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ABSTRACT

To investigate the controversial Bj <>, phase ransformation in the 8-(BixO3)1.x
(SrO)x phase, a serics of compositions across the phase were prepared by conventional
gninding, pressing and firing ceramic techniques. Electrical conductivity measurements
demonstrated that the samples were comparable to those used in other laboratories. X-ray
diffraction analysis confirmed that the cations are located on a hexagonal sublattice, but
details of the aniun sublattice could not be resolved, because of the low X-ray scattering
factor of 02",

The compositional dependence of the lattice parameters of the hexagonal crystal
structure of the B-(Bix03)1.x(SrO)x phase, which was determined at 27 °C using X-ray
diffraction, revealed two distinct rends. The a and ¢ parameters were both approximately
constant for compositions below x = (.28, whereas for compositions greater than x =
0.28, the ¢ parameter increased progressively with the amount of substituted strontium,
while the g parameter showed no significant changes.

An investigation into the temperature dependence of the lattice parameters revealed
reversible discontinuities in the g and ¢ lattice parameters at high temperatures, although the
basic hexagonal crystal structure was unchanged. The ¢ parameter discontinuity was
greatest at low values of x, whereas the a parameter discontinuity was greatest in the middle
of the phase and both effects decreased to the detection limit at x < 0.40. These
discontinuities are not caused by changes in the cation subiattice, as the X-ray diffraction
peak intensities were not modified on cycling through the transformation. Instead, the
discontinuities are attributed to modifications in the 02 occupancy of the anion sublattice,
or, more precisely, in the distribution of O2- vacancies among these sites. The Py,
phase boundary, omitted from the most recent published phase diagram for the Biy03-SrO
system, was found to be asymmetric with respect 1o composition, in contrast to earlier

reports. A revised phase diagram is presented incorporating these results.
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CHAPTER 1 - Introduction

The B-phase solid solutions (Biy03)1.x(MO)x, where M refers to the solute ions
Ca, Sr, or Ba were first synthesized in the late 1930's and characterized with respect to
structure. Interest in these materials was renewed in the 1970’s when it was found that the
electrical conductivity was ionic, rather than electronic, and of a magnitude significantly
greater than for other known oxygen ion conductors, as shown in Figure 1.1.

Such solid state fast ion conductors are characterized by enhanced anionic or
cationic conductivity.relative to the ionic conductivity of most crystalline solids and which
in some cases approaches the ionic conductivity of the liquid phase. These materials, also
known as solid electrolytes, have a specific ion which is not confined 10 designated lattice
sites, but is essentially free to move throughout the three dimensional structure. Since the
atomic arrangement of the mobile ion is random, it is sometimes referred to as a "moliten
substructure” and often is described by a crystal structure with a significant surplus of
lattice sites assigned to the mobile ion. The detailed mechanism of fast ion conduction has
not yet been fully understood, since it includes the interaction of various factors which can
affect intersite mobility, such as open channels in the crystal structure lattice, disorder, the
number of activated mobile ions per unit volume, the relative size of mobile ions and
vacancies, ion-ion interactions, the number and accessibility of vacant sites, intersite
distances, etc. Any one of these factors can play a dominant role by itself, or in

combination with another.

Mixed electronic-ionic conductors have many diverse applications in the
development of devices such as oxygen sensors, high temperature fuel cells, and steam
electrolyzers. For solid oxide fuel cells, it is desirable to develop mixed conductors in

1
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which both electrons and ions are mobile charge carriers for the interconnection material. A
considerable effort has thus been made to increase the electronic conductivity of B-alumina
compounds, while maintaining their high ionic conductivity to allow oxygen ions to diffuse
to the electrolyte. Other applications, such as semipermeable membranes for oxygen
separation, require materials with very low electronic conductivity. In oxygen sensors, for
example, any electronic conduction will act as a short circuit and cause the sensor
characteristics to differ from the ideal model, but, on the other hand, the electronic
conduction does have the advantage of increasing the response time of the sensor.

Other considerations in the development of effective solid state electrolyte devices
are the thermal stability of the material, to permit long service life, and the thermal
expansivity, which must be accommodated in the design of the solid state device. The
equilibrium phase diagram, as a statement of the stability range of the potential electrolyte
phase, is a useful tool for the engineer / scientist in the selection of appropriate materials
and operating temperatures for such devices. The number of published phase diagrams has
grown sieadily throughout this century, yet there are still some systems for which no
diagram exists and many others for which the published diagram is inaccurate, or
incomplete. In the following chapters, this will be shown to be the case for the solid
solution f-(Bi203)1.x(SrO)x.

In concluding this introduction, it is noted that a number of materials undergo solid-
solid phase transformations accompanied by a sharp jump in ionic conductivity on entering
the high temperature phase. Such a conductivity jump is apparent from Figure 1.1 for the
B-(Bi203)1.x(SrO)x solid solution, which strongly suggests the existence of a structural
ransformation. It is hoped that the following detailed characterization of the transformation
with respect to structure will be of value in further development of these materials.




CHAPTER 2 - Background and Theory

2.1  Introduction

Pure bismuth oxide, Bi203, is known to exist in four crystal structures {1]. The
monoclinic o-phase is stable from room temperature up to 730 °C, where it transforms to
the cubic 8-phase, which is stable to the melting temperature of 825 °C. Cooling the a-
phase below 650 °C can produce a transformation into a tetragonal B-phase or a cubic y-
phase. The factors influencing the transformation into either of these metastable phases
are not well understood, but impurities are considered to play a significant role. For this
reason, the B and y-phases are not included in the equilibrium phase diagrams of bismuth
oxide systems. The a-phase is essentially an electronic p-type semiconductor, but the B,
v, and 5 phases are predominantly ionic conductors, with oxygen ions as the major charge

carriers.

Sillén and Aurivillius [2-3] attempted to stabilize the tetragonal form of B-Bi203
through partial substitutions of Bi3+ by cations with similar ionic radii, such as Pb2+ and
Sr2+. These authors found that substitutions of Bi3+ by Pb2+ form a stable tetragonal
solid solution over the range 29 - 53 at% Pb, whereas substitutions of Bi3+ by Sr2+ form a
stable rhombohedral solid solution over the range 11 - 28 at% Sr. The latter structure was
also observed by Aurivillius (4] for substitutions of Bi3+ by the other alkali carths, Ba2+
and Ca2+. For the remainder of the thesis, the designation "B-phase” is used to indicate
the rhombohedral intermediate solid solution, while the alternate tetragonal structure of
Bi2O3 will be referred to as B-Bi203.




The composition of the B-phase may be conveniently described in terms of the

molar ratio, x, of the constituent oxides, i.e., (Bi203)1.x(MO),, where M refers to the
solute ion. An alternate description frequently found in the literature is based on the
cation ratio, y, i.e., Bij.yMyO} s.y2, which is related to the molar ratio by :

2 [eqn. 1]

X
Y=3% or X= ey

2.2  Crystal Structure Determinations

Laiie X-ray patterns of small single crystals indicated [3] that the point group
symmetry of the B-phase is 3m. Additional X-ray diffraction measurements using
Rotation, Weissenberg, and Guinier methods enabled the space groups to be limited to
R32, R3m, or R3m. The nonprimitive hexagonal cell provides a more useful description
of the structure since the hexagonal c-axis is normal to the atom layers. The
rhombohedral indices, the equivalent hexagonal indices, and the observed intensities of
the observed diffracting planes of the B-phase structure are shown in Table 1.

However due to the complex form of the thombohedral structure, with nine atom
positions per unit cell, it is more convenient to express the structure in terms of the
equivalent hexagonal reference axes, as shown in Figure 2.1. X-ray densities calculated
on the basis of the lattice parameters, show that a crystal structure modelled on nine
cations per unit cell fits very well to the observed density measurements for various
strontium concentrations across the B-phase. The hexagonal cell is particularly helpful in
the present context as it clearly shows that the structure is composed of interleaved anion

and cation layers oriented normal to the c-axis of the unit cell,
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Table 1
X-Ray Diffraction Results of Sillén and Aurivillius for -(Bi203)0.587(S1r0).413

|kl hkelpgs Iobs hils hkelney Iobs
100 101 m 554 10-14 m+
110 102 m 200 20,2 VW
333 009 st 432 119 m
211 104 m+ 220 204 W
221 105 m 311 205 \AA
322 107 w+ 666/655 | 00018 /1016 st
332 10-8 w+ 665 1017 m
444 0012 W 533 2011 VW
433 10-T0 w 654 1115 VW ~
443 1011 m m 0021 vvw
110 110 m 553 2013 vw
353 0015 m+ 766 10020 m
544 10-T3 st 765 1118 m
321 11+6 vvw 877 1022 m+

As indicated by the crystal structure data in Table II, the cations are located on
three "a" sites [at equivalent lattice points +(0,0,0)] and six "c” sites [at equivalent lattice
points +(0,0,4z)] with respect to the equivalent lattice positions of the hexagonal cell.
The calculated and observed intensities of diffraction lines with the same hk hexagonal
indices, which permit direct comparison between intensities without regard to errors due
to preferred orientation, can be correlated with Sr ions and Bi ions being randomly
distributed on the three “a" sites, while the six "c" sites contain only Bi ions. The position
of the bismuth "c" site was refined to a displacement a fractional distance equal t0 £0.226
along the c-axis for a sample of composition x = 0.413, This site is slightly displaced
from the "ideal” geometric position of z = 2/9, or zp; = 0.222, in further support of the




hypothesis that the composition of the (Bi,Sr) "a" sites are different from the (Bi) "¢"
sites. The resultant cation sublattice of the B-phase structure is illustrased in Figure 2.2,
from which it is evident that the strontium substituted layers (the “a” sites) are
sandwiched between two bismuth layers (the "c" sites).

Table 11
Structural Data for B-(Biy03)0.587(SrO)0.413 [after Sillén and Aurivillius]

hR27 S.G.:R3m Equivalent lattice positions : (000,21, 212 ).
3 (Sr, Bij) in 3(a) 000
6 Bi in 6(c) 00z, 002, zgi = 0.226
6 04 in 6(c) 00z, 00z, 21 =0.135
6 02 in 6(c) 00z, 0C2, 23 = 0.308
6 03 in 6(c) 00z, 002, 23 =0413

On the basis of their X-Ray data, Sillén and Aurivillius further proposed [3] that
the oxygen ions are distributed among eighteen "c” sites displaced from the equivalent
lattice positions along the c-axis of the hexagonal cell by: z; = £0.135, z2 = £0.308, and
z3 = £0.413, as indicated in Table I If all of the available cation sites in the B-phasc are
fully occupied, as proposed by Sillén and Aurivillius, the equivalent occupation of the
oxygen ion sites would require a composition (Bi,Sr)03. Therefore, even with no
substitution of Sr2+ for Bi3*, at least 4.5 of the oxygen sites must be vacant at a
composition Bi203 (i.e., BiO1.5). In order to balance the ionic charges, the substitution
of Sr2+ for Bi3+ further reduces the number of oxygen ions in the B-phase such that at x =
0.413 only 12.33 of the possible eighteen oxygen sites are occupied, i.e., approximately
one third are empty. However since the atomic scattering factors of the cations Bi (Z =



s A (Bi,Sr)
- ‘
ll; C ()
b
' A (80)
% C (8i,Sr)
B (80
| C (8i)
K, B (Bi,Sr)
llé A (Bi)
* .
< A (8i,Sr)

Figure 2.2 B-phase hexagonal cation sublattice [after Sillén and Aurivillius]
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83) and Sr (Z = 38) are very much greater than for O (2 = 8), the oxygen ions have only a
small influence on diffracted peak intensities, so that the distribution of the oxygen ions
among the available "c" sites could not be established. The complete structure of the B-
paase showing the layers of the occupied cation sites and double layers of available
oxygen ion sites sandwiched between them is shown in Figure 2.3.

The structure of Big,7655r0.23501.383 (x = 0.38) was later determined by Conflant
et al. [5] from single crystal X ray diffraction data by Fourier synthesis and least squares
refinement. As indicated in Table III, the Sr ions are constrained to substitute for Bi only
at the three "a" sites [at equivalent lattice points +(0,0,0)] in agreement with the earlier
prediction of Sillén and Aurivillius. The remaining Bi ions were refined to six "c” sites
[at equivalent lattice points +(0,0,2zp; )] with zp; = 0.22397, similar to zp; =0.226 which
was determined by Sillén and Aurivillius for the composition x = 0.413.

Table 11l
Refined Structural Parameters of B-(Bi203)0.62(SrO)o.38 [after Conflant ez al. |

hR27 S.G..R3m  Equivalent lattice positions : (000,121 212,

3 (Sr, Biy) in 3(a) 000
6 Biy in 6(c) 00z, 002, zp; =0.22397
6 O in 6(c) 00z, 00z, z; = 0.29459
<6 O2 in 6(c) 00z, 00z, z7 = 0.09907
<< 6 O3 ? 4 z3="

The oxygen ion positions were refined at six "c” sites [at equivalent lattice points
+(0,0,£20,)]. The first set of oxygen positions are located at 20, = 0.29459, which is
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Figure 2.3  Full B-phase hexagonal structure [after Sillén and Aurivillius)




12

close to the site z2 = 0.308 suggested by Sillén and Aurivillius [3]. A second set of
oxygen positions was located at zo2= 0.09907, but this refinement required an unusually
large thermal coefficient, indicating low occupancy and/or weak bonding. Since these
anions coordinate with both Bi3* and Sr2* cations, the sites cannot be fully occupied,
and furthermore the occupancy must decrcase as a function of solute concentration. This
sitc may be considered to be equivalent to the O; site at z) = 0.135 proposed by Sillén
and Aurivillius. The remaining oxygen ion sites, O3, could not be determined from the
X-ray diffraction results, but, from the geometry of the structure, Conflant et al.
suggested {5] that these anions are loosely bound in the space between the consecutive

bismuth layers.

The revised structure proposed by these authors (5] is illustrated in Figure 2.4.
The six pure Bi3+ “c” sites have significantly shorter Bij - Oy bond lengths (2.01 A)
compared to the lengths (2.35 A) predicted by Sillén and Aurivillius. This contraction of
the bond length was attributed to an increase in the covalency of the bond. In the three
substituted "a” sites, each cation is coordinated to six near-neighbour fully occupied
oxygen O sites, and two more distant partially occupied O sites, as illustrated in Figure
2.5, with the nearest neighbour oxygen anions forming a distorted octahedron

surrounding the (Bi,Sr) site.

An electron diffraction examination of B-(Bi203)).x(BaO)x was reported by
R.J.D. Tilley [6]). Single phases were produced from quenched melts, as per Sillén and
Aurivillius [3], but multiphase mixtures were observed after annealing for 1000 hours at
725 K in air. Complementary X-ray diffraction patterns of the quenched samples had
peaks which were “...broad and poorly defined...”, but in annealed samples "...the lines
were slightly more diffuse...” {6]. In addition to the rhombohedral B-phase, an annealed

sample with composition x = 0.20 sample also contained well resolved diffraction lines of
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Figure 2.4 Revised B-phase hexagonal structure [after Conflant et al.)
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Figure 2.5b  Six-fold coordination octahedron of nearest neighbour oxygen anions
surrounding the (Bi,Sr) cation site
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a-Bi;03, whereas an equivalent sample with x = 0.333 contained sharp lines of an
unknown tetragonal phase.

Forbidden reflections such as 01+0, 200, 210 were always observed in (00+1)
lattice plane diffraction patterns, and were attributed to the well-known "double
diffraction” effect in the crystal [6]. In addition, superiattice reflections, which were
observed in the majority of the crystals, were interpreted to indicate the presence of
microdomains of Bi/Ba ordering, as oxygen vacancy ordering was deemed to make too
small a contribution to the electron diffraction. On the presumption that the barium only
substitutes for bismuth on three "a" sites, a simple model was proposed for the x = 0.20
composition in which every third “a” site was occupied by a Ba2+ cation. It was
suggested that a further TEM study would be undertaken, but a search of the literature has
not located any subsequent publication on the B-phase at this laboratory.

A neutron diffraction study was conducted on B-(Bi203)1.x(CaO)x by Blower and
Greaves [7]. As discussed previously, X-rays are diffracted due to interaction with
clectrons, and the cation lattice sites can thus be determined with some confidence, but
the anion sites are less well defined because of the relatively low atomic number of
oxygen. In contrast to X-ray diffraction, the scattering lengths for neutron diffraction are
18i = 8.53, Ica = 4.7, and lp = 5.81, and the neutron diffraction pattern is consequently
much more sensitive to the xygen ion positions. Their neutron diffraction pattern
showed three additional reflections, that could not be indexed in accordance with the
previously accepted R3m rhombohedral space group symmetry. By assuming that these
additional lines are the result of oxygen ordering, a new larger unit cell (superlattice) was
proposed, based on the monoclinic space group C2/m. This monoclinic structure is
related to the thombohedral lattice, but its lower symmetry permits the location of
additional oxygen lattice sites 5o that a significantly betier Rietveld refinement of the
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neutron diffraction data could be achieved. The detailed refined structure data derived
from the neutron diffraction analysis are given in Table IV. As discussed previously, the

total number of lattice sites requires a composition (Bi,Ca)02, so that a number of oxygen
ion sites will be vacant in the B-phase. These vacancies are identified by fractional

numbers of oxygen ions located in sites O4 to Oy.

