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ABSTRACT

In this work, different complementary methods warsed to
describe the microstructure and specially the dartisize
distribution of bulk refractory castables. A proaeelwas developed
to obtain large size polished samples includingtaof large whole
particles (aggregates). Optical and scanning eleittrmicroscopy
was used for picture acquisition. A panorama saftweas used for
pictures assembly leading to larger pictures withigh definition.
An artifact: ink impregnation was used to enhanice tontrast
between different phases and to promote grainsgretion by
image analysis software. A method combining thedfprocedures
was applied to different castables. Results showitls possible to
obtain an assessment of the aggregates size dtgirib However,
fine grains (matrix) of the materials cannot beeased by the
automatic computer aided method.

This way of working should lead to minimise the gter influence.
Il MATERIALSAND METHODS.

1.1 Materials.

Materials, used in this work, belong to the fanulffyalumina and
alumina-spinel castables [6]. Compositions contimina (large
aggregates, fine and reactive alumina (matrix)heeitpreformed
spinel or fine magnesia powder or fine magnesitemagnesia
precursor (matrix). In these two last case, spisebtained by in
situ reaction [7] between alumina and magnesihigit temperature
(>1200°C). Some materials also contain microsiligs. low
temperature, they are bonded with calcium alumircament or
hydratable alumina (5%). Preparation of these nads$eis described
in reference [8]. For microscopy investigation, eneatls were first
heated at 1400°C during one hour to promote sirgesimd a good
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microscopy.

I.INTRODUCTION

Refractory materials (Fig. 1) exhibit very compleicrastructures.
Classically it is well accepted that they contaio twain “physical”
phases which are the matrix (bonding phase) andeggtes [1].
Aggregates are large particles ranging from appnateély 100 um
to several millimetres. The matrix contains finetigtes, generally
from 0.1 pm to approximately 100 um. Generallyythtso display
several chemical and crystallographic differentggisa Today, the
description of a refractory material microstructisevery limited.
Optical and electronic microscopy are necessanybterve details
such as small particles, grain boundaries, porosityowever, they
only allow the observation of small areas with flarge particles
(aggregates) and a part of them are not fully ietlin the pictures.
Moreover, the figure 1 shows that the contrast betwthe different
phases is often very weak. Contrary to ceramic aathinf[2], [3],
[4]) which exhibit fine and narrow size distributiand sufficient
contrast between grain and boundaries, refracteayufes impede
microstructure description and quantification. Heere this
parameter could be very interesting for charadtegisnaterials,
quality control, ...[5]. Some “new” parameters abile quantified:
particle size distribution, homogeneity, porosigesand dispersion,
phases distribution, particle shape, phase tramsfiton at high
temperature,...
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Fig. 1: ‘;Cl'assical” hTétIJfé (optical (left) and efmnic (right)) of a
refractory castable.
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The target of this work was to investigate the fimlity to develop
a new tool which allows describing and/or contrgli “the
microstructure of refractory materials. The firsgswas to develop
a method allowing a fast description and controthef particle size
distribution. Moreover, if possible, the method thbe simple and
must include the use of “automatic” commercial wafes.

compositions of tested materials.

Tab. 1: Summary of investigated materials compamrsgti(wt %)
REF | PS| MC | Mg | MS HA Dmax
1-1 | 17 - - -
1-2 -
1-6 -
3-6 -
3-7 -
3-8 - -
3-9 -
4-3 -
4-4 -
4-5 -
4-6 - - 4
4-7 - - 8 | 05 - 5 3
PS: preformed spinel, MC: magensite, Mg: magnesie&s: M
microsilica, CA: calcium aluminate cement, HA: Hsthble

alumina, Dmax: maximum particle size.
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The compositions exhibit extensive particle sizgridiutions. Serie
1 materials present different maximum particle §2enax). Series
3 and 4 materials are obtained by substituting rsign or
magnesite for alumina of similar particle size. fgfere the particle
size distributions (PSD) of these materials arg wdvse. Following
experimental results are compared to “theoretiqaditicle size
distribution calculated from raw materials indivaduparticle size
distributions.

11.2 Samples preparation

Parallelepipedic samples were obtained by castirgigel moulds at
HS Koblenz [8]. After heat treatment one hour @€, samples
were cut in large cylinders (diameter:~36 mm, thiess~ 5 mm)
and polished with silicon carbide.

11.3 Microscopy, image processing and analysis.

Polished samples were observed with a scanningtrefec
microscope associated with an EDS. Optical micrpgamnsisted
of using a different microscope associated to &h higsolution
camera connected to a computer for pictures recgrdand
treatment.



I1.4 Commercial softwares on the picture of series 1 materials. Comparisowéen materials
The work was mainly realized with the help of twaftwares. The before and after treatment shows a “sufficient”tcast between the
first one is a panoramic picture editor. Its worknsists of phases.
assembling lot of individual pictures with minimurpicture
overlapping to a large panoramic view. Fig. 2 pngsé¢he principle

of the method.

