Revista Latinoamericana de Metalurgia y Materiales, Vol. 21, N° 1, 2001,

MICROSTRUCTURAL TEXTURE IN MATERIALS SCIENCE:
REFRACTORIES

M. Velez and M. Karakus
Ceramic Engineering Dept., University of Missouri-Rolla, Rolla, MO 65409-0330 USA

mvelez @umr.edu

Abstract

This work summarizes important aspects of microstructure analysis of ceramics, emphasizing refractories. The objective
is to use texture as a way of characterization. A comparison is made within different fields of Materials Science. The work
is also part of an effort of organizing a huge database available on new and used refractories obtained from a range of
applications. In this particular case, examples of applications in refractories for glass tank melters are presented. The final
goal is to create a web digital library of microstructures for structural, refractory ceramic materials and related materials (i.e.,
stones as defects in glasses, raw materials).
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Resumen

Este trabajo presenta algunos aspectos importantes en el andlisis de la microestructura de materials cerdmicos, haciendo
énfasis en refractarios. El objetivo principal es la descripcion de la textura como parte de la caracterizacién de estos materiales.
Tambien se presenta una comparacién en diferentes campos de la Ciencia de Materiales. El trabajo es un paso en un esfuerzo
de organizar la informacién disponible en relacion a refractarios nuevos y usados (post mortem) en varias aplicaciones. En
particular, se presentan ejemplos de refractarios empleados en la fusién y produccién de materials vitreos. La meta final es
crear una biblioteca digital, disponible en Internet, sobre la microestructura de materials cerdmicos y ejemplos relacionados

(i.e., defectos en vidrio provenientes de materiales refractarios, materias primas)

Palabras Clave: Catodoluminescencia, Cerdmicas, Microscopia Optica, Refractarios

1. Introduction

A surface property that has a direct impact on the
results of many types of analysis of
materials is its texture or roughness. In general, texture
can be defined as any three dimensional feature(s) found
on a very small or large surface, and these features can
range in size from the atomic level (~10 nm, as in an or-
derly array of atoms) to earth-size or macro level (tens of
km, as in satellite imagery of the earth surface). Texture is
sometimes referred in Materials Science by other terms,
including surface appearance, surface texture, surface to-
pology, surface morphology, surface topography, crystal-
lographic texture (or preferred orientation of crystallites),
surface roughness, rugosity, particle shape, spatial struc-
ture of the surface layer, texture of rocks (as in Geology,
where sedimentary rocks are described by the size and shape
of its constituents particles), mathematical morphology, and
pattern spectrum. Selecting the right/correct/bést charac-
terization method is critical to accurately describing the
exact texture of the surface in question and its features.

Examples of applications are found in the analy-
sis of very flat surfaces, such as polished silicon wafers,
and also on metals and ceramics, with roughness in the

order of micrometers. Two surface roughness terms are
commonly used: average roughness, RA, and root-mean-
square, RMS. For N measurements of height z, and aver-
age height z, the average roughness is the mean deviation
of the height measurements and can be described as:
N
RA=(1) ?iz —z.
1
i=1
and RMS is the standard deviation

N
RMS = [(I/N) ?i(z,—z )4'"?
i=1

Several measurement techniques are in usage to-
day, the optimum method depends on the type and scale of
roughness to be measured for a particular application. Sur-

Jace roughness is commonly measured using mechanical

and optical profilers, SEM, and atomic force and scanning
tunneling microscopes. In the profilometer technique. a
stylus connected to an electromechanical transducer is
dragged along the surface, and the centerline averag= (CLA)
roughness is calculated from the mean amplitude of the

fluctua
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tions -of the amplified electrical signal.
Angle-resolved scatterometers are also applied to sur-
face roughness measurement. Depth of resolution is an im-
portant parameter for characterization (Table I). Optical
scatterometry involves illuminating a sample with light and

measuring the angular distribution of light that is scattered.
The technique is useful for characterizing the topology of
two general categories of surfaces. First, on surfaces that
can be defined by some surface statistics, and second, for
the shapes of structures (lines) of periodically patterned sur-

faces.

Table 1. Analtical methods for swrface characterization (adapted from [1]).