Table IV

Refined Parameters for B-(Bi203)g.7(CaO)g 3 [afier Blower and Greaves)

mCS6 S.G.:C2/m Equivalent lattice positions : (000, 32 0)+

& b W b b b NN

2.24
224

4.48

2.24
224

448

(Ca, Bin2

(Ca, Bip3
Bii
Biz
Bi

°eLee

in 2(a)
in 2(b)

in 4(¢)
in 4(i)
in 4(i)
in 8(j)
in 4(i)
in 4(i)
in 8(3)
in 4(i)
in 4(i)
in 8(j)
in 4(i)
in 4(i)
in 8(j)

000

030

olo

x0z, %02,

x0z, X0z,

xyz, xyz, XyZ, Xy2,
x0z, X0z,

x0z, X0z,

Xyz, xyz, XyZ, Ry2,
x0z, %02,

x% z, i-;-l.

xyz, xyz, XyZ, Xy2,
x0z, %02,

x'; z, 2%7.

xyz, xyz, Xy2, Ry2,

x=.379,2=.319
x=.880,z= 323
x=.137,y=.248, 2 = 327
x=.323,2=.108
x=.839, 2z=.121
x=.101,y=.243, z = 089
x=.043, z = .28¢
x=.075,z=.254
x =.308, y = .266, z = .280
x=.249, 2z = 382
x=.129,z=.375

x=.474,y=.219,z2=.315
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The results of this neutron diffraction investigation strongly suggest that the
rhombohedral structure originally proposed for B-(Bi203)1.x(CaO)x should be regarded
as a first approximation, and this conclusion can be extended to the related B-phase solid
solutions containing strontium or barium. However, the relatively limited access to
neutron diffraction facilities, has meant that no further neutron diffraction studies have
been reported in the literature to confirm the monoclinic structure.

2.3  Composition Dependence of Lattice Parameters

The lattice parameters of §-(Bi203))-x(BaO)y, B-(Bi203)1.x(SrO);, and B-
(Bi2013)1.x(CaO)x determined by various authors [3-13] over a period of fifty years are
remarkably consistent as shown by the summary of results in Figure 2.6. Thea and ¢
lattice parameters for 8-(Bi;03)1.x(BaO)yx are both increased with concentration, x, which
is consistent with the relatively large size of the Ba2* ion compared to Bi3*, as indicated
in Table V by the ionic sizes for the relevant six fold coordination environment of the
three "a" sites at which the substitution occurs [14]. In the B-(Bi203)1-x(SrO)x phase the
change in ¢ parameter with x, is greater than one would expect solely on the basis of the
relative size of the Sr2* ion, but no measurable change is observed for the a parameter in
this solid solution. Itis also noted that this system has a greater scatter in the
experimental data for the ¢ parameter. In the B-(Bi203)1.x(CaO)x system, the ¢ parameter
increases with x, however, the a parameter shows a decrease with x. Since the size of the
Ca2* ion is slightly smaller than Bi3+ these results indicate that the increase in the ¢
parameter of the B-phase is not directly linked 1o the physical size of the solute ion.
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Table V
lIonic Radii [after Shannon and Prewitt)

Ton Electronic | Ionic Radius [A}
Configuration CN=6
0-2 3ph 1.40
Bat2 Spb 1.36
Pb+2 6s2 1.18
Sr+2 4ph 1.16
Bi+3 652 1.02
Ca*2 3ph 1.00
Y+3 4pp 0.892

24  Temperature Dependence of Electrical Conductivity

While studying a number of oxide systems with intermediate or terminal solid
solutions with the fluorite structure containing oxygen anion vacancies, Neuimin ez al.
[15] noted the B-phase in the (Bi03)-(SrO) system and examined its electrical
conductivity. The ionic fraction of the conductivity was determined in an
eclectrochemical cell by comparing the measured emf, E, with the thermodynamic value,
Eo, given by the Nernst equation :

RT. (PO,)cathode
Eo=ZF IRT%);—“— [egn. 2]

where Po, represents the oxygen partial pressure, R is the molar gas constant constant, T

is the temperature, and F is Faraday's constant. In a mixed-mode conductor the emf is
lower than that for a purely ionic conductor, since the cell is discharged by the electronic
conduction, Ge. The ion transference number, tj, which is the ratio of the ionic




conductivity, G;, to the total conductivity is determined from the ratio of the measured
emf to the thermodynamic emf, i.e.,:

g _E
Ci + G E

{eqn. 3]

It follows from equation 3 that a sirictly ionic conductor has an ion transference ratio y; =
1.00, while a strictly electronic conductor has t; = 0.00. The electrical conductivity of the
B-phase samples was relatively high compared to other oxygen ion conductors, as shown
in Fig. 2.7, with a greater than 50% ionic component, at temperatures above 500 °C.

Takahashi et al. [16] followed up these experiments with a study which suggested
that the conductivity of B-(Bi203)1-x(SrO) was 4-5 times greater than reported by
Neuiman et al.. The increased conductivity was attributed to a higher sintering
temperatures of 800 - 1000 °C used to prepare their ceramics, as compared to 720 - 750
°C used by Neuimin ez al.. The conductivity of the B-phase was also demonstrated to be
almost completely ionic, such that the ion transference ratio, §, was found to be greater
than 0.9 over the whole range from 500 - 800 °C. In addition, the ratio E/Eg was strongly

dependent on the oxygen partial pressure, and this observation was attributed to an
increase in the electronic conduction due to reduction of the samples in low Pg,

environments. The need for high 902 to stabilize the B-phase was illustrated by the rapid

reduction of samples under hydrogen atmosphere at temperatures as low as 600 °C.

A significant reversible increase in conductivity was observed in the range 620 -
670 °C, and, in addition, a small endothermic DTA peak was reported at the same
temperature. No structural change was identified by comparing high temperature X-ray
diffraction patterns at 400 °C and 750 °C, i.e., below and above the supposed transition
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temperature, however, in the closely related (Bi203)1.x(BaO)y system, where a similar
DTA peak was found around 580 °C [17], an irreversible increase in the intensity of the
00-] diffraction peak was observed after cycling to high temperatures. These results were
interpreted to indicate a reversible order:disorder transition in the B-phase.

The stability of the ionization states of Bi3*+ and Ba2* was confirmed by a lack of
mass change during thermogravimetric analysis [17), since a valence change in either
case would cause a change in mass due to an increase or decrease in oxygen content to
maintain the required charge balance. This means that the reversible increase in
conductivity observed at 620 - 670 °C cannot be ascribed to a change in the valence state
of either of the cations in the material and is therefore more likely to be caused by some
form of structural transformation.

Boivin et al. published high temperature conductivity measurements [13] for nine
samples of B-(Bi203)1.x(SrO)x over the range 0.20 < x < 0.42, as shown in Figure 2.7.
There is probably a mislabeling of the conductivity data in the original paper, since two
different curves are attributed to the x=0.22 composition. A careful examination of a
later paper by the same authors clearly indicates that one of the curves should be
relabelled as x = 0.26, which is the label given in Figure 2.8. All of these samples show
an increase in conductivity in the temperature range 620°C £ T s 720°C, in confirmation
of the results of Takahashi ez al. [16] referred to above. The conductivities shown in
Figure 2.8 conform to an Arrthenius-type law, from which the activation energy barriers,
E,, may be estimated from the slopes of the lines of each composition, above and below
the conductivity change. These values are plotted in Figure 2.8, from which it may be
seen, as noted by Boivin ez al. [13], that the activation energy increases slightly with

stroatium concentration. In addition, it is clear that the activation energy barrier of the
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low temperature phase is greater than for the high temperature phase, a feature not
previously noted in the literature.

Boivin et al. [12] also obtained single crystal conductivity data for the
composition x = 0.26. The conductivity parallel 1o the c-axis was found to be two orders
of magnitude greater than the conductivity perpendicular to the c-axis, and about an order
of magnitude greater than the value obtained for an equivalent polycrystalline ceramic.
This finding is consistent with the extreme anisotropy of the structure of the B-phase.

2.5 Temperature Dependence of Lattice Parameters

As part of a general study of the systems B-(Bi203)1.x(CaO)x, 8-(Bi2O3);.
x(SrO), and B-(Bi203)1.x(BaO)x, Conflant er al. {9] and Guillermo et al. [10] conducted
high temperature X-ray diffraction experiments. These results confirmed the presence of
~ high temperature phase, B;, which is also rhombohedral, but with a significantly
increased ¢ parameter in all three of these systems. As shown by the plot of their lattice
parameter data in Figure 2.9, a sharp discontinuity was observed in the ¢ parameter at a
temperature which correlates with the increase in electrical conductivity (see Figure 2.7).
Similar, but very small, discontinuities were also reported at the same temperature for the
a parameters of these systems. This structural modification was reversible, and the f;
phase could not be retained on quenching to room temperature. The authors attributed
this effect to a rearrangement of the oxygen vacancy network, which would consequently

permit greater anion mobility, i.e., increased oxygen ion conductivity.

Takahashi er al. [16,17] included high temperature X-ray diffraction experiments
in their earlier investigations into the abrupt increase in conductivity with temperature in
B-(Bi203)1.x(SrO)x, and B-(Bi203)1.x(BaO). Diffraction data was obtained at
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temperatures above and below the supposed transformation temperature, as indicated by
conductivity and DTA measurements, but no structural change was observed. Instead, an
increase in the intensities of the 003, 006, and 00+9 diffraction peaks after thermal
cycling of their samples was interpreted [17] as indicating an order:disorder

transformation.

2.6 Phase Diagrams

On the basis of X-ray structural studies, Aurivillius [4] gave the range of
composition of B-(Bir03)1.x(SrO)x as 0.18 < x £ 0.42. The lower composition boundary
of this phase was confirmed by Levin and Roth [18] on the basis of high temperature X-
ray diffraction studies in the two phase region at x = 0.095, as shown in Figure 2.10,

which represents the first attempt at a phase diagram for the Bi203-SrO system.

Using a combination of differential thermal analysis and high temperature X-ray
diffraction, Guillermo ez al. [10] obtained the phase diagram shown in Figure 2.11, in
which the limits of three solid solutions, a (based on the high temperature 8-phase of
Bi203), B, and y were established, and three intermediate compounds were identifiec at
the compositions Bi2SrQ4, Bi2Sr20s, and Bi2Sr3O¢. The limits defined for the B-phase,
0.18 < x < 0.43, agree almost exactly with those proposed 35 years earlier by Aurivillius
[4]. On the basis of discontinuities in conductivity, lattice parameters, and DTA, a
reversible structural transformation was proposed from the known low temperature

rhombohedral solid solution, B2, to a modified rhombohedral solid solution, B;.

A revised phase diagram was later presented by Huang et al. [19] and Roth et al.
[20], as shown in Figure 2.12. An additional phase, Sr6Bi2O9, was added in the SrO-rich
region of the diagram. The stability of the compounds Sr3Bi2Os and Sr2BiO5 were also
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extended to temperatures just above 600°C and the y-solid solution boundaries were
slightly altered. The composition range of the B-phase solid solution was again
confirmed to be 0.18 < x = 0.43 but the form of the liquidus and solidus were redrawn to
incorporate a congruent maximum at 960 °C and x = 0.42, but the significance of this
composition was not discussed. The authors ignored the high temperature experimental
results of Guillermo et al. [10], which indicated a ) <P, phase transformation, by
claiming that no such transition was observed in their study, which was based on the
analysis of quenched samples. This conclusion is surprising since Guillermo et al. [10]
specifically stated that the high temiperature B) structure could not be retained on
quenching, and further, Levin and Roth [18] have questioned studies of Bi2O3-MO phase
diagrams in which the phases were not studied at temperature and, consequently, might

not represent true equilibrium.

A reversible endothermic DTA peak has been observed at T = 626 °C by
Watanabe [21] on a sample of B-(Bi203).x(SrO)x at x = 0.38, in confirmation of the
< B; transformaiion proposed by Guillermo et al. [10].

In addition, Watanabe [21] investigated the stability of the B-phases when heated
in air or subjected to high humidity atmospheres. It was found that the barium B-phase
decomposed into a-Bi2O3 and an unknown phase when heated at 500 °C in air for one
week, but that the strontium and calcium B-phases were not affected. All three solid
solutions decomposed to a-Bi2O3 and an unidentified phase when exposed to water
vapour at 50 °C for a few days, or after prolonged storage in plastic bottles at ambient
temperatures. In both of these cases, the decomposition was least for Ca and greatest for
Ba B-phases . Since this follows the order of the polarizability of the solutes (i.e.,

Ca>Sr>Ba), it was concluded that the M-O bonds are more important than the Bi-O
bonds for the stability of the 3-phase.
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2.7  p-Phases in Related Systems

The rhombohedral B-phase structure has also been reported [22-23] in the systems
(Bix03)1.x(Y203)x and (Bi203)1.x(Lm03)x where Ln = La, Pr, Nd, Sm, Gd, Dy, Er.
These systems are of interest because an increase in the solute concentration does not
cause an increase in the number of oxygen vacancies. The B-phase containing Y3+ in the
range 0.215 < x <0.235 is of particular interest because of the small size of the Y3+ ion,
which was included in Table V. This B-phase solid solution is a relatively poor ionic
conductor, but at high temperatures it transforms to the cubic a-phase which is a good
ionic conductor. The reverse transformation from oy~ is highly irreversible, so oy can
be retained to room temperature and long annealing times are required at intermediate
temperatures 10 restore the B-phase. This annealing time is reduced when (Biy03)1.x
(Y203)x is doped with divalent cations such as Ca and Sr . In this context, however, it
should be noted that at a molar composition, x, the ratio of bismuth to yttrium is not the
sam~ as the ratio of bismuth to the divalent ions, as there are two moles of Y3+ ions per

molar unit of Y203 compared to only one mole of Sr2+ ions per molar unit of SrO.

The composition dependence of the lattice parameters of (Bi203)1-x(Y203)x are
shown in Figure 2.13. The g parameters are close agreement with those of the alkali earth
doped materials, presented previously in Figure 2.6. The ¢ parameters are significantly
lower, despite the lower number of oxygen vacancies and decrease as a function of
yitrium concentration, in contrast to the trends for (Bi203)1.x(MO)x. These trends inc

parameter can be attributed to the much smaller ionic radius of Y3+ compared to Bi3+.
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28 Summary

The review of the literature has shown that the rhombohedral cation sublattice of
the B-phase has been well established by X-ray and neutron diffraction, while the
positions of the oxygen anions have only been explicitly defined in a single neutron
diffraction study. The composition dependence of the ¢ parameter for B-(Bi203)1.x
(SrO)x has an anomalously greater slope and an apparently greater scatter in the
experimental data compared to the solid solutions containing barium or calcium. A
B13f phase transformation, as evidenced by DTA and a sharp discontinuity in the
temperature dependence of the ¢ parameters, has been observed at a temperature related
to an increase in ionic conductivity. These findings have been incorporated into a
succession of equilibrium phase diagrams, the most recent of which has cast doubt on the
B1e>f2 phase ransformation, leaving the origin of the conductivity increase unexplained.

The present work is focused on a detailed X-ray diffraction investigation of the
composition and temperature dependence of the lattice parameters of the B-(Bi203)1.x
(SrO)x phase to establish the nature of the alleged B; 32 phase transformation, and its
significance with respect to the high ionic conductivity of this material.




CHAPTER 3 - Experimental Procedures

3.1 Sample Preparation

Three sets of B-phase samples were prepared for this investigation. The first set
was composed of B-(Bi203)1.x(SrO)x ceramics with compositions x = 0.20, 0.28, 0.32,
and 0.40, which were prepared by Dr. Y. Shen at the University of Notre Dame.
Proportionate amounts of Bi203 (99.9%) and Sr(NO3)2 (99.9%) powders were reacted in
the solid state to produce 20 g samples of the required compositions. The powders were
mixed and ground, and then calcined in air for 20 h at 800 °C. The reacted powders were
uniaxially pressed at 62 MPa to produce discs 25 mm in diameter and S mm in thickness,
which were sintered for 20 h in air at 800 °C. After sintering, the disks were crushed,
ground, pressed and refired two additional times, to obtain improved homogeneity.

The second set of B-(Bi203)1.x(SrO)x samples, with compositions x = 0.18, 0.20,
0.24, 0.28, 0.32, 0.36, 0.40, and 0.42, was prepared at UWO by the solid state reaction
of proportionate mixtures of 99.9% Bi»O3 [££SAR] and 99.9% SrCOj3 [£ESAR] to yield
20 g samples. This level of precursor purity was considered sufficient to investigate the
phase transformation. The precursor powders were mixed by hand in an agate mortar,
uniaxially pressed at 62 MPa and reacted at 727 °C (i.e., below the solidus) for 20 h
followed by air-cooling in the furnace. The slightly sintered compacts were reground in the
agate mortar, pressed and refired at 727 °C two additional times, to obtain improved
powder homogeneity. An SEM examination of the final powders, as used in the diffraction
experiments, revealed irregularly shaped particles with no indication of a platey
morphology from 2 - 30 pm in diameter with no indication of second phases.

