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Abstract

This work consists in building a 3D numerical model of the microstructure of a fused-cast refractory
(two-phase material). Creep tests at temperatures as high as 1400°C reveal a major influence of the
morphology of the phases on the material behavior. A possible 3D connectivity of the zirconia grains,
related to the fabrication process, may explain the observed high creep resistance. In order to have
a realistic representation of the microstructure, 3D pictures have been obtained using X-Ray microto-
mography at the European Synchrotron Radiation Facility in Grenoble (ESRF). Volumetric tetrahedral
grids are generated from the exploitation of these pictures using available meshing techniques. Finite
elements calculations are performed to study the influence of the glassy phase content on the stiffness
of the material. Simulations are compared with experiments. In particular the notions of geometrical
and mechanical percolation are investigated numerically. High elastic stiffness is predicted, even for
large amorphous phase contents. A percolation threshold is observed for the geometry of the hard phase

(zirconia phase) but not for the Young’s modulus.

1 Introduction

This work focuses on the study of a zirconia-rich fused-cast refractory used for building glass furnaces.
The manufacturing process of fused-cast refractories is similar to that used in metallurgical foundry, that is
melting of raw materials at very high temperature, casting into molds and then controlled cooling. The stage
of cooling is a critical step in the fabrication process, that strongly influences the quality of the final product.
Numerous experimental techniques (tension, compression and bending tests, creep experiments, ultrasonic
measurements, etc.) were performed to investigate the material behavior [T}, 2]. Our work aims at reaching
a better understanding and the simulation of the phenomena occuring during the cooling stage, from the
properties of the constituents and from a realistic numerical modeling of the microstructure topology. This
work focuses on the original 3D morphology of the investigated material, induced by the fabrication process.

The connectivity of the hard phase is shown to play a significant role on the macroscopic mechanical behavior
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of the material. This first contribution concentrates on the elastic behavior of the material. The role played

by the constituents on the stiffness of the material is discussed.
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Figure 1: (a) Microstructure of the HZ material (optical micrograph: amorphous phase in dark, crystal

zirconia phase in bright), (b) Simulated microstructure with meshed grains boundaries (100 grains).

2 Microstructure of the material

2.1 2D representation

The investigated material, called HZ for High Zirconia content, is a zirconia-rich material (88%vol. zirconia).
2D optical microscopy (see Fig [Ifa)) revealed that zirconia (the hard phase) is surrounded by a darker
thin-layer of amorphous phase (12%vol.) (the weak phase) with a glass transition temperature of about
780°C. At higher temperatures, the amorphous phase behaves inside the material like a Newtonian fluid
with a decreasing viscosity with increasing temperature. Creep tests were performed on this material at
temperatures as high as 1400°C. Surprisingly, they revealed that this material exhibits a high creep resistance
up to temperatures 600°C higher than the glass transition temperature of the amorphous phase. Moreover,

this observation remains true for another fused-cast material of the alumina-zirconia-silica system containing



28%vol. of the same amorphous phase [3]. This kind of behavior is very different from the mechanical
response of conventional sintered ceramics at high temperature, that strongly depends on the volume fraction
and on the viscosity of the intergranular amorphous phase [4, [5]. Preliminary 2D simulations of creep in
the HZ material (see Fig b)) have been performed with a mesh representative of most sintered ceramics
(individual grains surrounded by a continuous intergranular phase) [6]. Even when the behavior of zirconia is
assumed to be purely elastic, considering the decrease in viscosity of the amorphous phase leads to a strong
overestimation of the creep rate when compared to experiments. A Norton creep law with a stress exponent
equal to 1 was considered for the glassy phase. This suggests that the 3D topology of the microstructure

could have a great influence on the observed properties and should be investigated.