Technique Depth resalution Lateral resolution Observations
) ) g . ) . Morphology, cptical
Light: rnicr os copry 0.2 prn with white light proparties
Optical microscopy with 10 nim fo several pm, Qﬁ#?&gﬁ;gﬁal a5 iof
cathodoluminescence [2] | denending on dectron ~1pm o 3
h defects, and their
Al ERErQY distribution
MeasLres surface
) = i
Medharical profiler [3] 0.5 nm 0.1-25 prm roughness
. Laser wavelength used | Topography
Opfical scatterometer B L to illumninate the sample | characterization
Optical profiler 0.1nm 0.35-9 prm Sur face roughness
S=E] From rm to pm, ' {images canbe
denending on the l'sgggrgjnsrfgjldaw enhanced by using
accelerating voltage steren pairs)
. Topography data of
SLME[4] surface textre
STM, atomic; Real-space 20 imaging
1] C ' 1 g 3
STM/SFM SILARLLD SFM, atomic to 1 nm high resolution
SFM, 1 rm profilometry
Atomic structre and
i e 0.2nm o hetter ricrostructural analysis
y 0.5 1 pm for bulk Imagirg/mapping of
EDS* 0.02 to pm samples; ~1 nm for thin | chemical dements
sections in STEM?
Irnaging, 0.2-10 nm; Micros ructural
d il j] 1
STEM None ER. 5%, 0.5-10 nm; crystallographic and
EDSE 3-30 nm compositional analysis
v ' Quartitative analysis of
B A 100 Am to S pm 100 nm o S pm maicr, minor, and trace
constituents
i Sur face crystallography
LEELR 0.4-2 rm 0.1 mm to ~10 pm e iernEE e
Surface structure of
n
RHEED 0.2-10nm 200 prn % 4 mm crystals, distinguishes
between 20 and 3D
defects
== AES, 5-10 nm; AES, 30 rm; Surface cormposition
AES] IS5, outermost atomic IS5, 150 pmm; characterization
155t |aver; SIMS, down to 100 pm
SIS SIMS, 1or 2 monolayers '

aConfocal Scanning Laser Microscopy
bScanning Tunneling Microscopy and Scanning Force

Microscopy

‘Energy-Dispersive X-Ray Spectroscopy
dScanning Transmission Electron Microscopy
€Electron Energy-Loss Spectrometry
fElectron Probe X-Ray Microanalysis

9Low-Energy Electron Diffraction
PReflection High-Energy Electron Diffraction
Electron Spectroscopy for Chemical Analysis

JAuger Spectroscopy

Klon Scattering Spectroscopy
ISecondary Ion Mass spectrometry
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Surface damage in terms of craters, cracks, voids, and
roughness has been reported in
relation to machining brittle materials, such as ceramics.
Except perhaps for the intent of quantitatively describing
irregular fracture surfaces with fractal geometry [5], most
of this work is based on descriptive observations from mi-
crographs (optical or electron microscopy) with little quan-
tifying of the damage. Surface damage will effect deterio-
ration of the mechanical properties, such as strength. In
order to
characterize the surface integrity of machined surfaces of
ceramics, the flexural strength can be used as measurement
since it is dependent on both its inherent resistance to frac-
ture and the presence of defects [6]. Applications are found,
for instance, in the
characterization of limestone calcined under different con-
ditions [7].

The surfaces of most particles are rough on a micro-
scopic scale, and the contact occurs at
high points, which are called asperites [8]. Layer silicate
minerals and pristine amorphous solids have relatively
smooth surfaces with irregularities finer than 100 nm.
Crushed minerals have surfaces with step-like features
- coarser than a few microns, and aggregates have very rough
surfaces with irregularities approaching the crystallite size.
Interparticle friction and sliding is resisted by chemical
adhesion and! physical resistance produced by the micro-
scopic steps and asperites on the particle surfaces.