34
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The third set of samples was composed of ceramics from the ternary system
(Bi203)-(Y203)-(SrO), which was investigated to compare the relative effects of ionic size
and ionic valence on the lattice parameters of the §-phase. As shown by the compositions
listed in Table V1, the ratio of trivalent to divalent cations was held constant in two sub-sets
of these compositions, while in a third sub-set the ratio of solvent (Bi3*) ions to solute
(Y3+,5r2+) jons was held constant. These samples were prepared at UWO by the solid
state reaction of proportionate mixtures of 99.9% Bi2O3 [££SAR], 99.9% Y203 [£SAR]
and/or 99.9% SrCO3 [Z£SAR] to produce 20 g samples of the desired compositions.
Powders of the precursors were mixed by hand in an agate mortar, uniaxially pressed at 62
MPa and reacted at 700 °C for 10 h, followed by air-cooling in the furnace. Since X-ray
examination showed that some of these samples included peaks of the 8-Bi2O3 phase
structure after this treatment, these ceramics were further annealed at 680 °C for 48 hr in
order to produce the B-phase.

Table VI
Compositions of (Bi203)-(Y203)-(SrO) Samples

Composition Specifications
(Bi20 )0.64(8r0)0.35 Constant trivalent : divalent
 [(Bi203)0 496(Y201)0 1441(SrO)0 36 cation ratio at 0.64:0.36
(Bi203)0.8(Sr0).2 Constant trivalent : divalent
| [(Bi207)0,62(Y¥203)013](SrO) 2 cation ratio at 0.80:0.20
(Bi203)0.64(Sr0)0.36 Constant solvent : solute ratio
(Bi203)0.7031(Y203)0.099(Sr0)0.198] at 0.78(Bi3+):0.22 (Y3+,5r2+)
L(Bi203078(¥201)022




3.2 X-Ray Diffraction under Ambient Conditions

Room temperature X-ray diffraction experiments were performed with a Philips
PW1050/65 diffractometer, with the theta : two theta geometry illustrated in Figure 3.1,
This diffractometer was modified by incorporating a Bicron scintillation detector and a
Superior Electric stepper motor (with a minimum step size of 0.005 °) controlled by a Radix
Databox, which enabled the angle and intensity coordinates of step scanned diffraction
patterns to be recorded on the hard drive of a 486DX66ii Mustang PC computer. The
copper target X-ray tube was operated at 34 kV and 24 mA, with a nickel foil diffracted
beam filter to remove the Cu Kg radiation. The instrumental settings and step scanning
conditions to provide optimum intensities for crystal structure identification and optimum
resolution for pwcisibn lattice parameter determination are given in Table VII.

Table V11
Instrumental Settings for the Philips Diffractometer

| Setting Structure _ Identification Lattice Parameters
Goniometer radius 170 mm 170 mm
Limiting resolution 0.035 °20 0.035 °20
Soller slits Both beams Both beams
Divergent slit 1°(<90°20); 4°(>90°20) 1 °(<90°20); 4 °(>90°29)
Receiving slit 0.2 mm 0.1 mm
Angular step wiith 0.05° 0.03°
Preset time 2 sec 1 sec
| Effective scanning rate 1.5 °/min 1.8 °/min




FIXED
X-RAY TUBE

Figure 3.1 Schematic of the theta : 2theta geometry of the Philips diffractometer

Figure 3.2 Schematic of the theta : theta geometry of the Scintag diffractometer
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X-ray samples for examination under ambient conditions were prepared by the so-
called "smear” technique, in which a small quantity of finely ground powder is sprinkled
onto a glass slide smeared with a thin film of silicon grease. Excess powder is removed by
inverting and gently tapping the slide. This technique has previously been demonstrated to
yield highly reliable and reproducible X-ray diffraction patterns for precision lattice

parameter determination, while minimizing errors due to preferred orientation.
3.3 High Temperature X-Ray Diffraction

High temperature X-ray diffraction was performed with a Bilhler high temperature
chamber mounted on a Scintag XDS2000 automated diffractometer, equipped with an
EE&G Ortec HPGe detector. The copper target X-ray tube was operated at 45 kV and 40
mA. Since the solid state detector has very high signal to noise characteristics, and
sufficient energy resolution to permit pulse height discrimination of the Cu Kg radiation,
the need for a nickel foil f filter was eliminated, which effectively doubled the intensity of
the Cu Kq, radiation. The Scintag goniometer was set in the theta : theta mode, in which
the X-ray tube and detector move while the sample remains fixed in the horizontal position,
as illustrated in Figure 3.2. When used in this mode, the radius of the goniometer is
increased to 250 mm, which increases its inherent rezolution and also provides additional
space for accommodating the high temperature attachment with its associated electrical
leads, water cooling tubes, and vacuum pumps, as shown in Figure 3.3. The sample was
mounted within the high temperature chamber on a platinum-rhodium heater strip, the
temperature of which was mezsured and controlled to £1 °C over the experimental range
from 27 °C to 800 °C, using a Pt/Pt-13Rh thermocouple.

The instrumental settings to provide optimum intensities for crystal structure

identification and optimum resolution for precision lattice parameter determination are give |
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s

Figure 3.4  Photograph of the low temperature attachment for the Btihler chu=:har




in Table VIII. Diffraction data wese collected in the "continuous scan” mode, in which
counts are collected over a preset angular range, while the x-ray tube and detector (which
together determine the dragg angle 20) are advanced at a set rate, with the total counts
assigned to the midpoint of this angular range for cata acquisition purposes. This mode is
subtly different from the "step scan” mode used for the Philips diffractometer, where the
counts are accumulated for a preset time at a fixed angular step position, before advancing

*0 the next position.

Table VIII

Instrumental Settings for the Scintag Theta : Theta Diffractometer

Setting Structure ldentification Lattice Parameters
Goniometer radius 250 mm 250 mm

Limiting resolution 0.024 °26 0.024 °20

Soller slits Both beams Both beams
Divergent slit 1° (<90 °26) 1 ° (<90 °20)
Receiving slit 0.5 mm 0.3 mm

Preset angular range 0.05° 0.03°

Continuous scanning rate 5 ° (20)/min 1 ° (20)/min

Effective preset time 0.6 seconds 1.8 seconds

Saniples for high temperature examination were prepared by depositing a small
quantity of finely ground powder onto the centre of the platinum-rhodium heater strip. The
temperature gradient over a length of £2.5 mm from the centre of the hot zone has been
shown to be less than +2 °C [B.Cavin, 1st Scintag Workshop on High T empera.tun X-Ray
Diffraction, Sunnyvale, CA, March 1991]. To improve the thermal contact between the
powder sample and the heater strip, a drop of acetone was added to distribute the powder
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evenly over the central (hot) zone of the strip and allowed to evaporate fully before
initiating diffraction scans. Although this sample preparation method may enhance the
preferred orientation of platy particles, this effect was of relatively little consequence for the
high temperature work, which was directed at the measurement of peak positions rather
than relative intensities. High temperature diffraction experiments are initially conducted
with the sample in vacuum, but after preliminary tests revealed that the BiyO3-SrO samples
were prone to decomposition in reduced pressures, even at temperatures less than 600°C,
all subsequent experiments were conducted in air at atmospheric pressure.

3.4 Low Temperature X-Ray Diffraction

Low temperature X-ray diffraction experiments were performed with the Scintag
XDS2000 diffractometer, using a specially constructed attachment for the Bithler high
temperature chamber. The attachment consisted of an adapter plate supporting a miniature
Joule-Thomson refrigerator, which could be substituted for the PY/Rh heater assembly and
thereby make use of the vacuum facilities and sample alignment adjustments of the high
temperature chamber, as shown in Figure 3.4. Using this device, the temperature of the
cold stage could be controlled to £1 K over the range from 400 K down 10 65 K. A
detailed description of the attachment, and its operating characteristics, are given in a paper
published in Advances in X-ray Analysis, Vol. 39 (1994), which is reprinted as Appendix

1 of this thesis.

The instrumental settings and scanning conditions for low temperature
measurements with the Scintag diffractometer were the same as those listed in Table VIII
for the high temperature experiments, except that all low temperature scans were conducted
at a reduced pressure of approximately 10-3 Torr, using the roughing pump attached to the
Biihler chamber. This condition was necessary to prevent condensation and subsequent
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POWDI2 routine developed by Deane K. Smith for the modeling of d-spacings and relative
peak intensities of X-ray, electron and neutron diffraction patterns, based on inputs of
crystal structure data. This program is sophisticated enough to incorporate features such as
peak shape considerations, partial occupancy of atom positions, and Lorentz and
polarization effects, so that a detailed model diffraction pattern may be computed and
compared with experimentally observed patterns. Options in the p-POWD program were
also used for calculating bond lengths and drawing model unit cells, but the lauer feature
was not found be particularly versatile.

A number of commercial computer programs are available for refining lattice
parameters of indexed structures as well as correcting for systematic errors including axial
divergence, sample surface displacement, specimen transparency, and zero 20 missetting.
Several of these routines also include options to utilize internal and/or extemnal standard
corrections in an effort to improve the precision of the refinement. A detailed experimental
examination, published in Advances in X-Ray Analysis , Vol. 38 (1993) and reprinted as
Appendix II of this thesis, has confirmed that the error in lattice parameters due to sample
surface displacement, which is a function of cosfcot®, is the most significant systematic
error in Bragg-Brentano powder diffractometry. Since precision lattice parameter
determination is the essence of the present investigation, an experimental evaluation of the
effectiveness of the available computer programs for dealing with surface displacement and
other systematic errors was considered to be an essential preliminary to the experimental
work of this thesis. As described in a publication printed in Advances in X-Ray Analysis ,
Vol. 39 (1994) and reprinted as Appendix 111, intemal standards were found to cause
uncertainty in peak positions when a peak, or peaks, of the standard inadvernently overlap
peaks of the sample under investigation. It was also shown that external standards can
actually reduce the precision of a lattice parameter refinement, when using a well aligned

instrument. Further, it was demonstrated that lattice parameters can be routinely
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POWDI2 routine developed by Deane K. Smith for the modeling of d-spacings and relative
peak intensities of X-ray, electron and neutron diffraction patiemns, based on inputs of
crystal structure data. This program is sophisticated enough to incorporate features such as
peak shape considerations, partial occupancy of atom positions, and Lorentz and
polarization effects, so that a detailed model diffraction pattern may be computed and
compared with experimentally observed patterns. Options in the p-POWD program were
also used for calculating bond lengths and drawing mode! unit cells, but the latter feature
was not found be particularly versatile.

A number of commercial computer programs are available for refining lattice
parameters of indexed structures as well as correcting for systematic errors including axial
divergence, sample surface displacement, specimen transparency, and zero 20 missetting.
Several of these routines also include options to utilize internal and/or external standard
corrections in an effort to improve the precision of the refinement. A detailed experimental
examination, published in Advances in X-Ray Analysis , Vol. 38 (1993) and reprinted as
Appendix 11 of this thesis, has confirmed that the error in lattice parameters due to sample
surface displacement, which is a function of cosBcot#, is the most significant systematic
error in Bragg-Brentano powder diffractometry. Since precision lattice parameter
determination is the essence of the present investigation, an experimental evaluation of the
effectiveness of the available computer programs for dealing with surface displacement and
other systematic errors was considered to be an essential preliminary to the experimental
work of this thesis. As described in a publication printed in Advances in X-Ray Analysis ,
Vol. 39 (1994) and reprinted as Appendix 111, internal standards were found to cause
uncertainty in peak positions when a peak, or peaks, of the standard inadvertently overlap
peaks of the sample under investigation. It was also shown that external standards can
actually reduce the precision of a lattice parameter refinement, when using a well aligned
instrument. Further, it was demonstrated that lattice parameters can be routinely
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determined to an accuracy to one part in ten thousand without the use of external or internal
standards, by using computational extrapolation with respect to cos6cot. On the basis of
this finding, the Scintag version of the Vogel and Kempter computational extrapolation
program, utilizing the cos8cot® error function, is routinely used in this laboratory 10
determine the lattice parameters from diffraction data collected with the Scintag
diffractometer, providing that the structure is either cubic, tetragonal, or orthorhombic.
Although the Vogel and Kempter software includes a hexagonal extrapolation option, it
was found that errors in the program source code caused significant deviations from the
correct lattice parameter values for all hexagonal structures.

In Appendix II1, the Scintag version of the Burnham routine, LCLSQ, was found
to yield lattice paramet;rs with considerably less precision when a range of errors were
refined simultaneously. However, when only the sample surface displacement error was
allowed to be refined, the results were equivalent in precision to the Vogel and Kempter
method, and LCLSQ was therefore utilized for the analysis of the diffraction patterns
recorded with the Scintag diffractometer. The software used for determining lattice
parameters from data collected with the Philips diffractometer was the MDI version of the
Argonne National Laboratory routine B106, which also allowed for the simultaneous
mathematical refinement of lattice parameters and sample surface displacement errors by a
least squares routine similar to the Burnham program. When using either the ANL B106
Program, or the LCLSQ Program, the errors in lattice parameter determination indicated in

the presentation of the results were estimated from the standard deviations of measurements
of the individual peaks.




CHAPTER 4 - Experimental Results

4.1 Preliminary Experiments
4.1.1 Conductivity Measurements (performed at the University of Notre Dame)

The electrical conductivity of the sintered discs was measured in air at temperatures
from 400°C to 800°C with an AC impedance spectrometer by Dr. Y. Shen at the Center for
Sensor Materials, University of Notre Dame. Sputtered Au-Pd films provided electrical
contacts, and the ceramics were heated in a tube fumace, with temperature control to 12 °C.
The electrical conductivities, summarized in Table IX, were detemined from the real axis
intercept of the complex impedence recorded over the range from 100 mHz to 70 MHz.

Table IX
High Temperature Electrical Conductivity of B-(Bi203)1.x(SrO)x Ceramics

Electrical Conductivity [R-cm]-!

Temperature x =0.20 x = 0.28 x = 0.32 x =040
[°C]
400 0.000753 0.000265 0.0003624 0.000257
450 0.001785 0.000688 0.0009848 0.0008801
500 0.003905 0.001613 0.002552 0.002875
550 0.00841 0.003354 0.005986 0.008478
575 0.0123 - - 0.01399
600 0.01855 0.006762 0.01161 0.02304
625 0.02893 0.009636 0.01689 0.04643
650 0.06384 0.01448 0.02609 0.07794
675 0.2482 0.02073 0.06578 0.09947
700 0.4533 0.08983 0.1776 0.1210
725 - 0.3105 0.2188 -
750 0.6102 0.3561 0.2415 0.1659
800 0.7843 0.4496 0.3276 0.2122
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The conductivities measured for the x = 0.20, 0.28, and 0.40 compositions are
plotted in Figure 4.1 as data points superimposed on solid lines, which refer to the
conductivity results of Boivia et al. [11] for equivalent compositions. Given the sensitivity
of the conductivity to the porosity of the sintered ceramics, as discussed by Takahashi et al.
[16], these results are seen to be in good agreement. This finding confirms that samples
used in this work are of comparable quality to those samples utilized by Conflant ez al.
[13], Boivin et al. [11], Guillermo ez al. [10], and Takahashi er al. [16].

4.1.2 Preliminary High Temperature X-ray Diffraction Experiments

Initial high temperature X-ray diffraction studies on the B-(Bi203)1.x(SrO)
samples prepared by Dr. Shen confirmed that the samples were susceptible to
decomposition when annealed under vacuum at temperatures above 550°C, as mentioned
previously by Takahashi et al. [16). Consequently the remaining high temperature
experiments were conducted in air. Out of concem for a possible reaction of platinum with
bismuth, Guillermo ez al. [10] took pains to use gold foils and crucibles for their high
temperature experiments. As it was normal practice at UWO to use Kanthal heater strips
instead of platinum alloys in the interest of economy, initial experiments were performed
with this material. However, as it was found that the Kanthal heater strips reacted with the
B-phases at high temperatures, forming a dark orange reaction product which adhered
strongly to the Kanthal, this practice was discontinued. Subsequent experiments were
performed with a platinum rhodium heater strip without any noticeable degradation of either
sample or heater strip. Platinum heater strips were earlier used in the high temperature

XRD experiments of Levin and Roth [18], who did not report any deleterious effects.

The intensities of the 001 diffraction peaks are frequently enhanced when B-phase

samples are held at temperatures above 600 °C in the diffractometer furnace for long times.




log o

Figure 4.1

High temperature ac conductivity of B-(Bi203)1-x(SrO)x ceramics (data
points) compared with measurements of Boivin et al. (solid lines)
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It is uncertain whether this effect is due to a preferred orientation for recrystallization and
grain growth of the powder samples, or whether thermal agitation allows the platey
particles to settle onto the heater strip. This effect is irreversible and thus not related to the

reversible electrical conductivity transition, consequently it was not investigated further.

