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ABSTRACT

The relation between the atomic structure and the macroscopic properties and behaviors of a material constitute one of
the objectives of the materials science, particularly in the design and development of ceramic materials. Crystalline and
non crystalline phases together with pores, grain boundaries, etc. affect mechanical and fracture prop-erties as well as
chemical resistance and electric properties. These aspects will be bonded to the raw materials chosen and the whole
processing route. In glass industry, although there are other electrofused refractories such as the alumina ones used in
the feeding of the fusion kilns, probably the most used refractories in contact with the melted glass are electrofused ma-
terials that belong to the Al,O3-SiO,-ZrO, system commonly named AZS. Exceptionally for refractory materials the
amount of the glassy phase in a AZS material is important and appreciable; and makes them particularly adequate for
containing fussed glass. The glass proportion will define much of their prop-erties and behaviors. In the present work
the results of the non crystalline phase quantification of two samples of commercial AZS materials are presented and
compared. These were obtained by three different methods using in the X ray powder diffraction (XRD) techniques. The
first method consists in the linear interpolation of the base lines of the diffractograms compared to the amorphous silica
and the fully crystalline quartz. The other two methods are based in the application of the Rietveld method. One is the
internal standard method with quartz as fully crystalline standard and the other one consist in the inclusion of the glas-
sy phase to the refinement with a structural model that can be understood as the widening of the peaks consequence of
an extreme decrease in the crystallite size of a quartz phase. The three methods showed equivalent results (with differ-
ences less than 3%) for the two samples and demonstrated that are adequate for the quantification of the non crystalline
phase in this kind of materials.
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processed glass. Other important progresses accomplish
were the improvement in the mounting time and decrease
in the devitrification cords and lower amount of bubbles
produced by the “blistering” process [4-6].

Exceptionally for refractory materials the amount of

1. Introduction

In glass industry, although there are other electrofused
refractories such as the alumina ones used in the feeding
of the fusion kilns, probably the most used refractories in

contact with the melted glass are electrofused materials
that belong to the Al,O3-Si0O,-ZrO, system commonly
named AZS.

In glass industry, although there are other electrofused
refractories such as the alumina ones used in [1,2]. These
materials have influenced drastically the quality levels
and productivity of the glass fabrication processes [3].
The first advance achieves by these materials was the
improvement in the corrosion resistance, increasing the
life of the kilns, together with the quality of the
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the glassy phase in a ASZ material is important and ap-
preciable; The weight proportions is around 20% and
makes them particularly adequate for containing fussed
glass. The glass proportion will define much of their
properties and behaviors.

To validate and compare three quantification methods
for the non crystalline phase of an electrofused refractory
material is the principal objective of the present work. In
the materials field the use of the X ray diffraction tech-
nique for the non crystalline or amorphous fraction quan-
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tification is a permanent challenge that has been studied
from diverse forms. Three of them are compared in the
present work.

The typical composition of an AZS material of the
normal filling cast type, from the supplier information is
shown in Table 1.

Ohlberg [7] developed a method for determining the
crystallinity percentage (C%) in partially devitrified
glasses, by the interpolation of the base line of the dif-
fractogram between the corresponding to amorphous
silica and fully crystalline quartz.

C% :1ooxM (1)
(Ig a IC)

Where Iy, Iy I¢ are the diffractogram intensities at 26
=22.5°C corresponding to a sample 100% glass
(amorphous silica), the partially crystalline phase (prob-
lem sample) and the 100% crystalline standard (quartz)
respectively.

This equation commonly utilized for determining
crystallinity in vitro-ceramic materials in a wide range of
proportions [8,9], it could be valid to assume that the
amorphous or non crystalline (NCo%) proportion can be
obtained from the following equation defining NCo,% as
a complement of the crystallinity (NC% + C% = 100).

1-(1 -1 _
NC,,% =100-C% =1OOXM=100><M

(Ig_IC) (Ig_IC)

The Rietveld method [10,11] has demonstrated to be
an effective tool for quantitative phase analysis in di-
verse materials [12,13]. The quantitative analysis is car-
ried out from the scale factors refined for each phase (Si)
according to the following equation:

_S@Mv), /g,
YIS, (ZMv), Uz,
p
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Table 1. Typical compositions of an electrofused AZS re-
fractory.

Chemical Mineralogical

composition® (Yowt) composition (Yowt)
ZrO; + HfO, 35.4 m-ZrO, 33.0
AlO3 48.0 AlO3 47.0
SiO, 15.2 Amorphous phase 20.0
Na,O 15
TiO; 0.04
Fe;0s 0.04

a. http://www.sefpro.com/fused-cast-azs.aspx
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Where Wi is the weight fraction of the i-phase over all
the present phases. Si, Zi, Mi, Vi and 1i are the scale
factor, the number of molecules per unit cell, the mo
lecular weight, the unit cell volume and the mass-absor-
ption correction factor of the particles for the i-phase,
respect tively.