Pattern Recognition Theory has been introduced to per-
form surface textures classification [9], and in general to
describe better the texture of engineering surfaces using
computer and mathematical tools. For instance, using
Atomic Force Microscopy (AFM) image representing the
surface textures of various materials formed by various pro-
cesses and treated by mathematical transformations. The
results are linked to properties of surface materials and the
process of growth and crystallization on the interface of
different materials. Other advanced techniques are repre-
sented by the attainment of fractal dimensions from SEM
images [10], the use of Scanning Tunneling Microscopy
(STM) to characterize mathematically surface texture pa-
rameters [11], the analysis of fiber optic transducer and
conventional profilometer data by use of statistical func-
tions [3], and by using Fourier analysis of AFM images
[12]. Another emerging techniques include Gaussian Tex-
ture Analysis of SEM micrographs, as in this case, of or-
ganic materials, carried by the Center of Imaging Science
[13]. In particular, the work at the Center of Imaging Sci-
ence at Rochester University on morphological texture clas-
sification indicates that gray-scale granulometric classifi-
ers can discriminate between textures that have rather simi-
lar visual characteristics [14].

This work exemplifies different microstructure textures
encountered in Ceramics, with special emphasis in refrac-

tories using optical and electron microscopy. Several ex-

amples are typified and some problems are presented.
2. Texture in Materials

2.1. Ceramics

Orienting or aligning a second phase such as fibers,
whiskers, and platelets during green body or powder con-
solidation processing can achieve textured ceramics. Tex-
tured ceramics show improved or unique properties (elec-
trical, magnetic, and mechanical, for
instance) and have been obtained by applying field gradi-
ents during fabrication. Zexture can be developed in ce-
ramics, which lack plasticity as compared to metals, by
grain rotation or oriented anisotropic grain growth [15].
Common processing methods include hot-forging, hot-
pressing, tape casting, extrusion, and slip casting. As an
example, high-textured mullite has been obtained by en-
hancing the anisotropic grain growth by TiO,-doping and
by templating grain growth on oriented acicular mullite
seed particles in a mullite precursor [16]. The in situ grain
growth and alignment was
developed by tape casting in mullite-whisker-seeded and
titania-doped diphasic mullite gels.

Processing also has effect on the crystallographic tex-
ture domain, as on the successive thermomechanical treat-
ment of Bi-based (2223) superconductor Ag-sheated tapes,
by pressing and rolling results indicate a large increase in
the crystalline density and preferred orientation in the ini-
tial steps, and saturation after the third cycle of treatment
[17]. Another applications are found on eteroepitaxial
diamond film growth [18], humidity-sensing behavior of
sulfated zirconia [19], surface texture of multicrystalline
silicon solar cells [20], and the fabrication and evaluation
of composite ionic conductors [21].

2.2 Comparison to Metals

Local variations in chemical composition and micro-
structure arise during manufacture and processing of met-
als. Furthermore, the microstructure might be anisotro-
pic, and variations might exist, for example, between the
transverse and the longitudinal direction
of rolled metal bars or fextures may occur. Textured sur-
faces can be used to impart a number of desirable proper-
ties or characteristics on finished metal products [22]. The
types of textures that are often rolled onto the sheets used
for refrigerator panels
serve to conceal dirt, for instance. Embossed or coined
protrusions can enhance the grip of metal stair treads and
walkways. Corrugations provide enhanced strength and
rigidity. Still other textures can be used to modify the

optical or acoustical characteristic of a material.

n
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Crystallographic Texture develops in metals during
plastic deformation by slip plane rotation. Preferred
orientation in polycrystalline materials can be detected
with a Debye-Scherrer camera and diffractometer with
texture attachment [23].

The use of electron backscattering diffraction patterns
(EBSPs) in conjunction with SEM allows the determina-
tion of preferred orientation, or crystallographic texture,
in combination with microstructural data [24]. Ex-
amples are found in textures induced by extrusion of
aluminum alloys [25, 26], processing of zinc
electrogalvanized coatings [27], electrodeposition of
polycrystalline Ni [28], processing of ferritic alloys [29]
and steels [30].

The analysis of microstructural images (Quantitative
Metallography) can be considered
as an abstract problem of 2D or 3D geometry without any
account of the actual phase compositions. This branch is
termed Mathematical Morphology (MM) and it is gener-
ally valid for all microstructures [31]. The methods of
MM are designed to quantify geometric structures; a po-
rous medium, for instance, is made of two complimentary
sets, grains and pores. Quantifying any structure then
comes down to measuring sets, obtained by successive
transformations, which from the initial image will pro-
gressively reveal the set to be measured. These transfor-
mations are combinations of elementary morphological
transformations [32].