At room temperature the samples were all a bright yellow colour. Samples removed
from a muffle furnace at temperatures above 700°C were a darker orange, but this colour
changed to bright yellow during cooling to room temperature. This observation of a
reversible colour change has not been noted in the literature and may relate to the By~ p;

transformation proposed by Guillermo ez al. [10].
4.2 Structure Identification

Qualitative XRD scans on all of the B-(BixO3)1.x(SrO)x samples yielded diffraction
patterns which could be indexed as a single hexagonal phase with sharp diffraction peaks,
as shown in Figure 4.2 for the composition x = 0.32. In contrast to the broad diffuse
peaks reported by Tilley [6), the peaks of the B-phase samples are only slightly broader
than those of the NIST SRM640b 20 / d-spacing standard silicon powder over the same
range of 20 under the same instrumental conditions.

The midpoint composition of the B-(Bi203)1-x(SrO)x phase (x = 0.28) was selected
for more detailed structural analysis. Diffraction patterns over the ranges 5 < 20 < 40 and
40 s 20 < 140 were obtained using the instrumental settings for structure identification
described in Table VII. All of the observed peaks could be indexed using the hexagonal
(rhombohedral) space group R3m, as shown in Figure 4.3(a-b) and Figure 4.4(a-b).
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4.3 Composition Dependence of Lattice Parameters

4.3.1 B‘(BiZO3) 1-x(SrO)x

Powder samples of eight compositions across the B-(Bi203)1.x(SrO), phase were
examined at room temperature with the Philips diffractometer using the instrumental

settings for precision lattice parameter determinations described in Table VII over the range

24° < 20 < 51°, where the cleven most intense and well resolved diffraction peaks of the
hexagonal B-phase structure occur. After removal of background and K o2 radiation, the

centroid of the K1 peak positions were determined with the Jade program. The d-spacing

Table X
B-(Bi203)1.x(SrO), Powder Diffraction Data

x=0.18 x =0.20 x=0.24 x =028

hkel d[A] 1l d[A) 1 d[A) I d[A} I

10.1  ]3.39201 27.3 |3.39268 25.6 |3.39135 25.6 | 3.39150 22.4
012  ]3.32029 25.0 |3.31988 23.1 [3.31912 25.6 |3.31970 27.6
009 |3.11005 52.3 |3.11101 56.4 |3.10615 41.9 |3.11041 60.3
104  |3.07329 100.0 | 3.07427 100.0 | 3.07111 100.0 | 3.07209 100.0
01+5  |2.92018 75.0 1291981 56.4 | 291909 67.4 | 291946 67.2
107 |2.60023 11.4 |2.60116 7.7 |2.59945 11.6 |2.60157 12.]
018  |2.44899 159 |2.44895 10.3 |2.44702 14.0 | 2.44864 10.3
10,10 }2.17050 9.1 ]2.16853 7.7 |2.16984 7.0 |2.16943 6.9
01«11 |2.04510 4.5 12.04442 5.1[204622 4.7]2.04700 6.9
1140 |1.97841 54.5|1.97957 33.3 |1.97904 51.2 | 1.97855 43.1
1013 ] 1.82659 3¢ 4
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Table X (continued)

x = 0.32 x = 0.36 x = 0.40 x = 0.42

hke} d{A] 1 d[A) I d[A] I d[A] I
10-1  |3.39429] 25.0 |3.39136] 20.8 | 3.39539] 10.3 |3.40380] 16.7
01-2  |3.32185] 31.9 |3.32107] 41.7 | 3.33159] 55.2 | 3.33249! 44.4
009 |3.12500] 62.5 | 3.13662] 62.5 | 3.15519] 55.2 | 3.16286] 51.9
10-4 ] 3.07673} 100.0 | 3.07752] 100.0 } 3.08697] 100.0 | 3.08878} 100.0
01s5  |2.92400} 58.3 |2.92576] 70.8 | 2.93863] 79.3 | 2.93785] 59.3
107 12.60709] 9.7 |2.61035| 14.6 ] 2.61963] 6.9 | 2.62169! 1.0

018 2.45391] 9.7 ]2.45806] 10.4 ] 2.46629] 6.9 ]2.47033} 7.4
1010 }12.17703f 5.6 |2.18173] 4.2 12.18968f 3.6 }2.19391} 3.7
01-11 [2.05193} 5.6 12.05639{ 10.4 | 2.06707] 3.4 |2.06819] 9.3

110 1.97883] 40.3 | 1.97805! 45.8 | 1.98274]1 37.9 | 1.98314} 35.2
10-13 | 1.83305} 27.8 | 1.83755{ 29.2 | 1.84605] 24.1 } 1.84824{ 18.5

of the diffraction peaks were calculated using the currently accepted wavelength NIST
wavelength of Cu Kqi, i.2., A = 1.54060 A. The indices, d-spacings and relative

intensities of these peaks are summarized in Table X.

Lattice parameters were derived from the diffraction data of Table X using the B106
refinement program and the findings are summarized in Table XI. The estimated standard
deviations (esd) listed in this table are based on the differences between the observed peak
positions and the positions calculated from the lattice parameter and including a refined

cos6cot error function, which takes account of sample surface displacements.
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Table X1
Lattice Parameters of B-(Biy03) 1 .x(SrO)y at 27°C

x a [A) esda[A) ¢ [A) esd c [A)
0.18 3.9681 0.0018 28.132 0.013
0.20 3.9687 0.0029 28.101 0.020
0.24 3.9738 0.0021 28.154 0.015
0.28 3.9705 0.0025 28.160 0.017
0.32 3.9689 0.0015 28.269 0.010
0.36 3.9676 0.0017 28.376 0.012
0.40 3.9749 0.0040 28.517 0.028
0.42 3.9746 0.0023 28.565 0.017

4.3.2 Bismuth Yitrium Stontium Oxides

The lattice parameters of the ternary oxides Bi-Y-Sr-O are presented in Table XII,
together with results for the equivalent binary oxides Bi-Sr-O.

The ternary composition [Bi2O3 Y203]1.x(SrO)x, with a constant strontium oxide
composition x = 0.36, was composed of a major phase with the hexagonal B-phase
structure, with Y203 and the Bi2SrO4 as minor phases and traces of a-Bi;03 and the fcc
a1-(B03)1.x(Y203)x phase. The increase in the a and ¢ parameters of the ternary B-phase
compared to the binary composition without yttrium, suggests that in addition to the
formation of the BipSrO4 phase and the presence of unreacted Y2 3 there is a relative
reduction in the amount of bismuth in the hexagonal phase. This is consistent with the Y3+

Lo L

ion being unable to substitute for Bi3+ on "c” sites, consequently competing with Sr2+ for
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occupancy of “a" sites. This solute ion redistribution takes the nominal composition out of
the range of stability of the B-phase, resulting in the formation of the observed minor
phases. Further annealing at 700 °C produced sharper diffraction peaks for the B-phase,

but caused no significant changes in the relative intensities.

In the temary composition [Bi203 Y203]1-x(SrO)x with a constant strontium cxide
composition x = .20, the major constituent was a hexagonal f-phase, the minor
constituent was the fcc o;-(Bix03)1.x(Y203)x phase, and trace constituents included Y203
and Biz2SrO4. The relatively small increase in the ¢ parameter compared to the binary
composition without yttrium suggests that the formation of a-(Bi203)1.x(Y203)x and the
presence of unreacted Y203 results in a relatively small reduction in the amount of bismuth
in the hexagonal phase, in contrast to the above results for x = 0.36. Upon further

annealing the relative amount of a-BiyO3 was increased and the hexagonal B-phase peaks

became sharper.

In the temary composition with a constant solvent : solute ion ratio of 0.78 (Bi3+) :

0.22 (Y3+.Sr2+) the major phase was a hexagonal B-phase, the minor phase was fcc oy -
(Bi203)1-x(Y201)x, and the trace phase was B-Bi2O3. The a and ¢ parameters of the
ternary f-phase lie between the two binaries, Bi-Sr- O and Bi-Y-O, which sugges.s that the
hexagonal "a" sites have been substituted by both Sr2+ and Y3+ ions. Some of the yitrium
ions are lost by the formation of the binary Bi-Y-O phase, thereby reducing the relative
amount of yttrium in the ternary, so that the lattice parameters are closer to the x = 0.36

strontium composition than the x = 0.22 yttrium composition.

These results indicate that the hexagonal "a" sites are the only locations available to

the solutes Sr2+ and Y3+ in the B-phase. It can thus be concluded that the valence of the
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cation is not a factor in the designation of the solute sites and, when two cations are present

a competition is established for the occupancy of these sites.

Table X11
Lattice Parameters of Bi-Y-Sr-O Samples

Constant trivalent : divalent cation ratio at 0.64 (Bi3+,Y3+) : 0.36 (Sr2+)

(Bi203)0.64(Sr0)0.36 a= 39676 c=28.376
(B1x03)0.496(Y203) (SrO a = 39688 c = 28.523

Constant trivalent : divalent cation ratio at 0.80 (Bi3+,Y3+) : 0.20 (Sr2+)

(Bi203)o_§(Sr0)o,2 a = 3.9687 c =28.101
(Bi203)0.62(Y207) SrO a = 3.9604 c = 28.250

Constant solvent : solute ratio at 0.78 (Bi3+) : 0.22 (Y3+,Sr2+)

(Bi203)0.64(Sr0)0.36 a= 39676 c = 28.376
(Bi203)0.7031(Y203)0.099(Sr0)0.198] a = 3.9622 c =28.225
(Bi203)0.78(Y203)0.22 a = 3.9485 c =21275
(Big03)0,78(Y203)0.22 a =5.4337 A (fcc above 720 °C)

4.4 High Temperature Lattice Parameters

Powder samples of the eight B-(Bi203)1.x(SrO)x samples were examined at
temperatures up to 777 °C with the Scintag high temperature diffractometer using the
instrumental settings for precision lattice parameter determinations described in Table VIII
over the range 15° < 20 < 55°, which included fifteen to sixteen well resolved diffraction

peaks of the hexagonal B-phase structure. After removal of background and Ka2 radiation,

the d-spacings of the Kq1 peak positions were determined by the Scintag profile fitting
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routine based on a Pearson VII function and indices were assigned by reference to the
previous room temperature results. Lattice parameters determined from these d-spacings
by the B106 refinement program are summarized in Tables XIII - XX. In order to identify
any irreversible effects during thermal cycling, the lattice parameters were determined at

temperatures in the experimental sequence indicated in the final column of each table.

Table XIII
High Temperature Lattice Parameters for x = 0.18

Temperature Temperature a[A]  esda{A] c[A] esdc [A] Sequence

[°Cl (K]

27 300 3.9702 0.0015 28.140 0.015 1
127 400 3.9764 0.0013 28.160 0.013 2
227 500 3.9819 0.0015 28.193 0.011 3
327 600 3.9886 0.0018 28.225 0.012 4
427 700 3.9957 0.0031 28.258 0.022 5
527 800 4.0018 0.0020 28.309 0.014 6
602 875 4.0099 0.0029 28.371 0.021 11
627 900 4.0073 0.0014 28.372 0.010 7
652 925 4.0104 0.0021 28.401 0.015 10
677 950 4.0167 0.0033 28.612 0.023 8
702 975 4.0175 0.0025 28.630 0.018 9




Table XIV

High Temperature Lattice Parameters for x = 0.20

Temperature Temperature

A
27

27
127
227
227
327
n
427
427
477
527
527
577
627
627
652
677
702
702
727
752
777

(K]
300
300
400

650
700
700
750

800
850

925
950
975
975
1000
1025
1050

alA)

3.9637
3.9661
3.9669
3.9729
3.9771
3.9780
3.9888
3.9842
3.9887
3.9955
3.9915
3.9951
3.9974
3.9996
4.0043
4.0046
4.0068
4.0182
4.0149
4.0186
4.0152
4.0225

esda[A)

0.0062
0.0021
0.0058
0.0067
0.0045
0.0059
0.0082
0.0072
0.0025
0.0077
0.0073
0.0034
0.0052
0.0061
0.0038
0.0089
0.0030
0.0020
0.0040
0.0037
0.0047
0.0082

c[A)

28.114
28.096
28.131
28.191
28.144
28.209
28.228
28.253
28.226
28.275
28.261
28.277
28.348
28.344
28.382
28.412
28.413
28.623
28.626
28.634
28.633
28.708

esd ¢ [A)

0.044
0.022
0.041
0.047
0.032
0.042
0.058
0.051
0.017
0.055
0.052
0.024
0.037
0.043
0.027
0.063
0.021
0.014
0.028
0.027
0.034
0.059

Sequence




Table XV

High Temperature Lattice Parameters for x = 0.24
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Temperature Temperature

(°Cl
27

127
227
327
427
477
527
577
602
627
652
677
702
727
752

K]
300
400
500
600
700
750
800
850
875

925
950
975
1000
1025

a [A]

3.9682
3.9721
3.9778
3.9846
3.9908
3.9962
3.9933
4.0000
4.0005
3.9980
4.0022
4.0058
4.0048
4.0152
4.0193

esda[A)

0.0018
0.0023
0.0030
0.0030
0.0030
0.0028
0.0025
0.0048
0.0027
0.0028
0.0024
0.0032
0.0055
0.0030
0.0028

c [A)

28.092
28.130
28.179
28.230
28.271
28.321
28.319
28.373
28.394
28.415
28.425
28.441
28.421
28.648
28.673

esdc [A]

0.013
0.016
0.021
0.021
0.021
0.020
0.018
0.034
0.019
0.020
0.017
0.023
0.039
0.021
0.020




Table XVI

High Temperature Lattice Parameters for x = 0.28
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Temperature Temperature

[°C]
27

127
227
327
427
527
627
652
677
702
727
752

K]
300
400
500

700

925
950
975
1000
1025

a[A}

3.969
3.975
3.978
3.983
3.992
3.996
4.002
4.001
4.005
4.004
4.018
4.019

esdafA]

0.0041
0.0031
0.0058
0.0026
0.0022
0.0033
0.0030
0.0040
0.0030
0.0025
0.0035
0.0050

c [A]

28.150
28.209
28.231
28.283
28.354
28411
28.476
28.490
28.528
28.533
28.706
28.704

esdc [A}

0.029
0.022
0.041
0.018
0.016
0.023
0.021
0.028
0.022
0.018
0.025
0.036

Sequence

L - SRV I A

20

10
12




Table XVII

High Temperature Lattice Parameters for x = 0.32
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Temperature Temperature a[A]  esda[A] c(A) esd ¢ [A] | Sequence

1°C) (K]

27 300 39640  0.0013  28.254 0.009 1
177 450 39729 0.0044 28311 0.031 16
277 550 39761  0.0026  28.341 0.018 14
n 650 3.9804 0.0028  28.392 0.020 13
41 750 39881  0.0038  28.470 0.027 12
527 800 3.9923  0.0026  28.525 0.018 2
517 850 3.9953  0.0035  28.529 0.025 11
602 875 3.9969  0.0023  28.545 0.016 10
627 900 3.9999  0.0027  28.596 0.020 3
652 925 40001  0.0032  28.592 0.023 9
677 950 47016 00045 28617 0.032 4
690 963 40136  0.0040 28.775 0.029 15
702 975 40161 00038  28.767 0.027 8
727 1000 40157 00030  28.787 0.022 5
752 1025 40171 00027  28.800 0.019 6
777 1050 4.0200  0.0034  28.804 0.024 7




Table XVIII

High Temperature Lattice Parameters for x = 0.36

Temperature Temperature

°Cl
127
227
227
327
427
527
5717
627
627
652
677
677
702
727
727
752
777

K]
400
500
500
600
700

850

925
950
950
975
1000
1000
1025
1050

a[A]

3.9731
3.9745
3.9770
3.9816
3.9865
3.9923
3.9982
4.0013
4.0025
4.0081
4.0082
4.0110
4.0144
4.0150
4.0159
4.0177
4.0214

esda(A)

0.0054
0.0053
0.0019
0.0022
0.0021
0.0022
0.0012
0.0018
0.0019
0.0019
0.0024
0.0032
0.0016
0.0023
0.0020
0.0022
0.0022

clA}

28.419
28.484
28.474
28.516
28.579
28.646
28.715
28.763
28.768
28.822
28.836
28.845
28.876
28.890
28.885
28.923
28.938

esd ¢ [A]

0.038
0.038
0.013
0.016
0.015
0.016
0.008
0.013
0.014
0.013
0.017
0.023
0.011
0.016
0.014
0.016
0.016

Sequence

N WV AN W N




Table XIX

High Temperature Lattice Parameters for x = 0.40
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Temperature Temperature

I°C]
27

127
227
327
427
527
552
602
627
652
677
702
727
752
777

(K]

8888 8 8

825
875

925
950
975
1000
1025
1050

a[A)

