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Abstract. Currently used methods for constructing texture complete direct pole figure (CDPF)
based on the results of X-ray diffractometric measurements were considered with respect to the
products of Zr-based alloys and, in particular, used in a nuclear reactor cladding tubes, for
which the accuracy of determination of integral texture parameters is of the especial
importance. The main attention was devoted to technical issues which are solved by means of
computer processing of large arrays of obtained experimental data. Among considered
questions there are amendments of the defocusing, techniques for constructing of complete
direct pole figures and determination of integral textural parameters. The methods of
reconstruction of complete direct pole figures by partial direct pole figures recorded up to tilt
angles of sample y=70-80°: the method of extrapolation of data to an uninvestigated region of
the stereographic projection, and the method of “sewing" of partial pole figures measured for
three mutually perpendicular plane sections of the product. The limits of applicability of these
methods, depending on the shape of the test product and the degree of inhomogeneity of the
layer-by-layer texture, were revealed. On the basis of a large number of experimental data, the
accuracy of the integral parameters used for calculation of the physical and mechanical
properties of metals with a hexagonal crystal structure was found to be equal to 0.02, when
taking into account the texture heterogeneity of regular products from Zr-based alloys.

1. Introduction

The emergence of new diffractometers of latest generation at X-ray laboratories, which are busy
studying of the texture of metallic materials, significantly changed the character of the routine work
directly performed by researchers, shifting its centre of gravity toward the trivial manipulation with
the enclosed software when calculating the orientation distribution function (ODF) or building 3D
pole figures. Automatization of processes of texture diffractometer measuring and computer
processing of the measurement results significantly accelerate these procedures and immeasurably
reduce their labour input, allowing to operate by the vast arrays of experimental data that had
previously been almost impossible. However, while a number of important methodological aspects of
the X-ray study of the product texture is out of view of researchers, which consciously or
unconsciously rely on the competence of developers of the device and the used software. If you need
only information about the general character of texture and about the most remarkable features of its
development, the situation is acceptable. But in cases where the texture parameters define the
technology and performance of the product or you need a more precise analysis of texture to identify
certain processes of structure development in the material, it is necessary to critically estimate the
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sources of possible errors of the received information and to improve the accuracy of the calculated
texture parameters.

Namely such situation is observed at the study of the texture of products from zirconium alloys for
nuclear energy and, in particular, the cladding tubes, for which the so-called integral texture Kearns
parameters [1] characterize their suitability as an extremely critical elements of reactor design.
Meanwhile, during 30 years publications, where the most important for the physical and applied
metallurgy questions would be addressed with due methodical thoroughness, do not appear in the
scientific literature. Although the fundamental principles of the X-ray method of construction of the
direct pole figures (DPFs) for the past decade have not been changed, the current practice of texture
analysis is strongly needed in the description of methods of X-ray study of textures, upgraded in
accordance with the process automatization and computerization of the treatment process of results. In
this work, the gap is filled with reference to the study of the texture of products from zirconium-based
alloys. The following methodological developments, which are necessary for the construction and
treatment of complete direct pole figures (CDPF) with an accuracy corresponding to the increased
possibility of experimental techniques, are described:

1) methods of defocus effect calculation at X-ray measurement of incomplete DPFs (IDPFs);

2) techniques of automatized experimental construction of complete DPF (CDPFs) for
products of different types and, in particular, for the cladding tubes;

3) the calculation of integral texture Kearns parameters by using CDPF (0001) for a-Zr.

2. Principles of the construction method of direct pole figures

Crystallographic texture analysis of polycrystalline materials is generally carried out by X-ray
diffractometer measurement of direct pole figures {hkl} by tilting the sample (Figure 1) for the
corresponding reflections (hkl) [2-6].
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DPF {hkl} is the pole density distribution of normals (axes) of the selected type <hkI> in the
stereographic projection. Pole density is directly proportional to the intensity of the X-ray beam
reflected from the respective planes {hkl}. Therefore, to measure the PPF the intensity of diffracted X-
ray radiation from the planes {hkl} is recorded for all possible orientations of the sample relative to
the direction of the primary and reflected beams. Planes of the selected type {hkl} reflect at different
orientations of the sample if their normals lie in plane containing the primary and reflected beams and
divide the angle between them in half. The value of the recorded intensity is proportional to the
volume of grain involved in the formation of the diffracted beam.

