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Orientation distributions of cobaltite thermoelectric and polyphased bismuth-
based cuprate superconducting textured materials are determined from neutron
and X-ray diffraction analysis. Curved position-sensitive detectors coupled to a
tilt-angle (x) scan enable the treatment of the whole diffraction pattern using
the combined Rietveld-WIMV-Popa algorithm. The textures of three phases of
superconducting compounds are determined. The critical current densities,
measured for four samples, are strongly dependent on the calculated texture
strengths, crystallite sizes and phase ratios. For the cobaltite compounds, a
comparison between X-ray and neutron analysis shows the advantages of the
latter technique for avoiding the limitations of the X-ray analysis with respect to
the defocusing effect. The results highlight the necessity and efficiency of the
combined approach for a quantitative texture analysis of complex materials and
exemplify the texture—anisotropic physical properties relationship for a better
understanding and design of improved bulk superconducting and thermoelectric
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1. Introduction

Texture analysis is increasingly recognized as an important
tool in the characterization of many polycrystalline materials
in order to understand how intrinsic anisotropic properties are
revealed at the macroscopic level in certain sample directions,
and to optimize methods or process parameters. For example,
the development of texture in Ca3;Co,0O9 (C0349) thermo-
electric and (Bi,Pb),Sr,Ca,Cu;0,4 (Bi2223) superconducting
materials is required to increase respectively their electrical
conductivity and critical current densities. Because of their
high structural anisotropy (Masset et al, 2000; Fujii et al.,
2001), the alignment of plate-like grains by mechanical and/or
chemical processes is necessary to attain macroscopic prop-
erties comparable with the intrinsic crystallographic proper-
ties. However, a quantitative texture analysis of these
materials is not a simple task. The modulated structure of
layered cobaltites and the presence of several textured phases
present in bismuth-based superconductors remain a handicap
in the characterization using diffraction techniques. The
diffraction spectra are also very complex with many partially
or fully overlapped diffraction peaks. The small number of

quantitative texture studies on Bi2223 superconductors (Wenk
et al., 1996; Gottschalck et al., 2002; Frello et al., 1999; Fahr et
al., 2001) and the absence of any, to our knowledge, on
cobaltite compounds, highlight the different problems
encountered with these materials. Usually, textures are
determined by extracting pole figures from single diffraction
peaks, but this is difficult if pole figures overlap. To overcome
this problem, the combination of Rietveld (Rietveld, 1969),
Williams-Imhof-Matthies—Vinel (WIMV) (Matthies & Vinel,
1982) and Popa approaches (Popa, 1998), for instance as
implemented in the MAUD software (Lutterotti et al., 1999),
permits a comprehensive new approach to crystal structure—
texture-microstructure analysis. The increasing number of
papers based on such a methodology illustrates the interest of
many researchers in materials science in Rietveld texture
analysis (Guilmeau, Lambert et al, 2003; Guilmeau,
Chateigner et al., 2004; Wenk et al., 2001, 2003; Morales et al.,
2002, 2003; Bae et al., 2002; Xie et al., 2003; Lutterotti et al.,
1997; Noudem et al., 2004). Through these different studies, it
has become apparent that the methodology readily handles
fibre textures and is also valuable for textures exhibiting no
peculiar symmetry, and really effective in the case of poly-
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phased materials with overlapped pole figures. In the present
paper, we report the first application of this method to the
polyphased (Bi,Pb),Sr,Ca,Cuz;0,y superconductor and the
Ca3;Co404 thermoelectric compounds with fibre texture. We
use neutron and X-ray analyses of samples synthesized with
different process parameters to illustrate some of the possi-
bilities and limitations of the methodology.

2. Materials
2.1. Bi-based superconductors

The samples are mixtures of two superconducting phases,
(Bi,Pb),Sr,Ca,Cu;0yy (Bi2223), and (Bi,Pb),Sr,CaCu,04
(Bi2212), and one alkaline earth cuprate phase,
(Sr,Ca)4Cuy Oy (14:24), in residual content. Four samples
were prepared by the newly developed calcination-sinter-
forging method (CSF) (Guilmeau et al., 2002) using 20, 50, 100
and 150 h sinter-forging dwell times, respectively. Starting
from calcined powders composed of Bi2212 and a secondary
phases such as Ca,PbO,, Ca,CuO; or CuQO, the thermo-
mechanical treatment (temperature and uniaxial pressure)
allows simultaneously the nucleation and growth of the Bi2223
onto the Bi2212 and the alignment of both Bi2212 and Bi2223
plate-like grains. The resulting superconducting phases are
strongly textured, with their mean c¢ axes parallel to the
pressure direction and consequently perpendicular to the disc
surface (Fig. 1). In Fig. 2, the X-ray diffraction pattern of the
disc surface illustrates the strong (00/) textures of both
superconducting phases and the presence of the secondary
‘14:24° phase. The increase of the sinter-forging dwell time is
employed here in order to obtain a material composed of the
highest content in Bi2223 and, consequently, to improve
superconducting properties. The grain alignment is also crucial
in order to optimize the transport properties of the materials.