Quantitative metallography refers to the accumulation

of data necessary to describe a 3D
microstructure, that is, its 3D dimensional geometry, usu-
ally to correlate microstructure to manufacturing or per-
formance history. The geometric parameters are described
based on the standard morphological, such as maximum
particle diameter or mean intercept
length. The following possibilities for quantifying the mi-
crostructure are available [31]:
1. Description of basic 2D parameters such as area frac-
tion, and planar size distribution;
2. Complex 2D description including shape and arrange-
ment of mathematical morphology;

3. 3D description by stereological parameters such as
volume fraction, spatial size distribution, specific surface
area, derived from 2D measurements; and
4. Direct evaluation of 3D geometry by sectioning or ste-
reometric measurements.

2.3 Catalysts and Ceramic Membranes

Textural properties of catalysts are an important area of
characterization of catalytic materials. It comprises sur-
face area, total pore volume, and mean pore radius [i.e.,
33, 34] and texture. Surface area, pore size and pore vol-
ume are among the most fundamental and important prop-

erties in catalysis because the active sites are present or dis-
persed throughout the internal surface through the reac-
tants and products are transported. The size and number of
pores determine the internal surface area. It is usually ad-
vantageous to have high surface area (high density of small
pores) to maximize the dispersion of catalytic components;
however, large molecules might be excluded from passing
through the small pores, which might have an important
effect in given process. The pore structure and surface area
must be optimized to provide maximum utilization of ac-
tive catalytic sites for a given feedstock [35]. A pure metal
catalyst will change in surface roughness or crystal struc-
ture during use.

Promoters in catalysis can be classified as either textural
promoters or structural promoters. A textural promoter is
an inert substance, which inhibits the sintering of microc-
rystals of the active catalyst, by being present in the form of
very fine particles (physical effect), while structural pro-
moters act by a chemical effect. As example of application,
chromia/zirconia catalysts have been tailored in texture from
micro porous to mesoporous and macroporous materials
[36].

Crystallographic texture is also of interest in the devel-
opment of special functions in membranes, for instance,
special boehmite gel membranes exhibit (020) texture, and
the (020) surface of gamma-AlOOH
(boehmite) grains are parallel to the top surface of the mem-
brane [37].

2.4 Cement Pastes and Concrete

The morphological characteristics of coarse aggregates
can be measured by standard methods such as the test method
for index and particle shape and texture (ASTM D- 3398);
the test method for uncompacted void content of coarse ag-
gregate as influenced by particle shape, surface texture,
and grading (ASTM C-1252); and the test method for unit
weight and voids in aggregate test (ASTM C-29). Digital
Image-analysis has also been used to characterize coarse
aggregates, by using improved techniques as in evaluating
asphalt-concrete mixtures [38].

The particle shape and surface texture of normal Port-

land cement and supplementary materials has been observed
by using AFM where neither profilometer [39] nor SEM
[40] can provide detailed images of the fine materials. It
has been shown for example, that silica fume is composed
of two complimentary parts (hemispheres or cylinders),
nano-size particles are found in all materials, and a rela-
tively smooth surface was observed in the hydrated cement
paste [41]. Fine texture is referred as a general indication
of grain size. as in the measurement of alite grains using
polished Cross
sections in Portland cement clinker [42], measured by opti-
cal microscopy-
Compui=tional research on cement-based materials, directly
relzied 1o mmcrostruciure development, is a current area of
work. Cemens-based materials are considered random com-
possi=s ower many length scales and understanding of the
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macro- and microstructure would lead to the understand-
ing of the microstructure-property relationships [43]. For
instance, one current approach at the National Institute of
Standard Materials (NIST) is to characterize the micro-
structure of concretes using optical and electron micros-
copy and digitizing the information (color, texture, and
geometrical parameters). The digital data is then analyzed
and used to simulate hydration reactions, percolation prob-
lems, and microstructure development.