The procedure of X-ray diffractometer measurement of texture are describe in detail in [2-4] and
consist in recording the intensity of X-ray scattering at a certain Bragg angle 26 and successive
positions of the sample, which are determined by the angles y and ¢, where v - the tilt angle of the
sample varying between 0 - 80 °, and ¢ - the rotation angle of the sample around the normal to the
surface, varying from 0 - 360 ° (Figure 1). Since these measurements are taken at different angles of
the sample, they correspond to the different geometry of the X-ray diffraction - unchanged preserved
only angle 20, but changing the angle between the surface normal and the incident beam between the
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normal to the surface and the diffracted beam, changing the area of the irradiated surface of the sample
and X-ray penetration depth into the material. The partial violation of the terms of focusing (i.e. the
"defocus") caused by sample tilt leads to a broadening of the X-ray line profile and a drop in recorded
intensity becoming significant when y> 50 °; moreover, defocus can lead to the angular displacement
of the X-ray line. To reduce the effect of defocus it is necessary to limit the vertical divergence of the
primary beam and the height of its projection in the sample plane [2]. The system of collimating slit
was shown in Figure 1. Soller slits with an angle of divergence 1,5°, installed on the primary beam,
help to reduce its vertical divergence, and Soller slit with an angle of divergence 2,5°, set on the
detector, prevent it from getting scattered radiation. Even at optimal geometry of measuring it is
necessary to consider the maintaining defocus effect by adjusting the obtained data on the basis of a
periodic measuring of calibration samples.

Thus, the input data for the construction of PPF are [2]:

1) 1;j - the measured intensity values at successive points orientation space (i, ¢;), where ; varies
from 0 to a maximum value ymax, @; - from 0 to 360°; for polycrystalline materials the uniform step for
both corners (Ay=A@=2.5 or 5°)is commonly used; for sharp texture or single crystals a detailed
measuring near the texture maximum is used;

2) ling = 1\, — background intensity values of the sample (at 20y) for the respective tilt angles vs;

3) K;i — the magnitude of correction coefficient of defocus also varying with the tilt angle ;.
Methods of their measurement or calculation are given below.
Then the calculation of the pole density at each point of the stereographic projection carried by
the following formula: Py = [l;; — Iibg]-Ki/I_, where average value of intensity for studied region of IDPF
is

21 Wimax 270 W max
L= [ [[Iy,@)=1,]siny-dy-do/ [ [siny-dy-de,
0 0 0 0
27 W max
and [ [siny-dy-dp=s - area of studied orientation space of DPF, which equal 2x in case
0 0

construction of complete DPF.

3. Accounting of defocus of X-ray beam in the construction IDPF by tilting

Construction of DPF is impossible without accurate knowledge of the correction coefficients K;. The
following methods are used for their determination: 1) “sewing” of tilt curves for special composite
samples; 2) measuring tilt curves for textureless standard; 3) analytical calculation for sample of small
size (the sample size less than area of primary X-ray beam projection on the sample).

The practical difficulty of obtaining powder textureless standards with a density close to the
theoretical does not allow to rely on defocus coefficients obtained by the second mentioned methods.
In addition, when preparing the textureless powder the crystallographic texture of compression or
stacking may be formed in them, what also results in an error in the determination of K;. Therefore in
this paper we consider only the first of these method as more original, since the other two is not
difficult for researchers on texture analysis.

As cold-rolled Zr-based alloys are characterized by texture (0001)+30-40°ND-TD<1010>, in
which the basal normals distributed mainly in the section ND-TD of DPF(0001) (Figure 2), this
variant of determining the defocus coefficients comprises preparing a three composite samples,
normals to the studied surfaces are oriented over each thirty degrees along section DPF (0001) as
shown in figures 2 and 3, where RD - rolling, ND - normal and TD — transverse directions in sheet,
correspondingly. Exits of normal to studied sample surfaces shown in Figure 3 are built in DPF (0001)
in Figure 2 and are marked as a, b and c, correspondingly.

Assuming that at the optimal geometry of measuring DPFs, defocusing effect does not affect the
intensity of the diffracted beam up to the tilt angle of the sample 50°, we will use parts of the tilt to y
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= 30° as reference (Figure 4). Calculation of the complete cross section of DPF (0001) TD-ND as a
result of the construction of reference parts of tilt curves for all samples a, b, ¢, shown in Figure 3 and
the presence of the tilt curve for the sample a recorded up to 80° (Figure 4, curve a) allows us to
calculate the defocusing coefficients of the diffracted X-ray beam. The variation of defocusing
coefficients with increasing tilt angle is shown in Figure 5. Defocusing coefficients K; shows how
many times is it necessary to increase the intensity of the measured value to obtain its true meaning.