2.2. Co349 thermoelectrics

A magnetically c-axis aligned sample has been prepared by
a slip-casting process using fine Co349 powder with an average
grain size of ~3 pm in diameter. Details of the preparation are
as follows. The Co349 fine powder obtained through a ball-
milling process was mixed with solvent (water) and dispersant
(polycarboxylic ammonium) to form a slurry. The slurry was
cast into a cylindrical die under a magnetic field of 3 T applied
parallel to the cylinder. Note that the die consists of a
cylindrical Pyrex glass and a porous alumina plate and
therefore only the solvent in the slurry is evacuated through
the bottom plate. The slip-cast pellet was pressed in a cold
isostatic condition at 392 MPa and then heated at 473 K for
2h and 673 K for 3h in order to remove the solvent and
dispersant completely. The resulting specimen was then hot-
forged (1153 K/20 h/16 MPa). The final dimensions of the
sample were 25 x 15 x 4 mm.

3. Experiments

In order to calculate the orientation distribution (OD) of
crystallites, which defines the texture of the materials, it is
essential to acquire as many pole figures as possible for non-
parallel (hkl) crystallographic planes. In this respect, it is
necessary to sweep a broad 26 angle range for various tilt x
and azimuth ¢ orientations. A first azimuthal scan was
performed to check for possible specific texture symmetries,
similarly as in previous works (Wenk et al., 1996). As expected
for uniaxially deformed materials without subsequent growth,
we detected a C, axis of symmetry aligned with the pressure
axis in both materials. Fig. 3 is the {119} pole figure (v =
15.917°, Ax = 5°, Ag = 5°) which illustrates this symmetry in
the case of our Bi2223 compounds. Consequently, due to this
fibre texture stabilization, ¢ scans were not applied in this
study. Furthermore, for such analysis, the use of a point
detector is not reasonable. Indeed, to sweep a 20 range from
10 to 60°, and for 19 angles of tilt ( = 0-90°, step = 5°), weeks

Figure 1
Typical SEM cross section of Bi2223 samples showing aligned plate-like
grains. 150 h sinter-forged sample.

N
© N
] 8 9
[l S
m ~—
[ Q
y 5 e g
= 5 I
o 2 Q 5
5 0'14:24" S y§y ¢
& a & 3 o
2 o o g
2 S < a
S 1 o S
=
= o
. NI
N m
o L
o 3
(o]
- o
5 S5 o
T T T T T T T
10 15 20 25 30 35 40
20 (°)
Figure 2

XRD pattern of synthesized Bi2223 discs. Main (00/) peaks of the Bi2212
and Bi2223 phases are indicated. Diamonds indicate the ‘14:24’ phase.
50 h sinter-forged sample.
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Figure 3

{119} pole figure of Bi2223 compounds with the C,, axis of symmetry
aligned with the cylinder axis. w = 15.917°, Ax = 5°, Ap = 5°. Linear
density scale, equal-area projection. 50 h sinter-forged sample. Orienta-
tion densities are calculated in multiples of random distribution (m.r.d.).

of acquisition time would be required. The well known solu-
tion to this problem is the use of a curved position-sensitive
detector (Bunge et al., 1982), which decreases acquisition
times typically to 6 h (neutrons, ILL-D1B line) and 13 h
(X-ray, CRISMAT Laboratory equipment).

Both superconducting and thermoelectric materials were
analysed on the DI1B neutron line at the Institut Laiie
Langevin, Grenoble. The neutron wavelength is mono-
chromated to A = 2.523 A. Diffracted neutrons are collected
by a curved detector composed of 400 cells spread over 80°
(resolution 0.2°) in 26. An Eulerian cradle allows x rotations.
Scans were operated over y = 0-90° (step = 5°) using a fixed
incidence angle w of 19.84° ({0010} Bragg position) for Bi2223
superconductors, whereas an @ position of 20.6° ({003} Bragg
position) was used for the cobaltites. The average volumes of
our samples were around 25 and 500 mm? for the Bi2223 and
Co0349 compounds, respectively, corresponding to measuring
times of around 20 min per sample orientation.