5000 pm

& Fig. 4: Assembly of dark field optical microscopgtpres.
Fig. 2: Principle of the picture assembly with thmoramlc plcture
editor software; left: individual pictures, rigltssembly.

The second software is an image analysis softwaecially
including a ,grain module* allowing automatic grarecognition
when the contrast is sufficient.

1. RESULTS AND DISCUSSION

I11.1 Picture assembly

Fig. 2 (right) presents an example of SEM (SEl)pie obtained
from an assembly of individual pictures. This hi@gfinition picture

presents both an overview of the material, inclgdinany large
particles and large defects (pores). With help afoanputer and
observation of high magnification (small areas)ascreen could
lead to long distance observation and quantificatim the full

picture surface. However, attempts to use autonaatalysis with
the image analysis softwares were not successfuk dontrast
between the different phases is not sufficient. Mdmanalysis could
be realised but rapidity and the use of an aut@maimmercial
software targeted in this work could not be achieveurther work
will demonstrate the interest of this kind of pretdor the detection
and the quantification of cracks in materials ajhhtemperatures
[10]. In this work, picture assembly was mainly disgith optical

pictures after using an artefact to enhance phaseast.

Fig. 5: Effect of black ink |mpregnat|on on the t@ist.

Pictures of ink impregnated samples were obtainedrbassembly
of 21 individual pictures obtained with optical miscopy (Fig. 6).

I11.2 Contrasting pictures

Image analysis is mainly based on the contrast dmrwdifferent
phases. For this, image analysis softwares propogeesholding o 2
function. Thresholding (Fig 3) consist to transfoarlarge range Fig. 6: Individual optlcal
grey shade picture in a binary colour picture. Tha@sformation is

gradually realised starting from darker or lightehase and is ||| 3 |mageanalysis

stopped when wanted segregation is obtained (Fig 3) Figure 7 shows the effect of image analysis treatroe picture of
two ink impregnated samples. The treatment consibtparticle
recognition with the automatic “grain module”. Thetures also
show that particles which are not fully includedte picture (bright
white) are excluded from treatment. The softwarbvees a file
containing a lot of information such as “particlzes, particle
surface, shape parameters,...

icroscopy plctures usethge analysis.

Flg 3 Plcture thresholdlng (image analysis sofeyafrom matrix
to aggregates (left) and from aggregates to méight).

Due to the weak contrast observed in the matetiails operation is
very difficult. Stopping of the thresholding is suitted to
individual appreciation. And results strongly fluate when
changing operator. . . . . .
Different methods such as dark field optical micaysy (figure 4) Fig-7: Examples of image analysis (with a commdzmﬁtv_vgre) of

were used to improve the contrast. This last metiatidws @n ink impregnated material: particles “recognitiorand

obtaining improved pictures. However, the resulesimot allow ~classification for 2 different particle size disutions.

using reproducible thresholding and automatic imagelysis. o ) ) .

Finally a method based on preferential impregnatias chosen for In this first approach, only the particles surfaseconsidered and

further analysis. Fig. 5 presents the effect otblimk impregnation only the correlation with particle size distributis discussed. The
operator can also operate a classification basedspecific number




of ranges size. A colour (not visible on the follow pictures which
are transformed in grey shades) can be attributedath range.
Bright white particles along sample edge are exdufiem the
treatment.

I11.4 Particlesize distribution (PSD)

Fig. 8 presents the PSD (2 samples) of series &rials, compared
to their theoretical volume distribution. The rasudre presented in
surface ratio (% surface) of the total investigagadace, versus the
particle higher dimension. This last one was chdsecause it is
closer of the value obtained from sieving methocedusfor
“theoretical” PSD. However, further investigationsuld use an
equivalent circular diameter which is also autooaly available
from the image analysis treatment. Image analysisahstrates that
it is not possible to detect particles with sizevéo than 70 pm.
Related surface measured under this size couldtbeuétd to the
porous, ink colored matrix.
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Fig. 8: Calculated and experimental particle sizstritiution of
series 1 materials with different Dmax.

The main difference between calculated (volume) exmerimental
(surface) curves is the fine particles part whighmuch higher for
surface distribution than for volume distributiofhis difference
(surfaces between curves) also increases with Ditas.difference
can be explained by the randomly cutting of paetiaiuring sample
preparation. Figure 9 presents the different pdgs¥s obtained

when cutting a large spherical particle. It is @ng that when
randomly cutting a spherical particle, a large namixf disks with
different smaller diameters are generated. Numbfedifferent

diameter disks increases with the spherical diaméxtely Cutting at
the middle of the particles leads to the same diam&his means
that “surface distribution” normally exhibits a dgr part of smaller
diameters than the equivalent “volume size distidmni and that

this difference increases with the average “volurpatfticle size.
However, the maximum size observed is similar foothb
distributions because it is always the diametetheflarger original
particle. In stereology [9], statistical models stxiwhich allow

relating “surface distribution” to “volume distriban”. However in

this case, it is not possible because small (<7) sire distribution
is not available.