ND ND ND N
]
N Ny
e TD
TD
a b C

Figure 2. Typical DPF (0001) for Figure 3. Composite samples used for construction of
rolled sheets from Zr-based alloys. coefficients of diffracted beam defocusing: a — sample a,
b — sample b, ¢ — sample c.

The advantage of this technique is to obtain correction factors for the bulk samples with a density
which coincides with the density of the material.
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Figure 4. Tilt curves measured for composite Figure 5. Defocus coefficients for different tilt

samples presented in Figure 3. Exits of normal to angles: A - measured for composite samples; B —

studied section are marked by white points. measured for textureless powder standard; C)
calculated for small sample.

Figure 5 also shows the defocus coefficient changing at depending on the tilt angle obtained for the
powder sample (B) and sample of small size (C). Comparison of curves A and B shows significant
differences in the magnitude of the coefficients of defocusing obtained for textureless standard and
composite samples for the same reflection (0002).

4. The methods of construction complete DPFs

For a complete description of the crystallite orientation of hexagonal system it is enough to know the
orientation of the basal normal [0001] and rotation around it. That is, for evaluation of the
crystallographic texture polycrystal it is necessary to construct two complete DPF (0001) and the
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{1010} or {1120}. Having regard to the features of the X-ray spectrum of a-Zr, the texture of
products from Zr-based alloys was characterized by DPF (0001) and {1120}.

In the study of the texture of a-Zr, to quantify integral texture Kearns parameters or the so-called f-
parameters, it is necessary to construct CDPF. In the case of the measuring of a single section of the
sample, only IDPF can be constructed, due to the geometry of a standard method of measuring texture
“by reflection”. It is filled by following various methods of restore of CDPF from some IDPFs:

1) the completing of peripheral regions of the PF by using a result of the "transmission™ measuring;

2) the coincidence, or "sewing" of three IDPF obtained for three mutually perpendicular surfaces;

3) the using of equi-tilted sample;

4) extrapolation of data of IDPF in the uncharted area of stereographic projection;

5) the using of orientation distribution function (ODF) to reconstruct CDPF by several IDPF
recorded for the same surface.

Using the method (1) connects with considerable difficulties associated with the preparation of X-
ray transparent foil of the same thickness over the entire area of the sample. Method "sewing" (2) is
simpler, but requires three times more the initial data and sufficiently complicated software. In the
case of "sewing", precision cutting of products and preparation of composite samples are required. In
addition, the method of "sewing™ cannot be used in the presence of a layerwise sample inhomogeneity
or large grains. The complexity of preparation of exactly oriented equi-tilted plane for complex
products in the method (3) leads to the fact that it is impossible to distinguish between the
methodological error and the existential asymmetry of the sample texture. For the channel and
especially for cladding tubes, the method of equi-tilted sample does not apply because of the
fundamental impossibility of preserving the external orientation of the axes of the sample across the
surface prepared. The quality of the data obtained by the method (4) depends on the accuracy of
determining the coefficient of defocusing, the correction of extrapolation algorithm and the location of
texture maxima.

It is widely used at present mathematical method reconstruction CDPF using ODF [7, 8] for the
products of Zr-based alloys is unacceptable because of significant differences integral Kearns’
parameters calculated from the experimentally built CDPF and restored from ODF. In addition,
developers ODF indicate the possibility of the formation of additional false peaks in the reduction
CDPF [9, 10]. Based on the above as the main methods of CDPF reconstruction are generally used
methods (2) and (4) which are effectively applied to the analysis of the crystallographic texture of
zirconium products depending on its features and problems solved. The most express method in the
study of thin-walled tubes is an extrapolation technique of IDPF on uncharted area of the
stereographic projection. In this case the accuracy of the data depends mainly on the accuracy of
determining the coefficients of defocusing. The best results are achieved if the orientation of the basal
normals is near the normal to the surface under investigation. In the case of thick layers of
homogeneous products the method of "sewing" are used.

4.1. “Sewing" of IDPF obtained for three mutually perpendicular cross-sections of the sample.

For three mutually perpendicular planes of the sample (Figures 6, 7a), the normal to which is
designated as ND (R), TD (T) and RD (L) are recorded three IDPFs, where R, T, L — radial, tangential,
and longitudinal directions of the tube. Scheme of sample preparation from tubes for X-ray study of
the texture is shown in Figure 6, for sheets - in Figure 7 a.

Further, in the designation of the surface under study and DPF the name of the appropriate normal
will be used. To match the results of the three measuring IDPF, two of them - IDPFp and IDPFgp -
should be brought to the axes of the first IDPFyp by applying to spherical coordinates when they turn
on the 90° around one of the axes. Using the formula given in [11], we can obtain the relation between
the coordinates of IDPF+p (y, ¢) and coordinates of IDPFyp (y',9'):

tge’ = (L/tgy/cose)
tgy’ = -1/tgp/cose’,
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and also between the coordinates of IDPFgp (v, ¢) and coordinates of IDPFyp (v',¢'):
tge’ = tgy*sine
tgy’ = -tgo/sing’.