Cobalt oxides were also analysed by X-ray diffraction
(XRD) with a curved position-sensitive detector (INEL CPS
120). A 1 x 1 mm collimated and parallel beam and a small
vibration of the sample holder (1 mm) were used in order to
ensure that all the beam intersected the sample surface, even
at high sample tilts, with a statistically relevant number of
irradiated crystallites. An incidence angle of 12.5° was chosen,
which corresponds to the same {003} Bragg position used with
the neutron experiment. The tilt angle was scanned over yx =
0-60° (step = 5°) with an integration time of 1h at each
position. Measurements for x values larger than 60° are too
affected by beam defocusing (Chateigner et al., 1992) and were
not measured. The dimensions of the analysed surface were
around 8 x 8 mm.

The transport critical current densities (J.) were measured
for superconducting samples by the standard four-probe
technique at 77 K with an electric field criterion of 1 pV cm™".
The dimensions of the samples were approximately 10 x 1.5 x
0.2 mm, with the same order of magnitude as the volume

probed in the neutron experiments. Microstructures were
analysed with a scanning electron microscope (SEM) (Philips
XL 30 FEG).

4. Rietveld texture analysis

It would be fastidious here to describe the essence of the
Rietveld texture analysis completely, which was initiated
several years ago (Wenk et al, 1994; Matthies et al., 1997,
Lutterotti et al., 1997), and is described in detail elsewhere
(Chateigner, 2004). However, we feel it is important to relate
here, albeit briefly, the main reasons for which the Rietveld
texture analysis cannot generally be avoided, i.e. as a non-
invasive technique to probe textured samples.

Traditionally, texture analysis relies on pole-figure
measurements, pole figures being measured at each required
diffracted peak barycentre and rotating the sample around
two 6 angles (Schulz, 1949). However, this method fails for
complex diffraction patterns of polyphased or low-crystal-
symmetry materials, for which partial or strong peak overlap
occur. In such cases, a given pole figure is composed of
contributions from many (hkl) peaks of unknown relative
contributions. In peculiar cases, these contributions can be
resolved during the OD refinement procedure, but this is often
not possible. This is particularly true in the case of (Bi,Pb)-Sr—
Ca—Cu-0O materials in which the presence of several textured
phases induces analysis problems such as overlapping,
preferential orientation, phase ratios, efc. The complex
modulated structure of the Co349 phase, with many over-
lapping peaks, is also a serious problem. The combined
approach, introducing the calculation of the OD into the
Rietveld method, is in that case a very interesting tool. Briefly,
after the integration of the diffracted intensities from the Le
Bail algorithm (Le Bail, 1988), these intensities are used for a
first refinement of the OD by WIMV analysis. The OD
obtained is then introduced in the cyclic Rietveld refinement
of the diagrams. The new refined parameters are used for a
new WIMYV cycle to correct the OD, and so on. Several cycles
of refinement are performed to converge towards an ‘ideal’
characterization of the material. The refinement quality is
assessed by a comparison of the experimental and recalculated
diagrams and by the reliability factors: Rpy and Rp; for OD
refinement (Lutterotti et al., 1997), Rg, R, and Ry, for Riet-
veld refinement (Young & Wiles, 1982).

Before the refinement of texture, cell parameters and
crystallite size, the instrumental profile has to be calibrated. In
the case of neutron analysis, a calcite sample (large crystallite
sizes and no microstrains) has been used. Spectra measured in
1368 orientations were summed to reconstruct the powder
pattern. This pattern is then refined to extract instrumental
parameters (Caglioti, Gaussian, efc.). The same procedure was
applied in the X-ray analysis of the SRM660 LaBg standard
from the NIST (Balzar, 1992), which served the international
round-robin calibration. The refinement was based on 13 x 4
scans measured over x = 0-60° (step = 5°) with four ¢
orientations at each x position.
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After the refinement of instrumental parameters, we
proceeded to refine the background as a four-degree poly-
nomial. The final step was to refine the texture. At that time,
all parameters were kept fixed (except scaling). Next, para-
meters related to intensity (phase ratio), broadening (crys-
tallite size) and peak positions (cell parameters, zero offset)
were refined with the texture. The Popa formalism, consid-
ering the anisotropic broadening of the diffracted peaks
produced by crystallite size and microstrain, has been used.
However, only the refinement of the first anisotropic size
parameter led to a satisfactory spherical value independent of
the anisotropic crystal shape (Fig. 1). Refining microstrains
and other anisotropic crystallite size parameters did not
provide a significantly better refinement (inconsistent aniso-
tropic size parameters) nor divergence of the program.