3.9693
3.9760
3.9781
3.9816
3.9889
3.9934
3.9963
4.0009
4.0023
4.0092
4.0072
4.0093
4.0089
4.0133
4.0180

esda[A}

0.003s
0.0043
0.0029
0.0035
0.0046
0.0038
0.0035
0.0028
0.0043
0.0049
0.0032
0.0022
0.0028
0.0018
0.0043

c (Al

28.538
28.573
28.619
28.669
28.709
28.766
28.779
28.843
28.880
28.915
28.932
28.957
28.994
28.998
29.028

esd c {A]

0.025
0.031
0.021
0.003
0.033
0.027
0.025
0.020
0.031
0.036
0.023
0.016
0.021
0.013
0.031




Table XX

High Temperature Lattice Parameters for x = 0.42

Temperature Temperawre  af{A) esdald] c[A) esdc [A] | Sequence

[°C] K]

26 299 3.9746 0.0035 28.565 0.025 17
27 300 3.9788 0.0026 28.595 0.027 1
127 400 39756 0.0039 28.606 0.028 2
202 475 3.9808 0.0015 28.694 0.011 12
227 500 39774 0.0063 28.619 0.045 3
252 550 3.9795 0.0039 28.669 0.028 11
302 575 3.9850 0.0017 28.746 0.012 13
327 600 3.0824 0 0055 28.678 0.039 4
427 700 3.9931 0.0031 28.794 0.022 5
527 800 3.9985 0.0017 28.871 0.012 6
552 825 4.0010 0 0030 28.881 0.021 7
602 875 4.0038 0.0017 28.936 0.012 8
627 900 4.0079 0.0019 28.954 0.013 14
652 925 4,0084 0.0024 29.015 0.017 9
702 975 4.0133 0.0020 29.040 0.014 10
727 1000 4.0154 0.0024 29.052 0.018 15
752 1025 4.0221 0.0028 29.101 0.020 16
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4.5 Low Temperature Lattice Parameters

Powder samples of the eight B-(Biz03)1.x(SrO)x samples were examined at
temperatures down to 77 K with the low temperature attachment on the Scintag
diffractometer using the instrumental settings for precision lattice parameter determinations
described in Table VIII over the range 23° < 208 < 61°, which include fifteen to seventeen
well resolved diffraction peaks of the hexagonal f-phase structure. At:r removal of
backgrc ..d and Kq2 radiation, the d-spacings of the Kq) peak pos‘tioas were determined
by the Scintag profile fitting routine based on a Pearson VII function and indices were
assigned by reference to the previous room temperature results. Lattice parameters
determined from these d-spacings by the B106 refinement program are summarized in

Tables XXI - XXVIIL

Table XX1

Low Temperature Lattice Parameters for x = 0.18

Temperature a [A] esda [A] c [A] esd ¢ [A)
IK]
100 3.9605 0.0017 28.065 0.0121
130 3.9658 0.0031 28.096 0.0221
200 3.9669 0.0028 28.114 0.0192
250 3.9674 0.0016 28.129 0.0110
299 3.9685 0.0026 28.145 0.0188
350 3.9752 0.0027 28.174 0.0193




Low Temperature Lattice Parameters for x = 0.20

Table XXII

Temperature a[A} esd a[A) c[A) esd c [A)
[K]
100 3.9629 0.0026 28.061 0.0183
150 3.9636 0.0019 28.079 0.0131
200 3.9656 0.0020 28.101 0.0141
250 3.9704 0.0031 28.119 0.0221
300 3.9696 0.0021 28.125 0.015
350 3.9728 0.0019 28.123 0.0133

Table XXIII

Low Temperature Lattice Parameters for x = 0.24

Temperature

K]
100
150
200
250
298
350

a[A)

3.9642
3.9652
3.9639
3.9681
3.9722
3.9741

esda(A]

0.0028
0.0012
0.0034
0.0020
0.0016
0.0030

c (A

28.058
28.074
28.072
28.087
28.116
28.136

esdc |A]

0.020
0.009
0.071
0.014
0.012
0.021




Table XXIV
Low Temperature Lattice Parameters for x = 0.28

Temperature alA) esda[A] c[A) esd c [A]
K]
7 3.961 0.0025 28.077 0.0176
100 3.9605 0.0019 28.087 0.0134
200 3.9643 0.0021 28.109 0.0152
294 3.9679 0.0023 2%.135 0.0165
Table XXV

Low Temperature Lattice Parameters for x = 0.32

Temperature a(A) esda[A] c Al esd c [A)

K]

77 3.9587 0.0m3 28.193 0.009
100 3.9597 0.0019 28.201 0.013
200 3.9643 0.0019 28.234 0.014
300 3.9689 0.0026 28.274 0.018
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Table XXVI
Low Temperature Lattice Parameters for x = 0.36

Temperature a[A) esda[A] c[A) esd c [A)
K]
100 3.9563 0.0018 28.282 0.013
200 3.9607 0.0017 28.312 0.012
297 3.9655 0.0013 28.344 0.009
350 3.9658 0.0013 28.364 0.010
Table XXVII

Low Temperature Lattice Parameters for x = 0.40

Temperature a[A] esda[A] c[A) esd c [A)

(K]

100 3.9647 0.0033 28.429 0.024
200 3.9699 0.0025 28.498 0.018
250 3.9718 0.0041 28.468 0.029
294 3.9734 0.0048 28.497 0.034
300 3.9750 0.0010 28.523 0.007
350 3.9752 0.0040 28.528 0.029




Low Temperature Lattice Parameters for x = 0.42

Table XXVIII

Temperature
(K}
100
150
200
250
300
350

alA)

3.9689
3.9679
3.9710
3.9734
3.9791
3.9777

esd a[A)

0.0023
0.0030
0.0019
0.0024
0.0019
0.0026

c [A}

28.495
28.499
28.558
28.560
28.600
28.600

esd ¢ [A]

0.016
0.022
0.013
0.017
0.014
0.019
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CHAPTER 5§ - Discussion

§.1 Crystal Structure Results

In Table XXIX, the experimentally determined X-ray diffraction patterns presented
previously in Figures 4.2a and 4.2b are compared to simulated patterns calculated by the
MDI program p-POWD using the space group symmetry and atomic positions given by: 1)
Sillén and Aurivillius (S&A) [3], 2) Conflant, Boivin and Thomas (CBT) [5], and 3)
Blower and Greaves (B&G) [7]. In each of the computed models the lattice parameters
have been set to the éxﬂerimemal result for the composition x = 0.28, i.e., a7 = 3.9690 A
and cj; = 28.150 A for the hexagonal unit cell, or equivalently, ay = 13.749 A, by =
7.938 A, cm =9.659 A, B = 103.72° for the monoclinic unit cell.

Table XXIX
Comparison of Simulated Diffraction Patterns With Observed Results for x = (.28

d-spacing hkel 1(S&A) 1(CBT) hki 1(B&G) lobs
9.383 003 1 1 001 1 0
6.678 - - 200 0
4,692 006 5 5 002 5 2
3.412 10-1 24 32 220,-401 24 28
3.339 012 39 39 400,-221 33 29
3.128 009 54 50 003 50 57
3.089 10-4 100 100 221,-402 100 100
2934 015 74 58 401,-222 55 65
2.613 107 8 12 222,-403, 10 12
2.605 203
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d-spacing  hke) " (S&A) I1(CBT) hkl 1(B&G) Iobs
2.587 - - - 421 1 -
2459 018 21 14 402,-223 14 13
2.359 - - - 421 0 -
2.226 - - - 600 0 -
2.178 1010 4 9 223,404 5 9
2.090 - - 422 0 0
2.053 0l-11 16 8 403,-224 8 7
1.9845 110 52 49 040,-621 44 39
19416 113 0 0 622 1 1
1.8767  00-15 1 1 005 1 1
1.8321  10-13 30 25 224,-405 27 26
1.7356 0114 12 14 404,-225 11 13
1.7154 021 4 4 -801,-441 4 3
1.7060  20-2 6 6 440,-802 5 6
1.6757 119 47 45 622,043, 42 45
1.6756 624
1.6696 024 19 18 800,-442 18 24
1.6437  20-5 12 10 441,-803 10 12
1.5804 027 2 3 801,-443 2 2
1.5747 - . - -821 1 -
1.5661 10016 5 6 225,406, 5 9
1.5639 00-18 006
1.5443 208 5 3 442,-3)4 3 2
1.4918 0le17 7 405,-226 5 4
1.4669 0210 1 444 1 2
1.4267 2011 4 443,-805 2 2
1.3635 1115 2 624,045, 2 1
626
1.3462 0213 9 803,-445 7 7
1.3064 2014 4 444,-806 3 4
1.3025 01420 2 4106,-227 3 3
1.2978 21l 3 841,260, 3 3

-1022
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d-spacing hkel 1(S&A) I1(CBT) hkl 1(B&G) lobs
1.2937 122 4 -1021, 3 0
-261,-842
1.2776  21+4 12 840,261, 9 !
-1023
1.2659 125 9 1020, 7 6
-262,-843
1.2362  21+7 2 841,262, 2 0
-1024
1.2294  02+6 446,625,
1.2283 1118 11 046,-627 9 10
1.2187 1248 4 1021, 3 1
-263,-844
1.1992  10-22 7 227,408 5 5
1.1925  20-17 3 445,-807 2 1

According to the monoclinic structural model of Blower and Greaves |7}, the
stronges'  perlattice line (arising from anion diffraction) occurs at an angle of 13.5° 26
{for Cu K, radiation), with a relative X-ray diffraction intensity of only .05 %, as shown
in Figure 5.1, which is below the limit of resolution of the X-ray diffraction technique, but
has been clearly resolved by neutron diffraction [ 7] for which the relative intensity is much
greater. The close similarity of the fundamental lines of the simulated hexagonal and
monoclinic diffraction patterns and the observed diffraction pattern is shown in Figure 5.2
for the angular range for the high angle region from 71 - 117 °20. This agreement stems
from the identical cation sublattices of the hexagonal and monoclinic unit cells, as illustrated
in Figure 5.3. When using X-ray and electron diffraction data, the monoclinic structure

can properly be represented as pseudo-hexagonal with respect to the cation sublattice.
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Figure 5.3  Relationship between monoclinic and hexagonal unit cells illustrating
the equivalence of the substituted cation sublattice

77



1R

5.2 Composition Dependence of Lattice Parameters

The refined room temperature lattice parameters derived from the data presented in
Table XI are plotted in Figure 5.4. The error bars in the figure represent the estimated
standard deviations of the lattice parameters. In Figure 5.5 these lattice parameters are
superimposed on all the lattice parameter determinations from the literature review. The
present data make sense of the apparent experimental scatter of previously published data.
The a parameters conform to an approximately linear plot with a very shallow slope in
agreement with the previously published resuits. This is consistent with the layered nature
of the cation structure in which the strontium solute ions are only located in a single layer,
so that the bismuth ions in the two unsubstituted layers have the dominant effect on the a

parameter which remains effectively unchanged.

The original ¢ parameters reported by Sillén and Aurivillius [3,4] lie on a nearly
straight line, but only incorporate data from the strontium-rich side of the solid solution.
Guillermo et al. [10) examined a wider range and noted that the parameters remained
constant at first, and then increased slightly with increased strontium content, but this
observation was t 'sed on only three data points. Guillermo interpreted this finding to
indicate that the substitution of bismuth by a larger ion (Sr) had a greater effect on the ¢
parameter than the concurrent increase in the number of oxygen vacancies. The strontium
substitution results in an increase in the ¢ parameter due to the separation of the cation
layers, even though it does not increase the g parameter which is related to the interionic

distances within the layers.

The greater number of samples ex.:mined in the present work also reveals that the

composition dependence of the ¢ parameter has a shallow slope at values x s (.28 and a

steeper slope for compositions x = 0.28. This observed change in the slope of the ¢
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parameter may be related to the fact that at x < 0.28 the number of bismuth cations is
greater than the number of strontium cations at the hexagonal “a” sites, whereas at
compositions x 2 0.28 the number of strontium ions is greater than the number of bismuth
ions. At x = 0.28, the ¢ parameter may become even greater because the majority Sr2+
ions in the "a" sites are more weakly bound to the oxygen anions in the octahedron which
surround them (see Figure 2.5). The expansion of the octahedron is constrained in the
plane normal to the z-axis by the undisturbed bonding of Bi-O in the unsubstituted bismuth

layers, so that the distortion will be directed along the z-axis, resulting in an expansion of

the ¢ parameter.

5.3 Temperature Dependence of Lattice Para.neters

The low temperature lattice parameter results at 100, 200, and 300 K, for all -
phase compositions are shown in Figure 5.6. The a parameters conform to approximately
linear plots with relatively shallow slopes, in agreement with the room temperature results
presented previously in Figure 5.5. For the compositions x < 0.28 the ¢ parameters are
again characterized by a relatively shallow slope, whereas for x 2 0.28 the ¢ parameters
have a steeper slope, in agreement with the room temperature results described previously.
The extension of the trends observed at room temperature to temperatures down to 100 K
confirms the low temperature stability of the B-phase and thus provides a benchmark for

defining any anomalies which may occur at higher temperatures.

The a and ¢ hexagonal lattice parameters determined over the entire experimental
range of temperatures from 77 - 1050 K for each of the compositions are shown in Figures
5.7 - 5.14. These plots indicate two distinct composition-dependent trends. For all

compositions x s 0.36, both the a and ¢ parameters show a continuous expansion with
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temperature up to a temperature, Ty1, at which point there are distinct lattice parameter
discontinuities, indicated by dashed vertical lines in the figures. For the two compositions
x > 0.36, there is no discontinuity in the lattice parameters, to the limit of resolution of the
method, but there is a sharp increase in the slopes of the lines at a temperature, Ty,
indicated by dashed vertical lines in the figures. These trends are also reflected in
temperature dependence of the volume of the unit cell. For all compositions x <(.36, the
volume discontinuity AV occurs at the temperature T}, which may be considered to be a
first-order effect. For compositions x > 0.36, an abrupt change in slope occurs at a
temperature T2, which is indicative of a second-order effect, with a discontinuity in the
first derivative, dV/dT.

The discontinuous increases in lattice parameters Az and Ac, and in unit cell volume
AV, observed at the transformation temperatures, T;, are plotted as a function of
composition in Figure 5.15. The Ac results are in good agreement with those of Boivin et
al. {11}, but differ significantly from the higher order polynomial used to represent their
data. The present results demonstrate that the magnitude of the Ac discontinuity falls off
progressively with strontium concentration, and decreases to within the detection limit of
the method at a composition between x = 0.36 and x = 0.40. In contrast, the AV and Aq

discontinuities pass through a maximum around x = (.28.

The presence of such discontinuous increases, Az and Ac, in the respective lattice
parameters are in direct agreement with the observations of Guillermo ez al. [10] for a
sample of the composition x = 0.28, which was shown previously in Figure 2.8, and
provide strong confirmation of the proposed phase transformation $2¢>B1. The expansion
of the ¢ parameter is a consequence of an anisotropic weakening of the ionic bonds in
directions parallel to the z axis of the hexagonal cell. In contrast, relatively small changes

are observed in the a parameters due to the constraints imposed by the planes containing
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Figure 5.18

Composition dependence of the volume discontinuities, AV, and the lattice
parameter discontinuities, Aa and Ac, as determined for B-(Bi203)1.x(SrO);.
The solid lines are 3rd order polynomials fit to the respective experimental
data points. The open diamonds and dashed line are as reported by Boivin
et al. for Ac
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only bismuth cations, which are unaffected by the level of strontium concentration. As ths
relative intensities of the diffraction peaks do not show a significant change after cycling
above and below the transformation temperatures, Ty, this transformation cannot involve a
modification of the cation sublattice at high temperatures. It may be postulated, however,
that the occupied site. of the anion sublattice can be maodified, since such a movement of
the O2- ions would not alter the relative intensities of the diffraction peaks due to the

relatively low X-ray scattering factor of oxygen.

The ‘orm of the modification of the oxygen sublattice which generates the
discontinusties Aa, Ac, and AV, must be such that it increases the mobility of anions in
layers which lie normal to the z axis, to account for the observed increase in anionic
conductivity. These discontinuities may thus be attributed to thermal excitation of oxygen
anions into weakly-bound sites between the cation layers which provide high mobility,
analogous to the excitation of ca.riers into the conduction band of semiconductors. As
shown in Section 5.2.1 above, the ¢ parameter is strongly dependent on compositions for v
2 0.28, which is attributed to some weakening of the (Bi,Sr)-O bonds at increasing
strontium concentrations, due to an increasing number of oxygen vacancics in the
substituted layers. The reduction of the magnitude of the Ac discontinuity at higher
strontium concentrations, shown in Figure 5.15, may be attributed to the increased number
of oxygen vacancies in the substituted (Bi,Sr)-O layer which provide alternate sites to the
highly mobile interlayer sites discussed above. This is consistent with the reducticn in the
Ac discontinuity and the concurren: observed reduction in ionic conductivity, with

increasing strontium concentration.