In the Rietveld analysis, the crystalline structure of
each phase in the sample should be known. Hence this
method does not allow including the amorphous or
non-crystalline phases. However several authors had put
into practice the quantification of these phases using the
Rietveld refinement in efficient way. De la Torre applied
the method for samples with the aggregate of a fully
crystalline (100%) internal standard in a known propor-
tion, and determined the experimental conditions which
affect the uncertainty of the amorphous phase determina-
tion using different internal standards [14].

Le Bail demonstrated that it is possible to include the
silica glass in the Rietveld refinement through a struc-
tural model with crystalline defects [15]. Lutterotti [16]
applied Le Bail method for the silica glass introducing
defects from the crystal size for reproducing the peak
widening; verifying this method for standard samples of
quartz and amorphous silica, after he applied it to sani-
tary ceramic and to a AZS refractory. Finally Ward [17]
compared two Rietveld methods in flaying ashes. The
first one with the internal standard aggregate in known
proportion and other one introducing the amorphous
phase in the refinement program through the incorpora-
tion of experimental standards of non crystalline phases
like meta-caolin or tridimite.

Mechanical mixtures of crystalline and non crystalline
had been commonly used as standards for studying the
efficiency of non crystalline quantification methods.

In electrofused or sintered materials, these mixtures
are not the most adequate, due to the fact that the phase
distribution in the standards differs from the actual stu-
died materials.

In the first case crystalline and non crystalline par-
ticles are clearly differentiated and produce different
diffractions compared to the produced in samples with
particles where both type of phases are together in the
same particle. In consequence the comparison of diverse
methods with samples with unknown amorphous content
will allow validating them.

In the present work the results of the non crystalline
phase quantification of two samples of commercial AZS
materials are presented and compared. These were ob-
tained by three different methods based in the X ray
powder diffraction (XRD).

The redefinition of the Ohlberg equation (Equation 2)
was used for the first method. Milled quartz (SiO,) was
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used as fully crystalline standard for the first Rietveld
refinement method. Finally the Le Bail model based me-
thod was applied with the amorphous phase incorporated
as a nanocrystalline material with a 3-Carnegieite struc-
ture.

2. Experimental Procedures

The analyzed material consisted in a monolithic electro-
fused commercial AZS refractory normal filling type
(AZS ER 1681 RN, Saint-Gobain SEFPRO, Italy). Par-
ticularly two samples (AZS1 y AZS2) of the material
were studied coming from different blocks. For the anal-
ysis samples were milled in Agatha mortar up to mesh
100.

The chemical analysis of the samples was carried out
by Atomic Emission Spectroscopy by inductive coupled
plasma (Varian Vista AX CCD Simultaneous ICP-AES)
with the exception of the zirconium which was done by
X ray Fluorescence (Shimadzu EDX800HS).

For the amorphous phase characterization Silicon dio-
xide (SiO,) powder was used as standard (Carlo Erba
RPE) for obtaining Ig in the Ohlberg method and for
refining the pure glassy phase in the Rietveld Method.
Also 15%wt. of milled quartz was used as internal stan-
dard aggregate before the Rietveld quantification. This
was chosen because it presents a similar absorption coef-
ficient to the sample [14]. For obtaining the Ic The same
crystalline quartz was used.

Materials were analyzed by XRD (Philips 3020
equipment with Cu Ko radiation in Ni filter at 40 kV to
20 mA). Difractograms were carried out between 10 and
70 in 20 with 0.04 steps of 3 seconds.

The powder XRD patterns were analyzed with the
program FullProf [18], which is a multipurpose pro-
file-fitting program, including Rietveld refinement. The
starting crystallographic data for each phase were ex-
tracted from the literature.if any non crystalline phase is
present in the sample when the Rietveld refinement done,
the internal standard content would be overestimated.
The percentage of amorphous phase in the sample with-
out the aggregated standard can be calculated using the
following equation [14]:

A-W,/R) ,

NC,s % = 0'% 4)

S

Where NCs% is the non crystalline content by the inter-
nal standard method, Ws is the internal standard propor-
tion aggregated (%) and Rg is the internal standard eva-
luated by the Rietveld method.

For obtaining the actual phase content of each present
phase they should be corrected by the amorphous phase
evaluated.
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The only refined parameter in the Le Bail model re-
finement was the scale parameter. For the other phases
scale factor was accompanied by the cell parameters, and
the rest of the parameters which describe the profile. The
background was calculated from the interpolation of
several 26: intensity pairs. Moreover the background was
not refined between 5° and 45°, while in the rest of the
diffractogram they were refined with the other of the
parameters.