The experience showed us that the data treatment is far
from routine and requires manual intervention at every step.
First, as aforementioned, the pattern presents a real
complexity due to the low number of Bi2212 and Bi2223
diffraction peaks which are in most cases partially or
completely overlapped. The presence of the ‘14:24’ secondary
phase contributes to the spectrum and increase the complexity
of the analysis. The orthorhombic structure was used for
representing the Bi2212 and Bi2223 phases. For the Co349
phase, commonly formulated as (Ca,Co03)(C00,);¢, an
accurate structure refinement of this misfit aperiodic phase
needs a description in the superspace formalism for modu-
lated structures. It was notably given from a four-dimensional
structure refinement of three polytype phases (Lambert et al.,
2001). From these results, a structural model was built
concerning the main phase characterized by the previously
reported cell parameters. This model was then confirmed using
powder neutron diffraction data (Grebille et al., 2004) and the
corresponding structural parameters were used to reconstruct
a commensurate supercell approximant (P2,/m space group)
and a resulting unit cell with a = 4.8309, b = 36.4902, ¢ =
10.8353 A and g = 98.1317°.

5. Results and discussion
5.1. Neutron diffraction analysis of Bi-based superconductors

Fig. 4 shows typical neutron diffraction patterns obtained
from a 0-90° yx scan. This graph highlights without ambiguity
the (00/) texture of both the Bi2212 and the Bi2223 phase. In
particular, we can clearly observe the disappearance of the
(00/) lines when y increases to 30° and the appearance of the
(220) line when yx tends to 90°. We can also note the presence
of secondary peaks related to the 14:24 phase, the intensity of
which decreases as y increases. This behaviour, previously not
observed to our knowledge, is significant of the texture of this
phase.

Fig. 5 illustrates the refinement reliability using a selection
of 19 diagrams (x scans) typically obtained for the four
samples. These spectra were measured on the sample textured
at 1118 K for 150 h. In this case, only the Bi2212 and Bi2223
phases have been considered in the refinement, neglecting the

‘14:24’ phase; the main 26 ranges (45.8-48.2°, 52.76-55.4°)
related to the stronger peaks of this phase have been removed
in the analysis.

Fig. 6(a) shows pole figures recalculated from the OD
obtained by the WIMYV algorithm, based on the experimental
pole figures of Fig. 6(b) which represent normalized intensities
extracted with the Le Bail algorithm. Pole figures are related
to the Bi2223 phase in the sample textured during 150 h at
1118 K. A good agreement between the experimental and
recalculated pole figures is observable. It proves the efficiency
of the software to treat a complex material with different
phases and textures. However, the quantitative Rietveld
texture analysis is not perfect. One can note a difference
between the maximum of the orientation distributions of the
two series of pole figures. The experimental pole figures
present a maximum around 44 m.r.d. (multiples of random
distribution), whereas the maximum of the recalculated ones
is around 27 m.r.d. This difference, noted for all samples, is
explained by the problem of overlapping between the (008)
and (0010) peaks, or between the (0012) and (0014) peaks of
Bi2212 and Bi2223, respectively, observable in Fig. 5 for x
positions close to 0°. The origin of this phenomenon can be
explained by different reasons. First, as seen in Fig. 1, the grain
shape is not equiaxial, which indicates that the peak broad-
ening depends on the measured sample directions. Because an
equiaxial size (inconsistent anisotropic crystallite sizes) was
refined from the Popa model, this may be one reason why the
Rietveld refinement fitting is not so good for patterns at x
positions from 0 to 20°. Another reason could be the existence
of intergranular residual stresses caused by grain-to-grain
interactions (Popa & Balzar, 2001). However, we could not
detect any residual stresses in our samples (no peak position
shift is observed when tilting the samples, at the experimental
resolution) arising from whichever cause. If the two precedent
hypotheses can eventually influence the Rietveld refinement
fitting at low y positions, we strongly believe that the problem
of overlapping predominantly arises from intergrowths on the
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Figure 4
Neutron diffraction pattern obtained for Bi2223 samples for a 0-90° x
scan. 100 h sinter-forged sample.
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Experimental (dots) and calculated (lines) neutron diffraction patterns for various x positions (0-90°). 150 h sinter-forged Bi2223 sample.
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Figure 6
Selected {0010}, {115}, {1111} and {220} pole figures (@) recalculated from the OD obtained by the WIMYV algorithm, (b) extracted with the Le Bail

algorithm and (c) recalculated from incomplete pole figures (without patterns for x positions from 0 to 20°). 150 h sinter-forged Bi2223 sample.
Logarithmic density scale, equal-area projection.
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Table 1

Texture index and maximum values for the ODF as obtained for the four Bi2223 samples.