5.4 Revisions to the Phase Diagram

The transition temperatures, Ty; and T2, are plotted as a function of composition,
x, in Figure 5.16 with a 3rd order polynomial fit to the data. The other values 1n the plot
consist of temperatures derived from Watanabe's DTA measurement at x = 0.38,
Guillermo's sharp c-parameter increase at x = 0.28, and Boivin's T; values for x = 0.26
and x = 0.38. The agreement between the present results and the literature values is very
good. This graph shows once again that there is a change in characteristics on either side
of a composition between x = 0.24 and x -- 0.28, at which the ratio of bismuth to strontium
ions at the "a" sites is inverted. Although it has not been established whether there are two

distinct types of transformation, t; and t2, the respective transformation temperatures do
conform to the same composition-dependent curve, as shown in Figure 5.16.

The observed composition dependence of the ransformation temperature T; can be
incorporated into the phase diagram of the Biy03-SrO system. For this purpose the recent
phase diagram of Huang et al. [19] has been selected, because of its more detailed
determinations of the intermediate compounds and phase boundaries. As shown in Figure
5.17, the amended diagram includes the compositional dependence of the ¢ By phase
boundary, with a maximum between x = 0.24 and x = 0.28. The By¢>p; phase boundary
is uncertain beyond x > 0.36, since no distinct lattice parameter discontinuities (Ac, Az, or
AV) were observed at these higher strontium concentrations. This raises the possibility
that, at compositions beyond x > (.36, the B; phase may either transform by a second-
order change to another low-temperature modification of the hexagonal structure, consistent
with the observed change in slope of the lattice parameters and electrical conductivities, or
even be stable down to ambient temperatures. In any event, the increased stability of the §;
phase at high strontium concentrations is consistent with the proposal by Huang er al. [19]

of a congruen”':» melting composition at x = 0.415.
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Figure 5.16 Composition dependence of transformation temperature T; of B-(Bi203)).x
(SrO)x. The solid curve is a 3rd order polynomial fit to the data, excluding
the literature values
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CHAPTER 6 - Conclusions

6.1 Conclusions:

The present work illustrates the advantage of combining information from a number
of complimentary methods in order to determine accurate phase diagrams. This is of
particular importance in systems such as BiyO3-SrO where high temperature phases exist
which cannot be stabilized at room temperature. Analysis by high temperature X-ray
diffraction requires little sophistication when the phase transformation includes a significant
structural change, but considerably more care was required 10 analyze the §; 3,
transformation, in which the structural changes were much more subtle. In this case, the
extra information provided by differential thermal analysis and high temperature electrical
conductivity justified a careful examination of the lattice parameters in the temperature
ranges above and below the indicated transformation temperatures.

On the basis of the present study it has been concluded that :

1) the B-(Bi203)1.x(SrO)x phase can properly be indexed as pseudo-hexagonal,

2) there is little or no compositional dependence of the a parameter of the B-phase;

3) the compositional dependence of the ¢ parameter is increased at a composition near
x = 0.28;

4) sharp discontinuities observed at high temperatures in the a and ¢ parameters, and in
the volume of the unit cell, are attributed to a phase transformation from the low
temperature 32 phase to the high temperature B; phase;

5) the temperature of the By« 37 phase transformation has a maximum near a

composition x = 0.28;




6)

7

8)

9

10)

11)

12)

13)

14)

98

the B &> B, phase transformation, t;, unambiguously involves a significant
discontinuous expansion in the ¢ parameter with a much smaller expansion in
the a parameter;

the magnitude of the discontinuous increase in the a parameter at Ty passes through
a maximum at the centre the B-phase;

the magnitude of the discontinuous increase in the ¢ parameter at T is greatest at
low values of x and decreases with strontium concentration across the B-phase;

distinct lattice parameter discontinuities were not observed at high strontium
concentrations, x > 0.36, but a change in the coefficient of thermal expansion is
observed at a temperature T2, which decreases with strontium concentration, x;

the unit cell volume of the B-phase undergoes a discontinuous increase at low
values of x and a continuous increase at high values of x;

as the hexagonal "a" sites of the -phase structure are the only locations available to
the solutes Sr2+ and Y3+, the valence of the cation is not a factor in the
designation of the solute sites and a competition is thus established for the
occupancy of these sites when two or more cations are present;

the established temperature dependence of the By« B phase transformation can be
used to amend the phase diagram of the (Bi203)-(SrO) system;

at concentrations greater than x = 0.36 the high temperature f; phase may
transform to another hexagonal structure by a second order phase
transformation, or even be stable on cooling to ambient temperatures; and

the enhanced stability of the $; phase at high strontium concentrations is consistent
with a reported congruently melting composition at x = 0.416.



6.2 Recommendations for Future Study

The solidus and liquidus of the B-phase of the Bi203-SrO system should be re-
examined, to confirm the existence of the congruently melting composition reported by
Huang et al.. It is also important to determine the precise composition of the congruently
melting ceramic and to establish whether it has any relationship to the maximum in Ty
observed in the present work. 1t would also be of interest to determine whether a spinodal
decomposition occurs at a temperature above T, as observed in $-(Bip03) .x(CaO)y.

Further neutron diffraction investigation of the structure of the B-phase should be
performed to confirm the monoclinic superlattice structure and the precise location of the
oxygen ions as a function of composition. High temperature neutron diffraction studies
would also yield precise information on the changes in oxygen ion location associated with
the B; «> P, phase transformation and thus provide a definitive explanation of the high ionic
conductivity observed in these ceramics. Additionally, it may be possible to ascenain
whether the high strontium f; phase decomposes by a second order phase transformation,

or remains stable on cooling to room temperature.
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LOW TEMPERATURE ATTACHMENT FOR X-RAY
POWDER DIFFRACTOMETRY

H.W. King, M.A. Peters. E.A. Payzant and M.B. Stanley
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University of Western Ontarnio
London, ON, N6A 5B9Y
CANADA

Abstract

A low iecmperature attachment based on a miniature open-cycle Joule-Thomson
refrigerator has been developed for x-ray diffractometry measurem: is over the iemperature
range from 65 - 400 K. By use of a special mounting plate, the device can be substituted for
(mﬁamasuuwlydamghummhm:mmwmmamm vacuum
chamber and x-ray transparent beryllium window. The device is demonstrated by
investigating the polymorphic phase ransformations thai occur in barium ttanate.

Introduction

Continuous flow cryosiais for cooling x-ray diffractometer samples have been applied
successfully over the iemperature range of 2-473 K using liquid helium, and 65-473 K using
liquid nitrogen (1). However, these devices tend to be relatively expensive to operate and
require considerable time for re-alignment and umn-around between samples. For optimum
usage they are best mounted on diffractometers that can be assigned o specific projects for
relatively long periods. Alternative cooling devices for intermitient use 1n a general
diffraction laboratory, require short cool-down times, easy sample exchange and mimmum
instrumental re-alignment. Closed-cycle Joule-Thomson refrigerators, which are
considerably smaller in bulk and have much lower operating costs than continuous flow
c?mu, cannot be used effectively for low iemperaiure x-ray diffraction, however, because
of the excessive sample vibration caused by the reciprovating pistons in the compressor.
Cryostats based on the Peltier effect have proved very effective for cooling electronic
instrumentation, but at the present state of the an the lowest operating temperature of these
devices is limited 10 ~200 K. Ministure open-cyc'e Joule-Thomson refrigerators offer
considerable possibilities for low wemperature x-ray diffraction, since these devices have
proved successful for the cooling of sample m_rﬁs for electron microscopy, where a very
low level of sample vibration is mandasory. operaung wn?emm of an opn-c;(l:
Joule-Thomson refrigerator depends on the working gas, being 65-400 K for nigogen,
85 K for neon and 2-30 K for helium. In principie, a multi-stage Joule-Thomson device
could thus be fabricated to operate over the range from 2-400 K. The mwm
concemed with the development of a sigft mf device for rapid c)jchnhof X-ray ‘
samples over a temperature range of 65-400 K, using a commercial [MMR Technologies
Inc., Mountsin View, CA] Joule-Thomson refri cooled by nitrogen gas. The device
can be substituted for the heater assembly of a high temperature x-ray diffractomeser
attachment, to utilize an existing vacuum chamber with an x-ray transparent beryllium

Advances m X-Rey Analyns, Voi. 37, Eewmd by
V. Gilineh of of., Plosom Prass. Now York, 1994 487
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Reference
Surface

O-Ring Seal

Gold Fim
on Alumina

N

\

Glass Substrate
with Gas Capillanes
Figure 1. MMR Joule-Thomsor Refrigerator

window. The effectiveness of this coohng device 1s demonstrated by nvestigating the
polymorphic phase transformatons that accur in the compound banum ntanate.

Experimental

The MMR Joule-Thomson miniature open-cycle refrigerator 1s cooled 10 77 K by the
expansion of high pressure (> 1800 psi) nitrogen gas in a cavity, the upper surtace of which
15 in direct thermal contact with a flat gold-coated alumina pad. as shown in Fig. 1. A
sample to be cooled is placed on the gold surface and. if so required. increased thermal
contact can be achieved by using silicone grease. The efficiency of the refngerator is
improved by pre-cooling the incoming gas by passing it through an integral counterflow heat
exchanger cooled by the exhaust f” Temperatures between 65-77 K are obtained by
reducing the vapour pressure of the liquefied nitrogen, using a vacuum pump attached to the
exhaust port of the refrigerator. Iniermediate temperatures between 300 and 65 K are
obtained by offsetting the cooling by activating a silicon resistance heater embedded in the
alumina pad. This heater also enables the device to be used (without the cooling gas) at
temperatures berween 300 and 400 K. The temperature is monitored with a calibrated silicon
diode sensor, which is also embedded in the alumina pad and linked to0 a programmable
congoller IMMR K-20].

Adapung the MMR miniature refrigerator for low temperature x-ray diffractometry
(LTXRD) required a vacuum chamber with windows of ve%low x-ray attenuation. A high
temperature x-ray diffractometer attachment [Buehler HDK2.3) with curved beryllium
windows. available in the authors’ laboratory, was adapted for this purpose by machining a
specizl mounting plate 10 support the refrigerator in place of the heater assembly. Rapid
sample mounting and replacement is achieved, since this plate can be removed and replaced
without disturbing the alignment of the vacuum chamber, which remains firmly atached to0
the diffraciometer goniomeser, as shown by the schematic sketch in Fig. 2. The refrigerator
is mounted in a sliding O-ring finting machined in the adapior piate. %0 that s exiemal flange
abuts against a reference surface which assures that the centre of the gold covered alumina
pad is locaied along the central ray of the x-ray beam. The rtational alignment of the surface
of the gold coated alumina pad is maintained by a pin which fits in a hole machined in the
plate. As shown in this figuse, gas inlet and outiet ponts, and the electrical feedthroughs for
the heater and thermometer pass through the body of the refrigerator. so that the vacuwm of

the chamber is not compromised.
To automate the control of the refri , the MMR controller was linked 1 a 386 PC
¢ via an RS-232 interface at baud and software routines were wntten 1o enable

the following functions:
» Monitor and control temperature
* Acquire mam{;wmm data at specified time intervals
* Ramp t0 several different temperatures and for a set time
* Real-time graphical display
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Figure 2. Schematic of Low Temperature Attachment
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The low temperature attachment 1s aligned by the following edure. To provude an
approximate alignment, the position of the heater surface of the high temperature furnace
attachment is first aligned in accordance with the procedures for this device. The heater 1s
then replaced with the refrigerator, using the adaptor plate, and the position of the sample
surface with respect to the axis of the goniometer is determined by measuring the positions
of the diffrachon peaks from the gold layer on the alumina pad. Using the LCLSQ (version
8.4) software program (2), the displacement of the surface of the gold coated pad can be
refined, together with the lattice parameter of the gold layer. In practice. the surface of the
gold layer is deliberately set slightly lower than the plane of the x-ray beam. when the
goniometer is set at the zeso degree position, so that a powder sample placed on top of the
gold layer will lie close to the true zero plane passing through the axis of the goniometer. To
enable the gold surface layer to be used as an internal standard, its lattice parameter was
measured at 50 degree intervals, over the operational temperasure range of the refrigerator.
An advantage of gold for this purpose. is that only small number of diffraction peaks arc
zenerated with Cu K, radiation (a total of eight up w 153 °20), resulting in relatively hule
interference with the diffraction patiern of a sample under investigation.

To evaluate the low emperature cooling device. a prwdered sample of barium titanate
{National Lead Co.} was placed on the surface of the gold coated alumina pad of the
refrigerator. using a drop of acetone 10 aid in spreading. Afier the acetone was evaporated.
the adaptor plate was attached 10 the vacuum chamber, which was evacuated with a roughing
pump. X-ray diffractograms from the ,:;l:! coating and from the barium titanate sample were
obtained with a Scintag XDS 2000 diffractometer in the 8:0 mode. using a copper x-ray tube
operated at 45 kV and 40 mA, and a solid state HPGe detector. For structural identification.
diffraction profiles were scanned from 42.0 - 54.0°20 at an equivalent scanning speed of
(.75 °/min., with a step interval of 0.03° and a 0.3 mm receiving slit. For determmng
precision lattice parameters for the gold layer at different temperatures. the angular region
surrounding each diffraction peak was scanned at an equivalent scanning speed of | °/min..
with a siep interval of 0.03° and a 0.3 mm receiving slit. The pesk positons were
desermined by profile fitting a Pearson Vil profile 10 the raw data file, and lattice parameters
were determined using a software extrapolation method based on Voge! and Kempter ()
During heating and cooling cycles over the range from 71 K 10 400 K, the temperature was
set and controlled to within £0.2 K at intervals of 25 K for basium titanste structure
determination, and at intervals of 50 K for determining the lattice parameters of the goid film.

Resuits and Discussion

A typical cooling and heating display, rated from temperature-time data stored in
g. %i‘s d:‘::l:y confirms that, when using a gas inlet

the computer, is shown in Fig.
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Figure 3. Plot of temperature-time data for heating and cooling cycles

pressure of 1800 psi. an x-ray powder sample can be cooled from room temperature to 77 K
in less than 10 min.. and maintained at this tempersture to within 0.2 K for a period of time
specified in the computer input. The display also demonstrates that. by supplying increasing
amounts of power, the heater is effective for adjusting and maintaining the temperature of the
.ml?k 10 within £0.2 K of operator-selected intermediate iemperatures between 77 and 3X)
K. for prescribed periods of time. Time-temperature plots with the same degree of
temperature selection and control are obtained during step-cooling from 300 to 77 K. when
the cooling is amresied by supplying decreasing amounts of power 10 the heater. For
operation above m&m gas flow is tumed off, and the temperature is controlled
by the heater alone. As indi by the initial section of the heating plot at 400 K in Fig. 3.
the lack of a thermal sink provided by the cold nitrogen gas causes a2 small degree of
overshoot to occur as the prescribed temperature is reac An examination of the actual
ume-iemperature data stored in the computer shows that at the maximum temperature of 40
K. the degree of overshoot is S 2 K. and that within 15 seconds the temperature 1+
subsequently controlled w0 wi;l:ein 0.2 K. Ten:’p}eram?s below 77 K can be obtained by
coanecting 3 vacuum pumy 1o outlet port of the refrigerator.

The diffraction patierns oha:‘::d for the barium titanate sample after cooling to 150 K
and subsequently step-heating t0 400 K ase given in Fig. 4. As shown in the figure. the
structure of barium titanase at 150 K is thombohedral. When the sample is heated to 225 K
the thombohedral structure transforms 10 monoclinic, as evidenced by splitting of the
rhombohedral 202 peak. which occuss a1 45.5 °20. This structural transformation may be
described as rhombohedral-orthorhombic, in which case the peak splitting observed at 200 K
can be atrributed to the formation of a doublet composed of overlapping 220 and 002
diffraction peaks. On further heating 10 300 K, the order of the intensities of the diffraction
peak a1 45.5 ©20 reverses, which is indicative of the transformation 1o the tetragonal form of
barium titanate. These peaks may now be indexed as 002 and 200. The tewagonal structure
is maintained up 10 the highest obtainable temperature of 400K, but as this temperature 15
approached the tetragonal doublet at 45.5 °20 shows a lack of resolution into two peaks. and
takes on the appearance of s broadened cubic profile. This is consistent with the proximity
of this semperature to the values of 393-403 K (120-130°.") quoted in the literature for the
tetragonal-cubic wansformation in barium titanate (4-10).

jvalem diffraction patterns were obiained during the reverse iemperature sequence.
i.e. after hesting 10 400 K and subsequently siep-cooling to0 150 K. During this cooling
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sequence. the tetragonal-monoclinic transformation occurred between 275 K and 250 K.
while the monochnic-rhombohedral transtformation occurred between 200 K and 175 K. s
shown in the schemanc diagramn Fig. S. The precise ransformation temperature cannot be
determined with a temperature step of 25 °C. Nevertheless. the agreement between the
observed structural transformation temperatures and those reported in the hierature. on the
basis of polanzation measurements (8- 10) and x-ray diffraction studies (3-7). confirms the
cffectiveness of the low temperature cooling and heating stage for invesugating phase
ranstormations over the temperature range 65-400 K.