2.2 3D Morphology
2.2.1 X-Ray tomography

To get a 3D representation of the material, high energy X-Ray tomography at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) has been used. This technique basically consists in recording
several radiographs of a sample at different angular positions and in reconstructing a 3D map of the X-Ray
attenuation coefficient within the material using adequate algorithm and software [7]. This technique can
reveal all the microstructural features (inclusions, cracks, pores, constituting phases, etc.) that induce a
change in attenuation along the path of the X-Ray beam. From this point of view, there is a high contrast
between the high X-Ray attenuation of zirconia compared to that of the amorphous phase. Figure[2]illustrates
a 3D image of the microstructure of the HZ material obtained with the highest resolution (1.4 pm) available

on the ID19 beamline (X-Ray energy: 40 keV) that has been used at ESRF.

2.2.2 3D connectivity of the phases

In order to study the 3D connectivity of the phases in the material, the concept of geometrical percolation
has been used. This notion has been introduced by T. Kanit to study the possible percolation of a phase in
a heterogeneous material [§, [0]. Using image analysis tools and a mathematical morphology algorithm based
on the 3D geodesic reconstruction, two important concepts are defined: (i) the image of the interconnected
phase is defined as the set of all points in a given phase that can be connected to two opposite sides of the
image following paths entirely contained in the same phase; (ii) the percolation ratio is defined as the ratio
between the volume fraction of the interconnected phase to the whole volume fraction in the microstructure
of this phase. It is always lower than or equal to 1. It is equal to 1 if the whole phase is interconnected
and equal to zero if there is no percolation of this phase (physically this means that this phase is made of
isolated inclusions). Figure [3| represents a 3D picture of the interconnected parts of both hard and weak
phases. Figure (a) (resp. figure (b)) represents the set of all points in the zirconia phase (resp. amorphous
phase) that can be linked together to the bottom and top faces of the parallelepiped by paths entirely
contained in the zirconia phase (resp. amorphous phase). As a result, all isolated parts of zirconia phase
(resp. amorphous phase) were removed. In our case, both phases are interconnected with a percolation
ratio equal to 99.8%. Consequently, the high 3D connectivity of the zirconia phase is a possible explanation
of the observed mechanical behavior: high creep resistance up to temperatures (°C) about twice the glass

transition temperature of the amorphous phase.



Figure 2: 3D representation of the phases obtained by X-Ray tomography (zirconia in bright, amorphous
phase in dark). Diameter of the specimen: 500um, height: 1400um.

3 Computational method

3.1 Finite element meshing

This paragraph aims at describing available meshing techniques based on tomographic images. Building a
finite element mesh from a 3D picture includes three steps: (i) segmentation (in our case binarisation) of the
tomographic grey level image to separate the phases, (ii) geometrical definition of the solid boundaries by
triangular facets and, finally, (iii) tetrahedral meshing of the solid volume. The challenge is then to mesh a
representative refractory volume with an accurate enough geometric description, while keeping a reasonable

number of degrees of freedom in the model.

3.1.1 Segmentation procedure

The segmentation assigns to each voxel of the image a label determining which phase the voxel belongs
to. Images obtained using X-Ray microtomography on HZ material provide a qualitative description of the
refractory, because of the good contrast between zirconia and the amorphous phase. Nevertheless, it is recur-
rent in high-resolution microtomography to obtain ring artefacts. Ring artefacts are represented by marked
circular patterns that affect the sections of the reconstructed volume. These artefacts are usually attributed
to a non-linear behavior of some pixels of the detector during acquisition and their systematic correction
is still a problem. Our images, also altered by these artefacts, must be cleaned before the segmentation
step. The filter we used to eliminate partial rings without pertubating the rest of the image was developed
by D. Bernard at Institut de Chimie de la Matiere Condensée de Bordeaux (France) [10} II]. In our case,
the application of this correction procedure has been very effective. Then, the method used to segment our
images consists in choosing a threshold, using an histogram of grey levels as a guide. Figure [] illustrates

such an histogram in the scanned volume (see Fig a)). Two well separated peaks represent the distribution



(a) (b)
Figure 3: (a) 3D representation of the interconnected parts of the zirconia phase, (b) 3D representation of

the interconnected parts of the amorphous phase, (350pum x350um X 700um).

of the grey levels of each phase respectively. The choice of the threshold is then imposed naturally (a small
variation of the volume fraction of the phases is observed when slightly changing the chosen threshold).
Then, the program sets to white all voxels that are located beyond the threshold (zirconia phase), and all

other voxels of the image to black (amorphous phase). This image processing transformation is illustrated
in figure [B[b).
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Figure 4: Histogram of the grey levels in the scanned volume.
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Figure 5: Image processing: (a) scanned volume, (b) binarized volume (350um x350pum x700um). Only 3

perpendicular sections are represented for the sake of clarity.