Refined cell parameters, phase proportions and reliability factors are included. Transport critical current densities, measured for each sample, are also reported.

Orientation distribution
maximum (m.r.d.) and
texture index F? (m.r.d.%)

Cell parameters (A)

Sinter-forging Crystallite
dwell size Rp R, Rexp  Rpo Rp; Je
time (h) Bi2212 Bi2223 % Bi2223  Bi2223 Bi2212 Bi2223 (nm) (%) (%) (%) (%) (%) (A
20 218 207 599 (13) a=5419(3) a=5414(3) 205 (7) 756 111 455 1774 1056 12500
F?=924 F2=986 b=5391(3) b=539(3)
¢=37168 (3) ¢ =30.800 (3)
50 24.1 244 729 (29) a=5419(3) a=5416(3) 273 (10) 754 1137 458 1705 11.04 15000
F?=102  F?=1045 b=5408(3) b =539 (3)
¢=37192(3) ¢ =30.806 (3)
100 315 252 84.6 (44) a=5410(3) a=5412(3) 303 (10) 54 804 369 1354 931 19000
F? =139 F? =107 b =5.405(3) b =5.403 (3)
c=37144(3) ¢ =30752(3)
150 65.4 272 870 (4.1) a=5417(3) a=5413(3) 383 (13) 613 912 48 1624 1225 20000
F?=312 F?=124 b=5403 (3) b=5407 (3)
€=37199 (3) ¢ =30792 (3)
¢ axis, namely random stacking-fault structures. This 100
phenomenon, already observed by several authors (Ranno et 34.6 m.r.d
al., 1993; Hatano et al., 1994; Ohkubo et al., 1995), induces new
periodicities and asymmetric peaks. New reflections appear
between the two (00/) lines of the Bi2212 and Bi2223 phases —
and make the refinement delicate. We have not yet elucidated o
this problem, and no algorithm is included in the Rietveld
texture analysis to address this question. This hypothesis is
anyway consistent to explain the difference of maximum 0.01 mi
.01 min

orientation densities. The refinement, which well reproduces
the spectra at high x positions, tends to decrease the intensity
at low x positions, resulting in the smallest texture strength of
the Bi2223 phase.

Table 1 summarizes all the refined parameters [cell para-
meters, crystallite size, maximum of the (00/) orientation
distribution (OD,,.,), phase ratio] and reliability factors
obtained for each sample. Texture index (Bunge, 1982) values
are included for assessing the texture strength. Transport
critical current densities, measured for each sample, are also
reported. The remarkable correlation between the evolution
of each refined parameter and the sinter-forging dwell time
indicates that, while no significant variation of the cell para-
meters is observed (the phases are formed in their usual state),
the improvement of the critical current densities (/) is closely
related to an increase of OD,,,,, the Bi2223 phase content and
the crystallite size. The circulation of the current is not only
facilitated by a better alignment of grains and a larger
percentage of Bi2223, but also by a larger crystallite size,
which consequently limits the number of grain boundaries
and, therefore, current barriers in the material. We can also
note that for 20 and 50 h dwell times, the textures of Bi2212
and Bi2223 are very closely linked, indicating the strong
growing interaction between these phases. The difference
occurring for longer dwell times is due to insufficient counting
statistics, which are not suitable to extract exact parameters
related to the Bi2212 phase. It should be noted here that a
nucleation—growth mechanism between the Bi2212 and

010

Figure 7

Inverse pole figure calculated for the fibre direction (sample’s normal) for
the 150 h sinter-forged Bi2223 sample. Major (001) component and small
component for (10/) planes. Logarithmic density scale, equal-area
projection.

Bi2223 phases, even for long dwell time, has been established
in previous works (Guilmeau, Chateigner & Noudem, 2003).
In that case, X-ray analyses with a point detector and a long
acquisition time are appropriate to measure via a quantitative
analysis the textures of both the Bi2212 and Bi2223 phases. In
addition, by observing the evolution of reliability factors for
the different samples, we can see that the agreement between
experimental and calculated spectra tends to be decreased for
shorter sinter-forging times. This confirms our hypothesis on
the overlapping error due to stacking faults between the
Bi2212 and Bi2223 phases. The important ratio of Bi2212
phase (40.1% for 20 h and 27.1% for 50 h) implies a more
pronounced effect of overlapping on the refinement (clearly
visible in refined spectra) and results in larger values of the
reliability factors.
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Table 2

Texture index and maximum values for the ODF as obtained for the four Bi2223 samples from incomplete pole figures.

Phase proportions and reliability factors are reported.

Orientation distribution maximum
(m.r.d) and texture index

F? (m.r.d?)