To provide an nternal standard for checking the alignment of the diffractometer at
low emperatures. the lattice parameter of the gold laver was determined over the operational
temperature range from 71-4)0 K. As shown in Fig. 6. the results contorm 10 & nonhinear
plot which can be accurately represented by the 4th order polyromial equation given in the
tigure. It 1s necessary, of Course, to make an additional correction for the position of the
gold faver surface with respect to the centre of mass of the powder sample, when using this
relationshup as an intemmal standard for determining the precision lattice piarameterts) of a test
sample. In any event, the gold peaks may be used to quickly and accurately estabhish the
sample surtace position on an otherwise well-aligned gomometer.
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Abstract

A single function for the elimination of errors in precision lattice parameter determination
has not been developed for the Bragg-Brentano x- .2y diffractometer method. because of the
different angular dependencies of the sysiematic ermors. A review of the error functions shows
that all but one can be calculated from the instrumental sett:ngs and known properties of a
sample under invesugation. The residual sample displacenxnt error can be then be eliminared
by using extrapolation plots or computer methods to correct the data to cosécote plots. The
slopes of cosecote plots can also be used to align high temperature furnaces and low
temperature crvostats mounted on x-ray diffracitometers.

Introduction

The systematic errors affecting the position of Bragg reflections detected by the Bragg-
Brentano x-ray diffractometer were reviewed at the Denver X-ray Conference some thirty years
ago by Vassamillet and King (). At that ume, it was accepted that a single extrapoiation
function, equivalent to the Nelson-Riley function for the Debye-Sche-ver film method. couid
not be developed for the x-ray diffractomeser, because of the different anguiar dependencies of
the error functions. As a compromuse, it was proposed that cos2e be adopted as an
exaapolation function, proviaed its application be limired to Bragg reflecnions recorded at 26
angles greater than 120 degrees. While this did not ni 3 severe restriction when
diffraction patiems were soutinely scanned up 10 165 °20 using physically small proportional or
scintillation counters, many modem diffractometers are equipped with bulky solid state
detectors which restrict scanning to angles below 150 °2e, particularly when using attachments
which require the theta:theta mode. It thus seems timely 1o re-examine the known ervors
associated with the Bragg-Brentano diffractometer, with the aim of identifying the signsficant
errors and correcung them by using extrapolation plots or computer analysis with respect o
specific sysiematic error functions.

Advances m X-Rev Anatvsis. Vo) 36. Edned by
IV Gilined ¢r ol Plonum Mress. New Yok, 1993 <
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Ssystematic Errors in Bragg-Brentano Diffractometry

The angular dependence of factors which cause a displacement (48) 1n the position of
diffracted beams in Bragg-Brentano diffractometry are summanzed n Table |. Since computer
techniques are w.dely used 10 estabhish the Kq) peak position, by stnpping away the Kq) peak
using the Rachinger correction (2) and applying background removal. peak finder and/or profile
fitting programs, it is important 10 note that although most of the analytical functions in Table 1
were onginally analvzed in terms of shifts in the centrovd of the diffraction profile. these error
functions also apply to shifts in peak position (3). An excepton occurs in the case of the
combined effects of dispersion, Lorentz and polarization, where the centroid displacement
varies as tan30 (3.5), while the shift in peak position varies as tan® (as indicated in Table 1),
because errors in peak position due t0 Lorentz and polarization are of the same form, but
opposite sign, and thus cancel out (6). When this tan8 function for A0 (expressed in radians) is
substituted in the differennal form of the Bragg equation

Adjd = - cote A8 equanon |

the fractional ervor in interplanar spacings (ad/d) is found 1o be independent of the Bragg angle
and can thus be corrected by simply multiplying the derived latuce parameterts) by a numencal
factor. Other physical errors such as refraction (7), shifts in wavelength caused by filiers and
monochromators (8.9) and errors in the definition of wavelengths (10), can be corrected by
applying correcton factors 10 derived latnce parameters. The tane dependent 40 error ansing
from a misalignment 5 of the x-ray beam with respect to the diffraction plane (1), also results
in a constant etror in Ad/d, which can be corrected by applying a numencal constant to the
derived lattice parameter(s). as in the case of the physical errors. However, the magnitude of
this error when using two sets of Soller slits is generally below the level of sigmficance for the
determunation of lattice parameters to 1:50,000 (1). The non-vanishing component of the axial
divergence error is also corrected by applying a similar muluplicanon factor (12).

1t also follows from equation | that the magnitude of the fracuonal error 1n d-spacings
{Ad/d) due 10 random errors 1n the measurement of Bragg angle has cote dependence If al

Table 1. Fuctors Affecung the Displacement of Dilfraction Beams 1a9) and Fractional
Errors in Interplanar Spacings ¢ Ad/d) for Bragg-Brenano Diffraciometry

Factor AY:) Adid Rel
Dispervion. Lorentz and polanzaton « p1ann/2) constant H
Beam not in diffracuon plane N8 (1 Cond) consam il
Axtul divergence (non-vanishing term) ~02C5C20 A-/6RS  constant N
Random error in 20 measwrement 230 2COM0 AY 114
Ellipucsry of diffractometer gears LAk 2o AR !
Electronic ime constant +A8 Coth AR 13
Poot counung stausics b4.C) £COM0 AR 1
Backlash in dnving geass 246 20010 48 b
Primary beam not Jt 2emo0 *28 230 £COt8 A0 )
Specimen surface dusplacement 2c050 S/R 2cos8cote SR 17
Flat specimen (honzontal divergence -cot8 /12 +cotie ¥/12 17
Transparency (absorption) ~5IN0 COSH/ 2R +CO3%0 2N 7
Axial tverucal} dsvergence Q€020 AR +cOSIBIQ e AR 12

§ = specimen susface dusplacement u = absorption coefficient

R = gomometer radius v = angular width of divergence sht

2h = heght (width) of uradiated surface of specsmen (same as heam height)
q = sRIh, where s and [ refer 1o the spacing and length of the Soller st foils
@1 and Q: are compiex functions of ¢ as defined sn reference (12)
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Bragg angles are measured t0 the same degree of accuracy. the magnitude of the fractional error
in d-spacing calculated from the position of a particular Bragg peak will decrease with
increasing Bragg angle. When d-spacings or latice parameter data are plotted agunst a
function of 6, error bars for xad, or $Aa. will thus lie within a cone which tapers 1o zero at
90°%. Sinusoidal A8 errors arising from ellipticity in the gears of the diffractometer can be
corrected by direct calibration (1) or by the use of an external siandard (13). Errors due to
elecoronic 1ime consiants (14), counting statistics (15). and backlash in the gears (1), can be
reduced below the level of significance by proper experimental procedures, or eliminated at
source by the use of computer-conuolled stepping motors, as in most modern goniometers. A
ninli‘;mmofmecemom:epﬁnmybwnﬁunm?oamauenwwhichisme
same for all measured Bragg angles (1), and is thus additive with respect to the random errors
in peak position. Diffractomeners with a facility for translating the 180 °20 point of the
gonmomeser scale with respect 10 the focal spot of the x-ray tube may also have a A8 error which
is a combination of a shift in angular scale and a displacement of specimen position (1).

Bragg-Brentano de-focusing errors arising from a mis-setting of the 20:0 following (16) or
the width of the source and detector slits (16) cause the diffraction profile to be broadened
symmetrically, but not shified in position. Other geometrical errors result in an asymmerrical
broadening of the diffraction ile, with a systematic shift in the position of the measured
Bragg Displacement of the specimen surface with respect to the focusing circle (£5).
causes & peak shift which has cose dependence (17). The error due to the use of a flat
speciu;ulle. whxche' his upvuned by the width of the h:’nhz':hnm i‘;vemedmb slit, v. varies as coté
(17, while the error due to : transparency, which is y the absorption
coefficient, u, has ﬁmm; and the sysiematic cong:nem of the axial (vertical)
divergence error, which is contolled by the dimensions of the Soller slits, varies as co20 (12).

When the various error functions for the sysiematic Bragg angle shifts, A6, are
substituted (in radians) in equation 1, three further analytical functions are obtained for the 6-
mu:e of the fractional error in d-spacings, ad/d. i.e., cosécom, cot29 and cos20. as
indi in Table 1. The ad/d errors due 10 flat specimen, ransparency and the 6-dependent
component of vertical divergence are always positive, but the sign of the error due to specimen
surface displacement will be either plus or minus for all of the data points (depending on
whether the specimen surface lies inside or outside the focusing circle).

As all three of the sysiematic esror functions for ad/d in Table | converge 10 zero as @
approaches 90 °, their relative significance 1o a particular se; of diffraction data can, in
pnnciple, be assessed by plotting Ad/d values for the different Bragg reflections against each
function in turn. and determining which gives the best fit 10 a linear plot. This cannot be
performed in practice, however, unless the correct d-spacings are known a priori , e.g. by
using a material with authoritatively accepied lattice parameters, such as the standards produced
by (18). For cubic materials with a single lattice parameter a. the relative imponance of
the sysiematic ervors can be established from plots of g parameters derived from various Bragg
reflections against the different error functions, since for cubic crystals Ad/d = Aag/a. In this
context, the magnitude of the ervors in a parameters determined from different Bragg reflecuions
could be calculated directly by using the error functions in Table | combined with relevant
information on instrumental specifications, experimental settings and maserial properties. The
errors caused by flat specimen, effective transparency and axial divergence can be treated in
this manner, but similar calculations and corrections cannot be performed for a misalignment of
d\ekspecitmn surface. because the sign and magnitude of the displacement § are both
unknown.

The residual systematic error due 10 a specimen surface displacement S can be
investigated from plots of g parameter of a cubic material against cosécot®, after correcting the
data for flat specimen, ransparency and axial divergence errors. The slope of such a plot will
be either potitive or negative, depending on the sign of the displacement . and the scatter of the
data from a linear plot will be indicasive of the magnitude of the random errors in the
measurement of 6. Using powdered samples of silicon and tungsten - which were selected
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because of t .cir wide difference n x-ray absorption - plots of @ parameter against vanous error
functions were examined visually to determine the angular range over which the ditferent
functions are effective and 10 distinguish between systemauc and random errors. A successive
paper will be concerned with a computer least squares analvsis of these results. and of ssimular
diffraction dat. obtained using NIST standards (18), with an emphasis on distinguishing
between the treatment of systemanc and random errors. 50 that the findings can be avalable for

incorporation into least-squares refinement programs for correcting errors over the whole range
of measured Bragg angles.

Experimental

Specimens for x-ray examination were prepared from ~6 um powder of 99.98 % silicon
(Koch Light) and 99.7 % wungsten (Fisher) by: a) front-loading into a cavity mount: b) back-
loading into an open mount covered with a 0.060 mm thick layer of adhesive tape: and ¢)
dusting a thin layer of powder on 10 a glass slide.

X-ray diffraction examination was performed with a Scintag XDS 2000 X-ray
diffractometer equipped with a high purity Ue solid state desector and set in the theta:theta
mode. Cunper radiation (ACyy,; = 1.54060 A) was used for all expenments. with the tube
voltage set at 45 kV and the cumrent at 40 mA. Afier establishing the approximate positions of
the diffraction profiles by siep-scanning at an effective scan rate of 10 “/min, each enufied
profile was step-scanned at an effective rate of 0.5 %/min, using a divergence slityof 0.72 °, a
receiving slit of 0.05 mm (0.01 °), a chopper increment of (.01 ° and an increment time of 1.2
sec. Background and Kq7 stripping programs were applied to the data, and the positions of
the resultant K4, peaks were determined using a profile fitting program. Thesc peak positions

were used to0 determine the d-spacings and of the relevant diffracting planes of the silicon and
tungsten powders.

The a parameters obtained from the d-spacings determined from the Bragg diffracuion peaks
were corrected for the flat specimen error using the function +cot26 /12, for wansparency
errors using +c0s26 /2uR: and for systematic axial divergence errors using +c0s20 (Q)+(3)
#2/12R2. The insoumental parameters used for th2se corrections were R = 250 mm, h = 5.5
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Fig. 1. Plots of a parameters of Si and W. A: versus cos20. B: versus coi2e
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mm, s = 0.5 mm and / = 25 mm. A value of ¢ = .91 obtained from the dimensions of the
Soller siits was used to obtain values of O} = (.36 and Q> = 0.03 from graphs given in
reference 12. Assumung the powder samples to be ~60 % of theoretical density. the effective
absorpnon coefficients for the Si and W specimens were taken as 85.8 cm-! and 1950.8 cm-!.
respecuvely.

Results and Discussion

Latuce parameters calculaied from the positions of the vanous Bragg reflections for the
front loaded powder samples of Si and W were plotied against the functions cos8. co120 and
cosecotd. As shown in Fig. 1A, the @ parameser piots for both the Si and W samples are linear
for values of cos2e below 0.6, i.c. for Bragg angles greater than ~40 °0. It was also observed
that the direction of the deviation of the data points from a linear plot at lower 3ragg angles is
towards higher a parameter values. The avai data poims at Bragg angles g.c ater than 40 °0
are spread fairly uniformly along the linear plot, but the lack of lesser error data points at cos2e
values below 0.16. i.e.. for Bragg angles above 66 9, will significantly reduce the accuracy of
a lattice parameter derived by extrapolating the data 10 90 6.

Piots of a parameters of the Si and W samples against cot2, which are given ir. Fig. 1B,
also show linear rends for Bragg angles greater than ~40 ®0. The lack of results for Bragg
angles above 71 °0 is not sO apparent in this plot, since cot?e causes the data points to be
bunched up in the high angle teii.on. which makes this function less suitable for extrapolation
purposes. In contrast to the cos8 plot of the Si and W a parameter values, the direction of the
deviation from a linear piot against cot28 is towards lower values. This means that the
magnitude of the angular function which governs the present experimental error in g parameters
at low Bragg angles must be intermediate between the numerical values of cos2é and co12e.

The open symbol data points plotted against cosécote in Fig. 2 refer to uncorrected a
parameters of the samples of Si and W. The plots of these data are linear for values of cosécoté
< 2.5, i.c. for all Bragg angies greater than ~20 8, which covers aimost the entire angular
range of the present invesngaticn (16-71 °). The extensive linearity of these cosécote plots
sy that the prime source of sysiematic error in the present results is attributable to sample
s displacement. 1t also follows from the properties of trigonometric functions, that iow
angle data which conform to a linear cosécot® plot will show a deviation towards higher values
when plotied against cos?e, and a deviation towards lower values when plotied against cot?e, as
was observed for the daia plotied in Figs. 1A and IB.

The solid symbol @ points in Fig. 2 refer to a parameters for Si and W samples which
are corrected for flat sp_cimen, effective transparency and axial divergence emors using the
respective analytical functions, and insocumental and matenals parameters, given in the
experimental section. These corrections do not affect the linearity of the plots against cosécote.
but cause a significant change in the slope of the Si plot, due 10 the magnitude of the

ncy ervor correction for this low absorbent material. The change in slope results in a

si| 'mlydﬂmmmmmdeﬁ%e ion of the best least squares fit

the data 10 a linear plot, which gives 5.4317 A and 5.4309 A for the uncorrected and
correcied data, mrcn’vdy. Theclor similarity of the corrected data lattice parameter 1o the
NIST accepred value of 5.43094(0) A for Si SRM 640b (18), confirms the validity of the
transparency correction based on 60 % of theoretical density. However, the extreme sensitivity
Mfmmmmemeﬂawithu t 10 the effective density of a powder sample
means that the influence of this effect s be re-evaluated in the context of the use of smal!
amounts of low absorbent materials as intemal calibration standards for powder diffractometry.

in contrast to the resulis obtained for Si, the no significant change in slope was observed
between the plots for uncorrecied and corrected data points for W in Fig. 2 and there was no
measurabie difference in the extrapoiated lattice parameters for the two sets of data. The
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Fig. 2. Plots of uncorrected and corrected a-parameters of Si and W versus cosécoty.

extrapolated lattice parameter of a = 3.1655 A is relatively close (0 the value nf 3.1652(4) A
obtained by King and Russell (19). who eliminated scanning and sample disp _.ement errors by
measuring the total diffracted angle 46 by scanning both sides of the beam. Exact agreement
wizh other measurements is not 10 be expecied as the punty of the W sample was not assessed,
since the objective of the present expenment was to evaluaie the influence of error functions
rather than obtain precise lattice parameiers by an extrapolation process. However. the almost
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Fig. 3. Plots of correcied a parameters of W versus cosicor@ for different sample mounts.
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total absence of ransparency errors in the results for the W sample in Fig. 2 means that small
amounts of highly absorbent powders may prove to be more effective than low absorbent
matenals for use as intemal standards for powder diffractometry, or perhaps the opnmum
solution s to use an internal standard with an absorprion coefficient which is close 10 that of the
sample under mnvestiganon.