2.5 Refractories

The phase composition, porosity, and texture of refrac-
tories are determined experimentally, routinely using at least
optical and electron microscopy of polished samples. The
starting compositions, and particle sizings, and processing
techniques together with firing schedule, affect the results.
Thus, crystallite size and aggregate size are a measure of
texture in refractories, defects such as microcracks can also
be imaged and measured. In many refractory bricks, pre-
existing cracks are in the millimeter range, even up to the
order of 10 mm. An increasing extent of microcracking
must accompany increasingly coarse-crystalline microstruc-
tures and the use of still coarser-sized premanufactured
grain or aggregate is common [44]. Accordingly, depend-
ing on the coarseness of their texture, refractories can be
expected to have a markedly below-ceramic Young’s modu-
lus values. A further consequence of micro cracking with
open porosity, which also sets refractories apart from fine-
grained ceramics, is a sharp reduction of the elastic limit.
Texture and coarseness also have influence on corrosion
behavior of refractories. Since the surface:volume ratio of
the grain particles increases as their size decreases, the
smaller particles are successively more vulnerable to cor-
rosive-liquid attack. Thus, compromising the corrosion
resistance of the grain somewhat by the use of graded siz-
ing improves the resistance of the grain-matrix-pore sys-
tem as a whole.

Physical characterization of refractory aggregates rou-
tinely include visual analysis (macro- and microscopic),
particle size distribution, packing density, aggregate shape,
surface texture, and particle density — where surface tex-
ture indicates the 2D rendering of the surface, or perhaps
the 3D detailing of the physical surface; i.e., surface mor-
phology. Microcracking and presence of inclusions can also
be noted by visual analysis and description of the surface
texture.

Most monolithic refractories contain alumina aggre-
gates
of various types including fused
aluminas, tabular alumina, and calcined bauxite. The
surface morphology is enhanced by using special
techniques, such as optical microscopy assisted
with cathodoluminescence (CLM) of polished sections. The
analysis of different refractories using CLM has been
presented earlier [45-48]. Thermal annealing of high-

alumina ceramics coupled with scanning electron
microscopy is another commonly employed method.

2.6 Post-mortem Study of Glass Melting Furnace Refrac-
tories

The Refractories Research Center in University of Mis-
souri-Rolla initiated the research program “Post-mortem
characterization of glass plant refractories”, in 1996, in or-
der to understand refractory corrosion mechanisms and to
develop refractories for the glass making industry. The pro-
gram involves collection of a large group of post-mortem
glass plant refractories and their characterization as well as
laboratory corrosion test simulation. Cathodoluminescence
Microscopy (CLM) technique is the primary characteriza-
tion technique. The description and advantages of the tech-
nique and the preliminary study of the post-mortem glass
plant refractories have already been summarized [49].

Figures 1 and 2 show the corrosion texture of silica re-
fractories [50] under optical and electron microscopy. Re-
flected light (Fig. 1a) shows the typical “fish scale” mor-
phology of cristobalite, however, CLM shows the dendritic
morphology that indicates a liquid phase (about 250 im
thick) during refractory service. It also shows cristobalite
at deeper locations, as well as prismatic tridymite, and wol-
lastonite green fibers.

i

Fig. 1. Optical microscopy (reflected light and
cathodoluminescence) of a silica crown brick exposed to oxyfuel
conditions. Dendrite crystals of cristobalite (blue CL) and amor-
phous Na,O-rich Ca-silicate glass matrix are shown at the hot face

(left side).
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A similar information is obtained using SEM (Fig. 2),
however, this technique is more expensive than CLM. Both
techniques are complementary and for complete analysis
chemical analysis (wet method of core sections), SEM probe
analysis, and XRD is routinely made. Corrosion of AZS
checker bricks by alkalis and alkali sulfates has also been
studied and described earlier [51].

Another application is the study of microstructures of
regenerator bricks in glass tank melters. Figure 3 illus-
trates the microstructure of a periclase checker brick con-
taining 95-98 % MgO. The material had a visual shattered
or burst appearance. The interior of the brick was pink in
color while the outer surface was green in color. Under the
optical microscope, periclase grains exhibited red CL color.
Also, silicate phases forsterite and monticellite were iden-
tified. Grain growth of periclase in the outer burst surface
was also noted. Thermal fluctuation, volume reduction,
grain growth, and silicate phase formation are the causes
for the failure (bursting) of these checker bricks.