Sinter-forging Rg R,, Rexp Rpy Rp;

dwell time (h) Bi2212 Bi2223 % Bi2223 (%) (%) (%) (%) (%)

20 21.52 21.3 66.7 (2.6) 6.42 8.68 4.66 10.93 7.76
F?=10 F? =101

50 21.65 26.72 74.5 (6.4) 577 7.7 4.7 12.27 9.37
F?=102 F? =108

100 41.59 28.71 78.0 (3.0) 4.06 5.16 4.04 12.89 6.45
F?=155 F? =118

150 70.58 30.26 84.9 (7.6) 493 6.5 491 12.48 11.2
F? =301 F? =145

Intensity (a.u)

7=90°
A

60 80

20(°)

Bi2223 | [ | (BN [ I LI 11 A 1 1 O i | merrwrrn

Bi2212 | [ [ N R R B | I 1 L | T I A | O | | e merrn

Figure 8

Experimental (dots) and calculated (lines) neutron diffraction patterns for various y positions (25-90°). 150 h sinter-forged Bi2223 sample.

From the point of view of transport properties in the (ab)
planes, it is important to check which (4kl) planes align with
their normals along z (normal to the sample surface), which
cannot be evidenced easily using pole figures alone. The full
representation of the OD is needed, which in the case of fibre
textures can be represented by the inverse pole figure (Fig. 7)
calculated for the z fibre direction. In this figure, we can
retrieve the previously described (001) major component with
a small component for (10/) planes.

Because of the overlapping problem observed at low ¥
positions, we decided to remove the first five spectra (x = 0—
20°) for another analysis. In this way, the contribution of
intergrowth is removed and we can expect to attain better
reliability factors. Fig. 8 illustrates the refinement reliability
for a selection of 14 diagrams () scans) typically obtained for

the four samples. As expected, the reliability factors
(presented in Table 2) are lower than those obtained with the
full 19 x-scan patterns. This decrease is explained by the
avoidance of the fitting problem at low x angles and the
reduced number of diffractograms to fit. Even if few incon-
sistencies still exist, the whole refined neutron diffractogram is
in agreement with the experimental one. We extracted the
same parameters as before (except crystallite size and cell
parameters, which were fixed). The results follow the same
trend as before, with higher texture strengths and a narrower
dispersion of the phase ratios, except for the Bi2212 phase
which presents a lower texture strength for the 50 h sinter-
forging dwell time. Finally, Table 2 highlights the influence of
overlapping error on the quantitative Rietveld texture
analysis, which results in a decrease of the texture strength

J. Appl. Cryst. (2005). 38, 199-210
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Table 3

Texture index and maximum values for the ODF as obtained for the four Bi2223 samples by using three phases (Bi2212, Bi2223 and 14:24 phases).

Phase proportions and reliability factors are included.

Orientation distribution maximum

Sinter-forging (m.r.d.) with texture index Ry R, Rexp Rpg Rp,
dwell time (h) F? (m.r.d.?), Bi2223 phase % Bi2223 % Bi2212 % 14:24 (%) (%) (%) (%) (%)
20 19.85 F?=9.15 52.9 (1.0) 33 (2.3) 14.1 (0.9) 7.11 10.57 4.55 10.77 9.5
50 2271 F?=993 65.9 (3.3) 25.5 (1.6) 8.6 (0.7) 7.39 11.2 4.58 14.94 14.74
100 2275 F?=10.15 82.3 (5.1) 11.8 (0.9) 5.9 (1.1) 5.39 8.06 3.69 10.61 9.89
150 2531 F?=120 84.6 (5.7) 11.5 (1.5) 3.9 (0.6) 6.18 9.22 4.8 13.12 10.63

when the 19 x-scan patterns are considered. Fig. 6(c) shows
pole figures recalculated from the OD based on the experi-
mental and incomplete pole figures (with removal of the x =
0-20° range). Pole figures are related to the Bi2223 phase in
the sample textured during 150 h at 1118 K. By comparison
with pole figures recalculated from the complete poles figures
(Fig. 6a), we can observe that smaller differences exist
between the experimental and recalculated pole figures.