3.1.2 Mesh generation

Building FE models from 3D voxels requires that the grids correctly respects the geometry of the phases
inside the material. The boundary between the two phases, called the isosurface, has to be well captured
before the creation of volumetric grids. Conventional techniques are used to build FE models from 3D voxels.
The simplest method uses the natural discretisation of the image by voxels. Then, each voxel belonging to
the solid region constitutes an 8-node cubic element of the mesh. This technique, known as the voxel-
element technique, is easily implemented [12| [13]. However, applying this method to large volumes generates
grids with an excessive number of nodes, that would require too much time for calculation. Moreover, this
method is unable to capture surface boundaries satisfactorily (it generates jagged boundaries) which can lead
to inaccurate finite element analysis results. Another approach consists in generating surface models and is
known as triangulation. Triangulated surfaces represent the boundaries between the different phases. In this
work, this method was used. The creation of surface models with correct topology and optimized triangular
shape from the segmented tomographic data is carried out automatically with the help of the marching cubes
algorithm [I4} [I5], using the Amira software [I6]. In the last step, an unstructured tetrahedral mesh is built
from the basis of the surface triangulation. Here, meshing has been performed using the advancing front
method implemented in the Amira software [I7]. Figure|3|illustrates such 3D grids of the constituents of the

HZ microstructure, based on ten-node quadratic tetrahedra, obtained from the stack of segmented images



Phase Volume Fraction (%) | E (GPa) | v
Zirconia (hard) 87.2 230 0.25
Amorphous phase (soft) 12.8 73 0.25

Table 1: Volume fraction and Young’s modulus at 600°C for both phases.
illustrated in figure [5{b).

3.2 Properties of the constituents

We made the assumption that the behavior of zirconia remains linear elastic up to 1500°C. At 600°C, zirconia
is monoclinic. The elastic modulus of monoclinic zirconia versus temperature were calculated from the data
obtained on single crystals by Chan and al [I8]. Assuming the isotropy of the zirconia in the HZ material, the
Hill approximation was used to calculate an average value of the stiffness matrix up to the transformation
temperature of zirconia. The amorphous phase was considered as having an elastic behavior up to 600°C.
The elastic modulus of the amorphous phase versus temperature was measured by E. Yeugo-Fogaing using
an ultrasonic technique [I]. Table|l|summarizes the characteristics used for our calculations. It can be noted

that the contrast between the Young’s modulus of the phases is close to 3.

4 Application to the elastic behavior

In this section, the Young’s modulus of the HZ material at 600°C is computed and compared with experiment.
The influence of the soft phase content (amorphous phase) on the stiffness of the aggregate is also investigated

and linked to the 3D morphology of the constituents.

4.1 Young’s modulus at 600°C
4.1.1 Representative Volume Element

For determining the size of the RVE, the mechanical properties were studied for different volume sizes.
Different parallelepipedic volumes having the same cross section (350um x350um) with increasing thickness
were extracted from the 3D picture and meshed with the same mesh density estimated to 142 voxels per
element. The macroscopic Young’s modulus obtained after simulated tensile tests according to the (Oz)
direction was investigated. The (Oz) direction is given by the thickness of the volume. Tensile tests at
600°C are performed by applying mixed boundary conditions: a displacement is imposed on both faces
perpendicular to the (Oz) direction and all the other faces are free of forces. The evolution of the obtained
apparent Young’s modulus as a function of the volume size is given in table The calculated apparent
Young’s modulus was normalised by the one calculated for the largest volume (thickness of 700pm). These
ratios are also reported in table[2] The relative error decreases when the size of the domain increases. Except
for the smaller aggregates, the relative error is less than 1%. The volume with dimensions 350um Xx350um

x700pm has been chosen for our computations at 600°C.