Fig. 3. RL and CL micrographs of 98 % periclase checker brick from top course showing grain growth of periclase. Many pores are
entrapped and enclosed within the periclase grains which are visible in the CL micrograph. Monticellite (yellow CL) is observed at the

200

Fig. 2. SEM micrograph of a commercial silica crown brick ex-
posed to oxyfuel conditions (1500°C, 200-300 ppm NaOH, 10
days). Hot face is at left side, a few closed pores remain usually

larger than 400-500 microns.

grain boundaries of periclase

Fig. 4. RL and CL micrographs of direct bonded Mag-Chrome checker brick. showing a silicate impurity phase, primarily
monticellite (yellow CL) at grain boundaries.
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Figure 4 illustrates the microstructure of direct-bonded Mag-
Chrome regenerator crown bricks. The surface of these
bricks was damaged and extremely crumbly. In this zone,
high porosity, silicate impurities as well as sulfate phases
were observed. Although these bricks were direct-bonded,
they still contain significant amounts of silicate phases.
The last example (Fig. 5) illustrates the microstructures
of chrome-free, fused cast, cruciform AZS block. This
sample was 2 inches thick and was coated with a yellowish
foam-like glassy material. It had a crumbly appearance
and broke in a columnar habit. The original material was
known to be a fused cast, chrome free, AZS checker brick
with a chemistry of 50.6 % Al,0,, 32.5 % ZrO,, 15.6 %
Si0O,, and 1.3 % Na O. The foam-like coating on the sur-
face contained Na-Ca-sulfate, Na,Ca(SO,),, Na-Ca-Mg-Al-
silicate phase, spinel, zircon and other dust particles. It is

very clear that the checker bricks were subjected to a very
corrosive gaseous and dust environment. The original
material did not contain any CaO, MgO, and S. The alka-
line sulfates and dusts from the batch carry over react with
the checker brick resulting in foamy surface texture due to
the glass formation and volume changes.

An ultimate goal of the characterization program at UMR
is the creation of a digital library for refractories, including
refractories for glass manufacturing, defects in glasses and
raw materials. Several independent techniques can be sum-
marized into a large database that can provide easy access
and full documentation to users (students, field engineers,
technicians, researchers). This could result in a unified
source of information for ceramic microstructures, regard-

ing definitions, norms, and specific terminology.

Fig. 5. RL and CL micrograph of fused-cast, chrome-free cruciform AZS checker brick showing corrosion and peeling-off AZS material
by alkalis and alkaline earth sulfates. Spinel (green CL), Na,Ca(SO,),, as well as Na-Ca-Mg-Al-silicate phases were formed as results

of reaction between alkaline sulfates and AZS checker brick.

3. Conclusions

This work summarizes important aspects of microstruc-
ture analysis of ceramics, emphasizing refractories. The
objective is to use texture as a way of characterization. A
comparison is made within different fields of Materials
Science. Characterization of materials is important to de-
cide on the performance under different conditions (micro-
structure-properties relationship and prediction of proper-
ties, failure analysis, product development) and depends
on the use of several techniques. The identification rou-
tinely consists on the confocal use of various methods:
chemical analysis, X-ray diffraction, physical and chemi-
cal properties determination, etc., with the use of agreed
norms and regulations (i.e., ASTM standards, DIN, etc.).
One common technique of identification is the use of opti-

cal and electron microscopy. Such work describes the mor-
phology of the materials at different resolution levels.
Cathodoluminescence microscopy (CLM) examples are
presented here as an alternative for a supplemental tech-
nique to aid in the identification and characterization of
refractories. The technique is suitable for most cases
whereas most powerful techniques, such as SEM, may add
very little in some cases and/or are more expensive. CLM
(color images), and all microscopy in general, present the
information in image data form. This makes mandatory
the use of an electronic version for the digital display of the
information. The final objective of the program at UMR is
to create a digital library of ceramic microstructures
(DLCM) for structural, refractory materials and related

cases.
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