After these two sets of analyses with complete and incom-
plete pole figures, a third phase was introduced in the analysis:
the ‘14:24° phase. The indexing of this latter phase on the
neutron diffractogram (Fig. 4) is consistent with the work of
Giannini et al. (1999), where this phase appears during the
heat treatment around 1113 K. The results of the refinement
are presented in Table 3. As the sinter-forging time increases,
an increase of both Bi2223 content and OD,,,, can be noted,
as previously. However, at the same time, we can verify that
the amount of the 14:24 phase decreases. As has been
explained by Giannini et al. (1999), the 14:24 phase content
increases during the heating step and saturates when the dwell
temperature is attained. Holding the temperature thus induces
a decrease in the 14:24 phase. The same behaviour, observed
in the frame of our study, confirms that the formation of the
Bi2223 phase is correlated to the consumption of the 14:24
phase. SEM observations in electron backscattering combined
with EDS analysis allowed the identification of the 14:24
secondary phases in the Bi2212 and Bi2223 textured matrix
(Fig. 9). With respect to the texture refinement, the secondary
phase presents a pronounced texture, as expected from the
neutron diffractogram in Fig. 4. The inverse pole figure
calculated for the fibre direction illustrates this texture with a
maximum of the orientation distribution equal to 11.8 m.r.d.
(Fig. 10), whereas the Bi2223 superconducting phase remains
with the same texture. The development of the 14:24 texture,
represented with a major (001) component, is still not clear
however, owing to the multitude of complex structures coex-
isting in the material. In any case, our conclusions highlight
again the strong potential of the Rietveld texture approach to
analyse texture and microstructure related to several crystal-
line phases present in the material.

5.2. X-ray/neutron analysis of Co349 thermoelectric
compounds

Here we wish to illustrate the advantages of the use of
neutrons with respect to an X-ray source, in the frame of

Figure 9
SEM micrograph of a polished transverse section showing the ‘14:24’
phase (black areas). 50 h sinter-forged sample.

010

11.8 m.r.d

1m.rd

0.03 min

001 100

Figure 10

Inverse pole figure calculated for the fibre direction (sample’s normal).
‘14:24’ phase. Major component (11.8 m.r.d.) for (001) direction. 50 h
sinter-forged sample.

cobaltite ceramics. This material has been chosen for different
reasons. First, many groups are working on the elaboration of
textured Co349 materials and require an accurate knowledge
of the texture. We will show here the efficiency of the
combined approach to extract quantitative texture informa-
tions on such complex compounds. Second, from a technical
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point of view, the X-ray defocusing effect has a drastic influ-
ence on the broadening and the decrease of diffracted inten-
sities. The resulting 26 diagrams measured for y positions
larger than 30° do not present distinguishable diffraction
peaks. This phenomenon, correlated with the incomplete pole-
figure coverage, tends to complicate the refinement. The
neutron investigations avoid the defocusing problem and
permit equivalent diffraction of all (hkl) crystallographic
planes for each x orientation. A comparison between the two
measurements is thus very interesting. Thirdly, the volume
analysis (~0.5 cm’) provided by the neutron beam is essential
to confirm the high texture development of the whole sample.

The refinement proceeded in the same way as for the Bi-
based superconducting compounds. After the determination
of instrumental and background parameters, the texture was
refined using the combined formalisms. The X-ray refinement
is presented in Fig. 11, where one can appreciate the correct
agreement between the experimental and refined spectra,
although all high-intensity reflections appearing at inclined
orientations are severely weakened due to strong defocusing,
cumulating to fluorescence. The refinement reliability corre-
sponds to Rp Rp;, Ry, and Rg factors equal respectively to
10.65%, 8.73%, 5.86% and 4.1%.

Fig. 12(a) shows the {003}, {183} and {201} pole figures
recalculated from the refined OD based on the experimental
pole figures which represent normalized intensities extracted
with the Le Bail algorithm. In the low x-angle range, the
agreement appears to be almost correct between the two sets
of pole figures. The {003} pole figures exhibits a strong centred
pole, as a sign of the strong preferential orientation with ¢ axes
parallel to the sample normal. The {183} pole figure presents a

circle with a maximum of distribution density for the y posi-
tion around 50°, which is equal to the angle between the (001)
and (183) directions in the supercell structure. The maximum
of distribution density around x = 90° for the {201} pole figure
is also compatible with the expected texture and structure.
However, we can observe minor points illustrating incoherent
reproduction of the (00/) fibre texture of the material. Here, as
will be confirmed by neutron experiments in the next para-
graph, the radial process used for the elaboration of this
material was not expected to develop the following incoher-
ences in the representation of the (00/) texture. For example,
the {003} pole figure exhibits a distribution density greater
than 1 m.r.d. for x =~ 45° and the calculated {201} pole figure
presents a high-density circle around x ~ 65°. These errors
tend to indicate that the texture is not well reproduced and
that the analysis is biased somehow. The inverse pole figure
recalculated from the OD for the direction of the fibre
(sample’s normal) highlights also several texture components
(Fig. 13a). The figure exhibits the intended major component
with (001) planes parallel to the sample plane. According to
the monoclinic structure, the 001 pole is at 98° from 100.
However, other broad and minor components appear, the
indexing of which remains difficult due to the large number of
corresponding crystallographic planes in the supercell struc-
ture. This phenomenon is, in any case, consistent with the
incorrect calculated pole figures and highlights the limitations
of the refinement with X-ray measurements on this cobaltite
compound. Since the experiment does not cover the outer part
of the pole figures, the problem is not sufficiently defined to
obtain a clear solution and the absence of diffracted peaks at
medium y positions (30-60°) does not favour the refinement.
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Figure 11