AR
i b
a Figure 6. The preparation of the composite
AL +L samples from the tube for X-ray study of its
J texture: a — cutting off segments from the tube; b
— L-sample; ¢ — T-sample; d - R-sample. Studied

surfaces of composite samples are perpendicular
to corresponding tube axes.
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Figure 8. Arrangement of IDPFs Figure 7 on the
stereographic projection.

N

Figure 7. IDPF (0001) (b) built for the three
mutually perpendicular planes (a).

Taken together DPFs cover all areas of the stereographic projection (Figure 8), which allows you to
calculate CDPF. If the limit tilt angle of the sample at measuring IDPF is more than 54,7°, besides the
double areas of overlapping, triple areas appear, i.e. areas in which the value of the pole density (or
intensity proportional to it) at the each point of stereographic projection can be determined from the
two or three IDPFs recorded for mutually perpendicular surfaces. "Sewing™ of IDPFs is carried out by
comparing the intensity of X-ray reflection at equivalent points of different pole figures (Figure 8).
Since the intensity measured for different IDPFs at equivalent points belongs to different volumes of
the material (as different sections of the sample are explored, even in layerwise uniform sample), and
registration of the intensity occurs with an error of pulse count obeying Poisson’s distribution [12] you
can not expect a perfect coincidence of intensity values at equivalent points. Therefore, to adjust the

values of IDPFp and IDPFgp by using overlapping areas, the average values of the coefficient X
=Py/P,, where k and | are indices of one of the directions of ND, RD or TD, are found. If the average
value of this ratio is 1, this corresponds to an ideal "sewing" of IDPF.
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The measurement error is inversely proportional to the intensity of 1Y% then the error of intensity

ratio 1)/I, is expressed as £=,/1/I + 1/13.The higher the recorded X-ray reflection intensity, the
greater the accuracy of the measured value (weight). Weight of measured intensity is directly
proportional to I,/1,, and then the weight of calculated ratio I,/l, is expressed as W = ﬁ . Since
1712
the calculation of the coefficient of "sewing" is conducted in the areas of DPF with different pole
density, it is necessary to take into account the weight of the calculated values, and hence to carry out
the calculation of the average value considering weight. This method of calculating the weighted
average coefficients X can significantly reduce the error of their determination. The closer the ratio
% to the unit, the more accurate the coefficients of "sewing". If sample is produced accurate and its
2
installation at the X-ray measuring in the texture holder of attachment is also accurate, and if the
layerwise inhomogeneity is absent, then deviation of calculated ratio % from unity must be
2

minimum.

4.2. Extrapolation of the data of IDPF in the uncharted areas of stereographic projection.

The measurement of experimental IDPF is carried out to tilt angle 80°, IDPF is completed by the
extrapolation of the data in uncharted area of the stereographic projection. Let us consider the
distribution of pole density (intensity) in section IDPF specified by some angle ¢. Given the
equivalence of DPF points with coordinates (v = 90°, ¢) and (y = 90°, ¢ + 180°), the problem of
extrapolation can be reduced to the problem of interpolation. We get a one-dimensional distribution
function of the intensity with three uncertain points with coordinates y=85, 90, -85°. Using the
Lagrange interpolation formula [11], we can calculate the value of the intensity at an intermediate

point y:
()

o (wey)w-vo) . -yy) . (W-vo)ly-wvo). . w—wp)
(Vo -vwg-wv2)-lyg-wp) 0 (W1-vo)lywy—vwo)-wy—wp)
(W-vo)ly-wvp)-y—-wyn_1)
(\IIN —\I/o)(\I/N —\Ill)---(\VN ~“VN _1)
Note that the Lagrange interpolation formula gives satisfactory results only in the case of sufficiently
"smooth" of the initial data. Therefore, the interpolated function is pre-smoothed using the methods of
median and deskewing. CDPF calculation is impossible without accurate knowledge of the correction
coefficients Ky, taking into account the deviation of the sample from the focusing circle, which leads
to the scattering of the diffracted beam and the intensity loss of X-ray reflection.