Before introducing the non crystalline phase in the re-
finement of the studied samples, the pure amorphous
silica was analyzed for determining the crystalline and
profile parameters.

3. Results and Discussion

The results of the chemical analysis of the samples are
presented in Table 2. The ZrO, content was calculated
from the elemental Zr content obtained by XRF.

In the XRD test Al,O3 together with monoclinic and te-
tragonal zirconia were detected. There were not detected
any Silicon (Si) containing crystalline phase, evidencing
an important silica rich (> 70%) non crystalline phase.
This fact supports the assumption of approximating the
non crystalline phase of these materials with silica glass.

3.1. Ohlberg method

In order to apply Ohlberg equation (Equation 2) the cor-
responding intensities of the diffractograms at 26 = 22.5
for both samples AZS1 and AZS2. Both samples pre-
sented almost identical intensities, in Figure 1 a detail of
the superposed diffractograms for AZS1 sample, the
amorphous silica and crystalline quartz between 15° and
35° is shown and in Table 3 the results of the amorphous
quantification of both samples are revealed.

3.2. Internal Standard Method

In Figure 2 the diffractogram with its corresponding
refinement curve is shown for sample AZS2 with the
15%wt. quartz aggregate. There it can be observed the
experimental profile (dots) and the theoretical profile
(continuous), the corresponding positions of the diffrac-
tion lines of each phase (alumina, monoclinic zirconia,
quartz and tetragonal zirconia respectively) are expose in
vertical bars, finally the difference between the observed
profile and the theoretical profile is shown in the base of
the graph.

After the Rietveld refinement the quartz evaluated
content was 19.1%wt. in AZS1 and 19.2%wt in AZS2.
The actual contents of non crystalline and crystalline
phases by this method are shown in Table 4. The evalu-
ated crystalline and non crystalline content for the two
different samples are equivalent.

Table 2. Chemical composition of the studied materials.
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Chemical Sample
Composition? AZS1 AZS2
Sio, 15.4 14.7
ALO; 45.9 459
Fe,0s 0.33 0.42
CaOo 0.10 0.12
MgO 0.02 0.02
Na,O 1.29 1.28
K0 0.03 0.03
TiO, 0.08 0.04
ZrO, + HfO, 32.4 32.3

a:ICP and XRF results

Table 3. Non crystalline content evaluated by the Ohlberg

method (Equation 2).

Sample NCon%
AZS1 233
AZS2 23.2

Table 4. Quantitative analysis results from the Rietveld
Method, with internal Standard.

Phase AZS1 AZS2
(Yowt.) (Yowt.)
Al,05 46.5 47.3
m-ZrO, 27.8 26.8
t-ZrO, =1 =1
NCs% 24.7 24.9

Table 5. Quantitative analysis results from the Rietveld
Method by Le Bail model.

Phase AZS1 AZS2
(Yowt.) (Yowt.)
Al,05 48.1 42.9
m-ZrO, 28.0 30.3
t-ZrO, =1 =1
NCs% 22.9 25.8

Figure 3 presents de Rietveld refinement figure using
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Figure 1. Crystalline quartz, amorphous silica and AZS1
sample diffractogram between 15° - 35°.
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Figure 2. Rietveld refinement of sample AZS2 with crystal-
line quartz as internal standard.

A s

the Le Bail model in sample AZS1 made with the me-
thod described before. Diffraction lines correspond to:
Alumina, Monoclinic Zirconia, amorphous silica and
tetragonal zirconia respectively. Non crystalline and
crystalline phase contents are presented in Table 5. The
m-ZrO, and non crystalline content for the two different
samples are almost equivalent2. The alumina content in
AZS1 is higher than the one evaluated in the other sam-

ple.
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Figure 3. Rietveld refinement of sample AZS1 with the Le

Bail model.
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Figure 4. Comparison of the non crystalline content evalua-
tion by the three applied methods.

4. Summary

The quantification results are compared in Figure 4 (bar
chart). Although the three methods are based in com-
pletely different principle, their results are equivalent,
with differences below 3% for the studied material from
two different samples, showing that the three models are
adequate for the studied system, moreover the results
match with the results provide by the material supplier
(Table 1). In fact the results for the three applied me-
thods are slightly higher.

Although the simplicity of Ohlberg method, it can be
applied only for materials that do not present diffraction
lines in 26 = 22.5, and this method do not provides in-
formation about the other crystalline phases.

A complete phase quantification (crystalline and non
crystalline) can be carried out by both Rietveld refine-
ment based methods, but the Lebail model is recom-
mendable because it is not necessary to contaminate the
sample with the addition of the internal standard and it
could be easily incorporated to a routinely Rietveld
phase quantitative analysis without any increase in the
number of X ray diffractograms.
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