Experimental (dots) and refined (lines) XRD patterns for different x positions. Ca3Co,09 sample.
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(a) X-ray

Experimental Calculated

Figure 12

(b) Neutrons

Experimental Calculated

32.5m.r.d

003 =

0.01 min

(a) X-ray and (b) neutron analyses of the Ca;Co,0o sample. Selected {003}, {183} and {201} pole figures extracted with the Le Bail algorithm
(experimental) and calculated from the OD. Logarithmic density scale, equal-area projection.

229 mrd
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30.2m.rd

1Tm.rd
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Figure 13

Inverse pole figure calculated for the fibre direction (sample’s normal).
(a) X-ray and (b) neutron analyses of the Ca;Co40, sample. Logarithmic
density scale, equal-area projection.

The additional poles could, however, come from the activation
of cleavage plane systems different from the regular {00/}
system during the applied process, and may not be artefacts
resulting from insufficient pole-figure coverage.

To confirm our conviction about the limitations of the X-ray
analysis and find an accurate solution, neutron diffraction was
performed on the same specimen. In that case, more peaks
with a non-zero intensity are available as a result of the
different atomic scattering by neutrons, the defocusing effect
is removed, and no fluorescence occurs, which allows all the
peaks to be revealed up to x = 90° (Fig. 14). The reliability
seems comparable with that of the X-ray analysis for low x
orientations, whereas the peaks indexed at 20 >~ 67° and 73°
are not correctly represented by the calculated profile.
Compared with the X-ray analysis, the reliability factors are
larger: 19.7, 12.4, 11.9 and 83% for Rp Rp;, R, and R,
respectively. This increase is attributed to the incorrect peak
refinement and, of course, to the additional seven 20 scans
over x = 65-90° introduced in the refinement. The incorrect
fitting at high x positions is still not elucidated. The {003}, {183}
and {201} calculated and experimental pole figures are shown
in Fig. 12(b). No significant differences are observed between
the two sets of pole figures, which proves that the neutron data
reproduce the experimental texture with better accuracy.
Moreover, the calculated pole figures are in agreement with
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Neutron analysis of the Ca;Co,09 sample. Experimental (dots) and refined (lines) neutron diffraction patterns for different x positions.

the theoretical (00/) texture. No parasitic orientation densities
are observed on the three pole figures, except for the {003}
with a circle (density < 1 m.r.d.) at x ~ 90°. The inverse pole
figure recalculated from the OD for the direction of the fibre
(Fig. 13b) illustrates without any ambiguity the important
contribution of neutron data to converge towards an accurate
solution. Only one major (001) pole is observed with a
maximum of density higher than those calculated from X-ray
data. One minor pole with a density close to 1 m.r.d. can be
noted, corresponding to a fairly low volume fraction of
material compared with the main component. These results
confirm our hypothesis on the limitations of the X-ray analysis
in the frame of our study on Co3;Ca Oy reactive-templated
grain-growth (RTGG) compounds (Guilmeau, Itahara et al.,
2004). Indeed, we also reported the presence of parasitic poles
on the inverse pole figures, which advised us to be cautious in
explaining the mechanisms leading to such inconsistencies.
The neutron measurements detailed in the present paper
provide the answer to our doubts.

6. Conclusion

This study, based on neutron and X-ray analysis using curved
position-sensitive detectors, has demonstrated the efficient
and reliable use of an iterative combination of algorithms
implemented in the Rietveld methodology for OD calculation
(WIMV) and crystallite size determination (Popa). The
MAUD package, which implements these algorithms, offers
possibilities for quantitative texture analysis of polyphased
materials. This approach permits the correlation of physical

properties with texture strength, microstructure aspects, efc.,
and particularly highlights the importance of texture analysis
for a better understanding and design of real non-destructible
superconducting and thermoelectric materials for practical
applications.

DC gratefully acknowledges the French Ministere de la
Recherche et de la Technologie and the Délégation Régionale
a la Recherche et a la Technologie — région Basse-Normandie,
for financial support of the X-ray experimentation.
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