Thickness of the volume sizes (um) | 3.5 35 105 210 490 | 700
E (GPa) 203.5 | 202 | 196.3 | 197.2 | 198.5 | 198
Relative difference (%) +2.7 | +2 | —0.85 | —0.4 | +0.25

Table 2: Young’s modulus of the HZ material as a function of the volume size at 600°C.

Method | Voigt Bound | Numerical model | Reuss bound | Experiment
E(GPa) 209 198 179 160

Table 3: Experimental and computed Young’s modulus of the aggregate at 600°C.

4.1.2 Results

The values of the experimental and computed Young’s modulus at 600°C are given in table 3] and compared
with the available analytical Voigt and Reuss models. The numerical result is closer to the Voigt bound than
to the Reuss bound. It turns out that the mechanical behavior of the aggregate is closer to the one of zirconia
than to the glassy phase. This result is due to the fact that the zirconia phase is interconnected inside the
volume for the given volume fractions. The elastic modulus of the HZ material versus temperature was
measured using two experimental techniques: an ultrasonic technique (E. Yeugo Fogaing) and an impulse
excitation technique (E. Lataste). Both experimental values are practically the same (160 GPa). The
relative error between the experimental and numerical results is around 20%, which seems to be correct
when considering only one volume. It can be noted that the experimental value is slightly smaller than the

Reuss bound. This may be attributed to damage that can occur during cooling [I].

4.2 Effect of the amount of amorphous phase

In order to study the effect of the amorphous phase content on the Young’s modulus of the previous aggregate,
successive 3D erosions of the zirconia phase, using image analysis tools, were performed from this initial
aggregate. The eroded zirconia phase was replaced by amorphous phase, thus increasing the amorphous
phase content. Tensile tests according to the (Oz) direction were then numerically performed on these
aggregates. All the aggregates were meshed with the same mesh density (142 voxels per element). The
calculated Young’s modulus for each aggregate was normalized by the Young’s modulus of the individual
zirconia phase (230 GPa). The evolution of this ratio as a function of the volume fraction of the amorphous
phase is given in figure [f} The 3D connectivity of the zirconia phase, according to the three directions of
space, was also investigated as a function of the amorphous phase content. The evolution of the zirconia
percolation ratio is illustrated in figure @ From 70% of glassy phase content, the percolation ratio decreases
to 0, abruptly according to the (Oz) direction and more progressively according to the other directions.
A percolation threshold is observed at about 85% of amorphous phase. The Young’s modulus decreases
continuously as a function of the amorphous phase content. Surprisingly, no abrupt drop of the Young’s
modulus is observed when increasing the amorphous phase content, which reveals a high stiffness of the
material. This result can be explained by the progressive stiffness decrease for increasing volume fraction

of amourphous phase, due to bending of slender arms of hard phase inside the microstructure. The weak



chosen contrast (close to 3) between the Young’s modulus of the phases is also a possible explanation for the
absence of actual mechanical percolation threshold. However, computations with the same microstructures
but highe contrasts in the elastic properties between phases, show the same progressive decrease instead of

an abrupt stiffness drop.
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Figure 6: (a) Evolution of the normalized Young’s modulus of the aggregate and the zirconia percolation

ratio as a function of the amorphous phase content.

5 Conclusion

This paper deals with a zirconia-rich fused-cast refractory used for building glass furnaces. The study of the
3D connectivity of the hard phase (zirconia phase), from 3D pictures obtained using X-Ray tomography,
reveals that this phase is practically totally interconnected. The consequences of the high 3D connectivity

of the zirconia phase on the macroscopic mechanical behavior of the material are:

e a high creep resistance up to temperatures (°C) about twice the glass transition temperature of the

amorphous phase (780°C);
e high predicted elastic stiffness, even for large glassy phase contents;

e a percolation threshold for the geometry of the phase but not for Young’s modulus;
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