Due 10 its relative insensinvity 0 the flat specimen, axial divergence and transparency
errors, the tungsien powder was selected for further experiments on the effects of the sample
displacement error. As shown in Fig. 3, plots of a parameter versus cosécoté, using data
corrected for flat specimen, effective transpasency and axial divergence errors, have
significantly different slopes for sampies prepared by different mounting techniques. The
positive siopes of these plots indicase that in all cases the surface of the sample is displaced
outside the focusing circle. The minimum slope was observed for the powder sample
on a glass slide, while an intermediate slope was observed for the front filled cavity sample.
and the greatest siope occurred for the sample prepared in the back filled sample mount covered
with adhesive tape. In the context of the theta:theta geometry of the x-ray diffractometer. the
sample prepared on the glass slide would be expected 1o lie above the reference plane of the
specimen holder, but the small positive slope of the relevant plot in Fig. 3 indicates that the
surface of the glass slide (and hence the reference surface of the goniometer) is in fact located
just below the centre line of the x-ray beam when the tbe and detector are set at zero ° 20. In
this event, the front-filled cavity sample would be displaced by the same amount below the
centre line of the primary beam, to give a cos8cotd plot with a positive siope. It also follows
that under these conditions the cosécoté plot for the back-filled sample would have an even
greater slope, because of the additional surface displacement introduced by the adhesive tape
covenng the surface of the sample.

The linearity of the plois of @ parameter against cosbco for W in Fig. 3 can be used to
make corrections for specimen surface displacement errors under conditions where the position
of the surface cannot be precisely aligned with respect to a defined reference, e.. in a high
temperature furmace or a low iemperature cryostat. With prior calibration using known
displacements of a cubic maierial, surface displacements that occur during an experiment can be
detected by changes in the slope of a cosécoté plot using a parameters corrected for flat
specimen, axial divergence and effective transparency. This information could also be used to
adjust the position of the furnace or cryostat at 8 non-ambient temperature, so that the sample
surface is positioned precisely on the focusing circle of the diffraciometer, which will be
evident when the cosécotd plot using corrected lattice parameters has a zero slope. After
applying the correcuions for wansparency, flat specimen and axial divergence. and eliminating
the major expenmental error due to sample displacemen, the random errors can then be
eliminated by a least squares analysis, to yield accurate lattice parameters for applications such
as thermal expansion investigations. This method for detecung and cosrecting sample
displacements is. of course, only applicable 10 samples with high symmetry, but it could be
most effective for locating and correcting the position of a ribbon heater made from Pt or
another cubic material, which acts as a sample support for high temperature measurements.
This ervor is very significant in x-ray fumaces, since heater strips are known to be susceptible
10 buckling at high temperatures. Under these conditions, a properly aligned heater strip could
also be used as an internal standard, by making a proper allowance for the displacement of the
centre of the powder sample from the heater surface. For these applications, it is fortuitous that
the common heater strip materials are Pt, Re and W, all of which generate very small
transparency errors, duc 1o their high x-ray absorption coefficients.
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ABSTRACT

Computational methods for determining precision lattice parameters based on
extrapolation, lattice refinement, least squares and trial and error indexing, with inlermediate
corrections for peak positions using external and internal standards. have been evaluaied
with respect 1o the ICDD published values for zincite. Lattice parameters can be routinely
determined to an accuracy of one part in ten thousand without the use of external or intemal
standards, by using computational extrapolation on data with a well aligned and maintained
diffractometer. Lattice refinement determination of lattice parameters was onlv effecuve.
with respect to the ICDD values. when used in conjunction with external and internal
standards. Least squares yielded results with low standard deviations. but the use of
standards did not reduce the refined sample displacement or zero angle errors, and gave an
increased error in lattice parameters with respect to the ICDD values. The trial and error
indexing, which can only be used with peak positions correcied with respect to both
external and intemal siandards. gave relauvely low deWolff and Smith-Snyder figures of
ment, butl nevertheless yielded lattice parameters of the highest accuracy of one part 1
twelve thousand. with respect to the ICDD values.

INTRODUCTION

Random errors in x-ray determinations of lattice parameters have cot9 dependence
regardless of the geometry of the method, but sysiematic errors due to geometry and
experimental seuings are specific to the echnique employed. The significant systematic
ervors for the Bragg-Brentano powder diffractometer niethod are those which arise jrom:
specimen surface displacement (= cosécot9); flat specimen and horizontal divergence
(=c0120); and sample absorprion and axial divergence i c0s20) (1). A recent study by the
present authors has shown that although the analyi.cal functions for ail these errors
converge to zero as 0 approaches 90 °, linear plots of lattice parameters of iest samples of
silicon and tungsien against cos2e and cot2é were only obtained tor Bragg angles greater
~40 °e, while plots of the same data against cosécolo were linear over the entire experimental
range from 16-71 °0{1). These findings for samples with widely different mass atienuanon
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coefficients indicate that, in the Bragg-Brentano method. the sample displacement error 15
mure significant than the sample absorption error. which is the domwnamt factor in the
Nelson-Riley funcuion for the Debye-Scherrer method. Further. since us angular
dependence is midway between the angular vanation of cos’e and cot28. the function
cosecotd can be used as an extrapolation function for deterrmning precision lattice
parameters, even when emrors due 10 absorption. flat specimen and divergence are present
11]. The present paper represents an extension of this study to the evaluation ot
computanonal methods for denving precision lattice parameters from Bragg peak positions
using a variety of corrective techniques. including direct companson to the standard
materials characterized by NIST. Jor an exiensive review of present computatnonal
methods and commercially available software, the reader is referred to reference |2).

EXPERIMENTAL

A 50:50 mixture of powdered silicon (NIST SRM640b) and zincite (sample from
IUCr Commission on Crystallographic Apparatus, Precision Measurements of Lattice
Parameters, Feb. 1957) was prepared as a “smear” sample on a plastic stide wath silicone
grease. Zincie was selected for this study, because the hexagonal crystal structure 131 vields
a relatively large number of Bragg peaks when using CuKq radiation (ACyK,, = | 54058

A) with very few overlaps with the silicon peaks. The hexagonal diffracuon pattern of this
sample was recorded with a Scintag XDS 2000 x-ray diffraciometer set in the 8:0 made with
a 250 mm radius. a 1 mm divergent slit, a 0.3 mm receiving slit and a 0.03 ° siep imervil. 1o
give an effective scanning speed of 1 °2/min. These setuings are not optirmzed for precision
peak measurement, but are fairly representative of settinfs for routine data acquisition. The
prime interest of the present study was whether the different computer analysis methods
would compute similar or different lattice parameters from the identical raw data set. The
raw data obuined for the diffraction pattemns were analyzed in three stages:

In stage one, the Scintag Background Subtraction Program was applied to remove
both the background and the a2 component (using the Rachinger correction {4)).

be In stage two, the a) peak positions were determined by one of the four methods listed
low:

NC No corrections. Peak positions were determined using a profile fitung program
based on the Pearson V11 function.

EC External standard correction. Using a peak finder program, the peak positions
were corrected by comparison with the peaks of NIST silicon SRM6310b prepared
as a separate “smear” sample. which was step scanned at 2 sec/step with a (0.03 ”
step interval. The measured peak positions were corrected to the NIST values by
the 4th order polynomial correction function :

A20 = A + B(20) + C(20)2 + D(20)3 + E(20) tegn. 1)

Note: Once the parameters A, B. C, D, and E are detesmruned from the calibration
sample, this correction can be applied 10 any subsequent sample. The correction
function involves no assumptions as to the nature of the errors in 20, but
instrumental errors such as zero 20 setting may be minimized. The program also
models the FWHMs of the peaks as a function of angle, which is useful for other
applications, but is not relevant (o this study.

IC Intemal standard correction. Using a peak finder program, the peak positions
were corrected by comparison with the peaks cgg:rndin to the NIST silicon
SRM640b (cenified lattice parameter ag = 5.4 0 38 A), which was
mixed directly with the "smear sample. 10 obtain a linear correction function
based solely on the sample surface displacement error, A20 = (S/R)cosd

117




€ A. PAYZANT AND H. W KING 09

El Both externai and intemnal corrections. Peak positions were determuned using
peakfinder program in which first the external (EC) and then the intemal (I1C)
standard corrections were applied.

In stage three. precision lattice parameters were computed from the various uncorrected and
comected values of peak positions. using cach of the methods listed below:

EX Exwapolation. A computational method equivalent to graphical exmrapoiation (1.
based on the technique described by Vogel and Kempter {5]. The program
requires prior knowledge of the structure (but not the space group) and all of the
peaks must be indexed prior to running the program. Lattice parameters were
determined using the error function cos6co1® 10 correct for sample surface
displacement, and the drift constant, K. was calculated {5). The version of the
program included an internal standard correction opion which was not used in
the present evaluation.

LR Latice Refinement. A commercial program [Scimag, Inc.| for either indexing
and/or lattice refinement. Lattice parameter refinement requires a knowledge ot
the structure, but not the space group. and a.' of the peaks must be indexed prior
10 running this program option. Sin¢e no sy.lemauc errors are eliminated, the
results are very sensitive to sample surtace displacement and transparency error.

LS Least Squares. A sofiware program LCLSQ (version 8.4), by C.W. Burnham
I6). which refines the lattice parameters. [t requires a knowledge of the both the
sample structure and the space group. and all of the peaks must be indexed prior
to running program. The program allows refinement of relevant sysiematic errors
in addi;:ion 10 lattice parameters, and also computes the Smith-Snyder |7] figure of
merit, Fn.

TR Treor. A software program TREORY0, by P.-E. Werner (8), for trial and error
indexing, which requires a precision of € 0.02° in peak position. The program
refines lattice parameters, and gives both conventional figures of merit |7.9, My
and Fn, but as it does not allow refinement of sysiematic errors it could only be
used with the peak position data corrected with respect to external and internai
standards (EI).

RESULTS AND DISCUSSION

All four computational techniques were evaiuated. for the different 20 correction
methods. by companng ihe lattice parameters determined for zincite with the average values
of a5 = 3.249858 $0.000006 A and c, = 5.206619 * 0.000002A found in the ICDD
cardfile 12). While these values are not necessarily the “correct” values for our sample, they
provide a convenient reference standard with which 10 compare our results. Additional
parameters specific 10 each technique were also used in the evaluation, including the drift
constam KI? or EX, the estimated standard deviation (esd) for LR, the Smith-Snyder figure
of ment (Fn) for LS and TR, and the deWolff figure of merit (Mn) for TR. The LS
technique also provided estimates of the sample displacement and zero angle errors. For
convenience and clarity of presentation, the results obtained for each of the computational
techniques are presented in separate tables, and combined in Figures 1 and 2.

As shown in Table 1. the extzrapolation method based on the function cos8cotd yielded
lattice parameters of zincite 10 an accuracy of one part in eight thousand, when no correction
was applied to the peak positions (EX-NC). This accuracy was marginally improved, to
one par in eleven thousand, by the use of an external stand2rd (EX-EC) which comrected for
“instrumental errors”. The use of an intemnal siandard (EX-IC) gave no improvement in
accuracy, which is 10 be expecied since this merhod is redundant as it corrects for sampie
surface displacement errors which are minimized by the cos@cotd extrapolation. The use of
both internal and external sisndard corvections was found 10 be counterproductive. as it
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Table 1. Extrapolation Techmque (EX)

28 Correction Latuce Parameter Accuracy Drift Constam K,,
tvs. ICDD value)
. A, = 00004
EX-NC Ace = 0.0008 0041
EX-EC A2, = 0.0003 0012
{SRM640b) Ace = 0.0002 -
EX-I1C Aa, = 0.0008 - 0001
{SRM640b) Ac, = 0.0008
R Az = 1L.0004 .
EX-EIl Ac: = 0.0027 0008

introduces a greater error, parucularly in the ¢, spacing. The main drawback to the
computational technique (EX) is that it cannot be zpplied to crystal systems of low
symmeuy, such as monoclinic or tnclinic.

As shown in Table 2, the Scintag lattice refinement program (LR) yielded latnce
parameters with the relatively low accuracy of one pan in sixteen hundred without the use of
20 corrections (LR-NC). This accuracy was improved to one part in five thousand when
the 20 positions were corrected by using external or external standards. and to one part in
nine thousand when both corrections were applied. Even so, this level of accuracy 1s not
much better than that obtained by the exzapolation technique (EX-NC) without the use of
standards.

As shown in Table 3. the least squares ~rogram (LS-NC) yielded refined latnce
parameters with an apparent high accuracy, as indicated by the high Smith-Snyder figure of
merit, and provided estimates of the magnitude of the sample displacement and zero angle
errors. However, the accuracy of one part in three thousand compared 10 the ICDD lamice

Tabte 2. Lattice Refinement Technique (LR)

20 Correction Latuce Paramcier Accuracy | Estimated Accuracy
(vs ICDD value) (from csd)

Az, = 0.00199 0003
LR-NC Ac: = 0.00257 0009
LR-EC Aa, = 0.00079 0010
(SRM640b) Ace = 0.00087 oma
LR-IC Aay = 0.00081 .0001
(SRM640b) Aco = 000077 .0002
. Aag = 0.00038 .0001
LR-El Aco = 0.00057 0002
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Table 3. Least Squares Techmque (LS)

N

20 Corrccuion Parameter Accuracy Sysiematic Error Smuth-Snyder
(vs. ICDD valuc) Refinement Figurc of Mcnit
LS-NC Aaa = 0.0010 S=-0416 mm F23) = 233
" A&L’ 0.0017 2cro 20 = -().074° (0.004.28)
LS-EC Al = 0.0025 S = -0.660 mm F(22) = 69
{SRM640h) Acts 0.0033 re10 20 = -0.268° (0.011.28)
LS-IC Aag = 0.0017 S =.0.295 mm F(24) = 10}
(SRM640b) Acpy = 0.0026 zcro 20 = -0.142° (0.008.28)
LS-El Aag = 0.0026 S = -0.574 mm F(23) = 96
Aco = 0.0040 zero 20 = -0.272° (0.009.28)

parameter values is significantly lower tham that obtained for the extrapolation method
without the use of standards (EX-NC). Further, although the systematic error refinement
capability of the LS program is intended 1o limit the need for standards. an intemal standard
correction only reduced the refined sample displacement error 10 295 um from 416 pm.
while an external standard correction actually increased the refined zero 20 errors. In both
cases the Smith-Saycer figure of merit was decreased, and poorer agreement was obtained
with respect to the ICDD lattice ter values. Since neither a sample ransparency error
nor an axial divergence error could be refined by this method, these errors were fixed al

zere by the program.

As shown in Table 4, the TREOR Erognm applied 1o data corrected with respect to both
external and internal standards (TR-EI) yielded a relatvely low Smith-Snyder figure of
ment, but an accuracy of one pan in twelve thousand for lattice parameters compared to the
ICDD lattice parameter values. The accuracy of the latter result is greater than that achieved
with the extrapolation program with no 20 corrections (EX-NC) and represents the highest
accuracy of obtained for any me *od in this evaluation. However, as cautioned by Werner
18], the successful operauion of the indexing TREOR90 requires reliable input data.
and the use of external and internal standards is thus recommended in order to obtain peak
posutions of sufficient accuracy.

Differences between the calculated lattice parameters and the ICDD values are less
important 1n this study as compared to the dependence ot the calculated Litice parameters on
the computational method. Thus, the “correct” lattice parameter of our sample may not be
ecuivalent 1o the ICDD value, but must be consistent for all the data presented here. since
the raw data were identical. As may be seen from the plots of lattice parameters a, and ¢,
given in Figures 1 and 2. the extrapolation me: EX-NC, EX-EC, and EX-IC all yselded
comparable lattice parameters (10 within $0.0003 A, Similarlg the LR-EC, LR-IC. LR-EL
and the TR-EI all agree to within the same scatter as the EX results. For the LCLSQ
program, the best agreement with the other methods was obtained with no correction
applied to the raw data, LS-NC.

Table 4. TREOR Techmque (TR)

29 Correction Parameter Accuracy de Wolff Smith-Snydcr '
(vs. ICDD vaive) Figure of Ment Figure of Ment
. Asy = 0.00026 F(23)= 75
TR-EI Ace = 0,00082 M(20) = 346 (0.0091.34)
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Figure 1. Latce parameter ao as calculaied by the four programs (EX. LR, LS. and
TR). The error bars represent the estimated standard deviation as calculated by the
respective program. The codes NC, EC, ICC, and EI may be found in the text.

The overall finding of the present evaluation of vanous computational techmiques s that.
for a reasonably weli-aligned and maintained diffractometer. lattice parameters can be
routinely determined to an accuracy of better than onec part in ten thousand by using a
computational extrapolation method based on the fun:ction cosBco18, without the use of
internal and/or exiernal standards, parnticularly fine shts or slow scanning speeds An
external standard is shown to be effective for eliminaung zero 20 errors, which may be
present in a poorly aligned instrument.

On the basis of these results, the use of exiernal and/or internal corrections with an
extrapolation-based method, or a least squares methnd which refines systematic erors
(such as LCLSQ), is not recommended. However, for a least-squares method which docs
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2. Lartice parameter Co as calculased by the four programs (EX. LR, LS, and
TR). The error bars represent the estimated standard deviation as caiculated by the
respective program. The codes NC, EC, IC, and Ef may be found in the text.
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not refine systemaunc errors (such as the LR program) use of an internal correction is
strongly recommended. ard with TREORS( our expenence 1s that both an internal and

external correction is usually required.
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