the (l = 2, m = 0)-mode. A
series of images, illustrating the alternating vertical and hor-
izontal character of the mode, is shown alongside. The four
peaks to the right can be identified with the rotationally split
peaks of the (l = 2, m = ±1, ±2)-modes. The outer two
peaks correspond to the (l = 2, m = ±2)-modes and the inner
peaks to the (l = 0, m = ±1)-modes. Aerodynamically lev-
itated droplets typically rotate at a frequency of a few Hz,
which explains the splitting of the modes. The sample as-
phericity on the other hand accounts for their separation of the
(l = 2, m = 0)-mode to the right. Surface tension values ob-
tained from Eq. (2) are shown alongside in Figure 7. Since the
levitated drop naturally adopts the (l = 2, m = 0)-mode when
forced oscillations are switched off during damping experi-
ments, these have also been added to Figure 7. Surface tension
values are compared to earlier values from literature (Ref. 41
and references therein) which also reveal little or no temper-
ature dependence. In all cases, Eq. (2) yields values around
0.65 N m−1. Since only the (l = 2, m = 0)-mode is included,
γ might well be underestimated by ∼20% (see discussion in
Sec. II D 1) as indicated in Figure 7 (right) at 2573 K. In-
teresting to note is the sharp drop in surface tension as the
boiling point is reached. Here, also the uncertainty in temper-
ature measurement assuming a constant emissivity over the
entire range becomes apparent.

D. Viscosity

Viscosity were obtained by acoustically exciting the
sphere at its resonance frequency for the (l = 2, m = 0)-
mode for several seconds and then switching off. The sam-
ple during forced oscillation and the decay were monitored
by the high-speed camera running at 800 fps. The damping

constant " and hence the viscosity η are obtained following
the procedure outlined in Appendix D. Figure 8 shows vis-
cosity results measured using shadow casting for molten and
supercooled alumina as a function of temperature over the ex-
tended temperature range of ∼1400◦ between Tb and TR, over
which η increases by an order of magnitude. Error bars are
calculated as standard deviations of the averaged data. Over-
all, our values obtained for alumina above the liquidus are
consistent with earlier work on aerodynamically levitated alu-
mina using sample self-excitation through the levitation gas
and self-illumination at high temperatures close to Tb,16 as
well as in the vicinity of Tm.42 The present data using back-
lighting and a well defined acoustic excitation, however, show
substantially reduced scatter. They also extend throughout the
supercooled range, rising considerably between melting (Tm)

FIG. 8. Our viscosity data for alumina measured using shadow casting ADL
(hourglass symbol), compared to literature data using self-illumination and
conventional contacted techniques. Literature data were digitized from Glo-
rieux et al.16 using the same symbols. Additionally, the error bars estimated
by Glorieux et al.16 for their data are shown. Error bars for the present data
are estimated to be about 20% of the measured value. The dashed line indi-
cates the melting temperature of Al2O3.
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Slag
group

Sample

EPMA Analysis of samples after the 
ADL, mass- %

Sample mass, 
mg

Liquidus 
temperature, 

°CCaO SiO2 Fe2O3
B2

(CaO/SiO2)

1
CS44 51.89 48.11 0

∼1

1.08 14.5 1526

CS44F5 50.18 44.53 5.29 1.13 15.2 1497

CS44F10 45.86 44.10 10.04 1.04 15.9 1490

2
CS63 39.82 60.18 0

∼0.6

0.66 17.2 1477

CS63F5 37.12 58.43 4.45 0.64 15.4 1467

CS63F10 33.45 58.02 8.53 0.58 15.7 1427

Composition des échantillons

Base CaO – SiO2 B2 = C/S = 1 ou 0.6

Fe2O3 : 0, 5, ou 10%

• Atmosphère oxydante :
• 20 %vol. O2
• 80 %vol. Ar

• Plages de temperature :

• Densité: Tmax = 1.25 Tliq.

• Tension de surface & 

Viscosité :

1.05 Tliq. < T < 1.25 Tliq.
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Density, viscosity and surface tension of high-silicate CaO–SiO2 and 
CaO–SiO2–Fe2O3 slags derived by aerodynamic levitation. The behavior of 
Fe3+ in high-silicate melts 
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A B S T R A C T   

Thermophysical data for liquid slag are required for the optimization and control of metallurgical processes. The 
density, surface tension and viscosity were measured by employing aerodynamic levitation under contactless 
conditions. The high-silicate slag (44 and 63 mass-% of SiO2) of the CaO–SiO2 and CaO–SiO2–Fe2O3 systems 
(with 5 and 10 mass-% Fe2O3) was investigated under (80% Ar + 20% O2) gas atmosphere. The temperature 
ranges were between 800 ◦C and 2000 ◦C for the density and 1500 ◦C–2000 ◦C for surface tension and viscosity 
measurements. The influence of the CaO/SiO2 ratio on the investigated properties and the behavior of Fe3+ ions 
in high-silicate melts were examined. The density of the CaO–SiO2 melt was lower than that of the 
CaO–SiO2–Fe2O3 systems. The surface tension of all compositions tested decreased with temperature and showed 
compositional dependence. The viscosity measured was higher in the Fe2O3-containing slag. The Raman spec-
troscopy analyses confirmed the increase in the degree of polymerization with the addition of Fe2O3 for the 
silicate-rich slag. The formation of a complex anion of a ferric ion and contribution to the silicate network were 
assumed. The trends observed were related to the structural properties and different interionic bonding. Urbain’s 
viscosity model and FactSage™ 7.3 were applied for the assessment of the experimental data.   