Fig. 8 also demonstrates that the dispersion betwesilts obtained
on two different samples increases with Dmax. Rerg¢maller one
(sample 1-2) experimental curves are superimpdsegample 1-1
(medium Dmax) curves are close, for the larger Drddference

between curves is significant. This is certainlg da the number of
particles which are excluded from the treatmeguf® 7) and which
therefore modifies the investigated surface. Samgp(sample size
and/or sample number) should probably be adaptddnax. Fig.

10 and 11 present results obtained for 3 and ésseraterials.
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Fig. 9: Effect of randomly cutting of a sphericarficle, on the

resulting “surface size distribution”.
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Fig.10: Example of calculated and experimental P®D 3-9
material, very similar to that one of 3-7, 4-4, 4463, 4-6, 4-7
materials .
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Fig. 11: Example of calculated and experimentaltiglar size
distribution for 3-6 material, very similar to thae of 3-8.

As already explained here above, all these maseriakcluding
materials 1-2 (Fig. 8) exhibits very close “theaat particle

distribution. Eight of ten materials (1-2, 3-9, 3474, 4-5, 4-3, 4-6,
4-7) materials exhibit very close results with dnvalriations (Fig.
10). Materials 3-6, 3-8, exhibit a lower fine pamd a smaller
difference between calculated and experimental esurvThese
differences cannot be explained in this work. Ih dze due to
sampling method or to the dispersion of the pradactFurther
work is to be done to investigate this kind of a#idn. From these
last observations, it can be concluded that theotemibility level

of this method seems very good but additional itedl)

investigations are necessary.

I11.5Matrix analysis

With the target of a full description of the ma&dsi microstructure,
the matrix was also investigated. Fig. 12 presergsneral overview
(electronic microscopy) of a matrix, which is ngasimilar for all
investigated materials. This picture demonstrates$ the limits of
different phases are not clear, a lot of differgrey shades exist
between phases and also in the same phase. Tleepargsity, in
this part of the materials, also interacts witheslation. It was not
possible to directly apply an automatic image asialyo this kind of



micrograph; and during this work, no artefact wasnd to improve
the pictures and to develop a new method. Therefbeeclassical
method such as electronic microscopy with help BiSEanalysis
remains the best method for describing refractoayemials matrix.
For example, Fig. 12 shows: aggregates (large aabalumina
particles (top left and bottom right, the bondirigape (matrix, from
bottom left to top right). This phase contains fadamina particle
(light grey), fine magnesia particles (dark grey)dacalcium
aluminate cement particles (white).

S 3 i
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Fig. 12: General overview (electronic microscopy) a matrix
(TAB: tabular alumina, Mg: magnesia, CA: calcium aioate, Al:
alumina).

In the future, matrix investigation with computeided method
could be based on EDS mapping (Fig. 13) which al@xactly
locating chemical element and therefore also tfferdnt phases.

Fig.13: Example of Mg mapping obtained from EDSIgsia and
showing the location of magnesia or magnesite émtltrix.

IV CONCLUSIONS AND PERSPECTIVES

This work is a contribution to the development dést “automatic”

method for the characterisation of the microstrectof refractory
castable materials. “Classical” microscopy (eledtrcand optical)

high magnification pictures necessary to observe fpart and
details of materials, only present few aggregates a lot of them
are cut at the edges. This limitation can be overdy using
“picture assembly” method. As well for electronieccroscopy as for
optical microscopy, a poor contrast between théedint phases
doesn’t allow the pictures treatment with an imagealysis

software. Thresholding necessary for phase or glwiondary
contrasting is not possible with accuracy and tegubngly depends
of the operator. An artefact: black ink impregnataf materials was
developed to enhance the phase contrast. The issat effective
contrast between the porous matrix and the dengeegates. This
advantage could only be profitable with optical mgcopy. The
preparation of large samples, ink impregnationtype assembly
and “automatic” image analysis with a commercidtvgare allows

obtaining a “surface” particle size distributionhel method is
limited to the description of particles higher th@ pm which

means the aggregates. At this stage of the developmatatistical
method cannot be applied to relate “surface PSDjrigin “volume

PSD”, because information is not available for dnparticles.

Today, the current method could be applied to obr{production,
reception, composition development,...) the aggesgparticle size
distribution and the part of the matrix. In theuftg, some work can
be realised to develop statistical calculation napriove results
interpretation. Some other parameters which ardadla from the
image analysis, and which were not described is Work, could
also be used to check and quantify the homogentity,particle
shape,..The method can also be developed to quahtf size,
number and dispersion of large defect as obsemefiire 3 or
smaller ones such as cracking due to mismatch leetwidferent
phases or induced by a thermal stress. This infiomaould be
very interesting to interpret thermomechanical prtips. During
this work, the method was also applied to detedttarguantify the
crack propagation during testing at high tempegeatim same
materials (10). Finally, it would be also interagtito check the
possibility to extend the method to shaped andatisig materials.
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