1. Introduction 

Metallurgical processes are complex in nature and require advanced 
modeling and close control of the material production routes. For 
optimal process operation and a well-maintained slag practice, precise 
thermophysical knowledge of liquid slag melts is imperative [1,2]. 

The properties of liquid slag such as the density, surface tension and 
viscosity are required for understanding the complex mass, momentum 
and energy transport phenomena. This is relevant to many metallurgical 
processes including casting, ceramic and glass formation as well as fields 
beyond steelmaking such as geosciences. The influence of a high- 
temperature environment often leads to multiphase interactions and 
nonequilibrium conditions, which require more investigation [2,3]. 

Although researchers have been dealing with metallurgical slag for 
decades, high-temperature melts still remain the least well understood 
state of matter [1–6]. To develop the existing theories on the liquid melt, 

more experimental knowledge for properties and structure is needed 
[1–3,5–11]. Accurate thermophysical data for oxidic slags at high tem-
peratures are reasonably scarce. There are major discrepancies in the 
density and viscosity data in both experimental and theoretical studies 
[7]. 

The experimental procedures are challenging since the liquid slag is 
highly reactive with the surfaces at elevated temperatures. In the 
experiment, the container walls turn into nucleation sites for crystalli-
zation, which limits the degree of supercooling and leads to the 
contamination of the investigated matter. Therefore, it is difficult to 
approach the measurements without compromising the measurement 
accuracy [9–18]. 

While there are quite a few state-of-the-art methods to quantify the 
thermodynamic properties of liquid melts, each of these methods im-
poses difficulties and limitations and none of them are absolute [13,15]. 
Most of the measurements of metal properties have been done by 
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Les propriétés physico-chimiques des liquides silicatés 
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Figure 10 : Représentation schématique de la rupture d’une liaison Si-O-Si par l’introduction d’une 

molécule de Na2O dans le réseau silicaté. 

 
Expérimentalement, la détermination de la solubilité d’un gaz [33], l’étude 

spectroscopique d’un indicateur rédox [34] ou la mesure de tension de vapeur de gaz [35] 
permettent d’évaluer la basicité du milieu. La méthode électrochimique mesure la différence de 
potentiel entre deux liquides de compositions différentes en utilisant une jonction ionique 
conductrice du sodium pour estimer la basicité. La force électromotrice générée par ces piles 
de concentrations donne ainsi l’activité en Na2O [36].  

 
III. Viscosité  

 
La viscosité des liquides silicatés est un paramètre très important quel que soit le 

domaine étudié. Dans l’industrie verrière, elle fixe les différentes températures de travail du 
verre (d’affinage, de paraison, de mise en forme ou de recuit) [11]. La mobilité des espèces y est 
étroitement liée, ce qui impacte aussi bien la conductivité que le pouvoir corrosif du liquide.  
En effet, un milieu peu visqueux présente une conductivité électrique élevée [37] et des 
phénomènes de corrosion accrus[38]. Ceci est particulièrement vrai dans le cas de la corrosion 
des barrières thermiques où l’infiltration du liquide de type CMAS à travers la microstructure 
du revêtement conduit à divers modes de dégradation du matériau [39]. 

 
Les mesures de viscosité ont montré que la température et la dépolymérisation du réseau 

silicaté diminuent la viscosité. Plusieurs modèles ont été développés pour décrire l’évolution 
de la viscosité avec la température. Le plus utilisé est le modèle empirique de Vogel-Fulcher-
Tamman (eq. 4) où A, B et T0 sont des paramètres ajustables [40]. 

log$%& ' ( ) *
+,+-

     eq.4 

 
Dans les études présentées dans ce manuscrit, les viscosités ont été calculées à l’aide du 

logiciel FactSage [41]. Le modèle considéré s’appuie sur une description thermodynamique du 
liquide et des mesures expérimentales de viscosité.   
 

B2 ≈ 1 B2 ≈ 0.6

Deuxième approche – Le transport réactif

Caractérisation du fondu



Viscosité
• Diminue quand la température ⬀
• Augmente très légèrement quand B2 ⬂
• CS44 :
• Faible variation non monotone avec ajout de F 

Fe2O3 effet mixte car Q3 ⇾ Q2 vs Q0 ⇾ Q2
NBO Stable

• CS63 :
• Effet plus marqué de F sur la viscosité
• Tétraèdres Fe3+ formateurs de réseau

Polymérisation (Q2 ⇾ Q3)

• La viscosité augmente avec la polymérisation
• Dépend clairement de NBO
• Effet polymérisant de SiO2 & Fe2O3
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Deuxième approche – Le transport réactif

Résultats : VISCOSITÉ



Deuxième approche – Le transport réactif

Ø Dynamique moléculaire
v Réglage des potentiels sur des analyses de structure

v Simulation

v Post-traitement pour extraire des indicateurs
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La modélisation atomistique

Thèse de Z. Zhang (08.02.2023)



Conclusion

Ø Dans le cas de la corrosion résultant d’un mécanisme d’imprégnation réactive
Ø La limite de solubilité n’est pas suffisante pour expliquer une résistance à la corrosion

Ø Les propriétés de transport du laitier dans la porosité du réfractaire sont importantes

v La perméabilité est importante et peut (doit) être mesurée proprement

v La viscosité est certainement le paramètre le plus important

o Sa mesure par les méthodes à contact n’est pas aisée à haute température

Ø La technique de lévitation aérodynamique s’est montrée pertinente
v Il reste des défis à relever dans cette technique

v Le premier défi est la mesure de la température sans contact

Ø La dynamique moléculaire et l’intelligence artificielle vont permettre de grands progrès
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On résume…
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