In case the location of sharp texture maximum outside the study area restored by extrapolation DPF
(0001) does not correspond the texture actually existing in the sample. In case of a deviation of the
maxima in distribution of basal normals from the radial direction at an angle more than 60° (which can
also be assessed by the location of texture maxima on DPF {1120} or {1010} near the radial
direction) the calculation of f-parameters must be carried out either by extrapolating DPF (0001), built
for the T (TD)-surface, or use the technique of "sewing".

|1+

lg

5. The method of calculation of the integral texture Kearns’ parameters by CDPF (0001)
Materials with a hexagonal structure characterized by a significant anisotropy of physical and
mechanical properties. For example, the Young's modulus for a Zr single crystal changes from
1.25 GPa in the direction of [0001] to 0.99 GPa along <1010> [13]. For the polycrystalline materials
Kearns [1] introduced the integral textural f-parameters which are widely used in the calculation of the
properties of materials with a hexagonal lattice and called as f-parameters or Kearns’ parameters [1, 14].
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If polycrystalline is represented as a set of grains with different orientations, i.e. their interaction
with each other is ignored, the property value in the selected direction of the polycrystalline material is
the sum of the properties of i-th crystals [1, 14-16]:

P(y) = Pe YVi cos?y i + Py 3 V; (1-cos’y;) = f P+ (1) Py,
i i
where P, and P, are properties along the crystal lattice axes ¢ and a, respectively, and ; - the
deviation angle of the selected direction of i-th grain from the normal to the basal plane; from axis c.
Then the Kearns’ parameters are defined as the sum of effective volume fractions of grains

Zvi C032\|/i , Where Vi=p(y,p)*d® = p(y,@)*siny dy d¢ - volume fraction of grains calculated from
i

DPF (0001) by pole density value p(y,) registered in solid angle dw limited by sections y+y+Ay u

o+p+Ao (Figure 9).

Figure 9. To the question of calculation
of f-parameters: angular element on the
unit sphere.

The value of f-parameter is represented as the sum (integral) of volume fractions across the all
stereographic projection [1, 14-16]:
Y
2n o )
f= | [p(v,9)-siny -cos® y-dy - do
00
Normally, f~parameters are calculated for the three main directions of products ND, TD and RD in
a sheet or R, T'and L in the tube [16]:

T
2n ,
fr="[ [plw,¢)-siny -cos® y-dy - do
00
T
2n 2 , ;
00
Y
2n 2 , ,
fi="{ [ p(y,9)-sin®y -cos® ¢-dy do
00

As seen from the above formulas, the calculation of f-parameters is carried out by means of the
complete PF (0001), besides the sum of them should be equal the unit: g+ 1+ /L = 1.

Since the precision of construction of DPF depends on the intensity recorded in its various areas, so
far the texture measurement error is characterized by the orientation distribution of the normals to the
reflecting planes in the stereographic projection of the test sample as described in the works [17, 18].
Building such distribution for the instrumental errors by comparing the results of multiple PF
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recording of the same sample shows that they increase in minima of PF and decrease in texture
maxima. Textured heterogeneity is seen as a factor which introduces a mistake in the description of
the texture of the material based on the results of the measuring of single sample.

Error of constructing of CDPFs (0001) also affects the values of integral texture parameters. The
analysis of the calculated integral f-parameters [19] indicates that the error of their calculation, is not
more than 0.02 provided that all recommendations by the construction CDPF (0001) are adhered.

6. Conclusions

Construction of a complete direct texture pole figures, even with the modern development of X-ray
equipment, and computer processing of the results is very time-consuming task, especially in those
cases when it is necessary to define the integral texture parameters with high accuracy as in the
analysis of products from Zr-based alloys for nuclear technology. The article discusses ways to correct
for defocusing, experimental techniques of construction of complete direct pole figures using the
"sewing" texture data for different cross sections of the product and by extrapolation, and method of
determining the integral texture parameters. The algorithms of computer processing of the results of
the texture measurements used in the study of products from zirconium alloys are described.

Acknowledgements
This work was performed within the framework of the Center of Nuclear Systems and Materials
supported by MEPhI Academic Excellence Project (contract Ne 02.203.21.0005, 27.08.2013).

References

[1] Kearns J J 1965 Thermal expansion and preferred orientation in Zircaloy (WAPD-TM-472,
TID-4500. Bettis Atomic Power Lab., Pittsburgh P.A.)

[2] Borodkina M M and Spector E N 1981 X-ray analysis of texture of metals and alloys (Moscow:
Metallurgiya) p 272

[3] Umanskiy Ya S, Skakov Yu A, Ivanov A N and Rastorguev L N 1982 Crystallography, X-ray
diffractometry and electron microscopy (Moscow: Metallurgiya) p 632

[4] Gorelik S S, Rastorguev L N and Skakov Yu A 1970 X-ray diffraction and electron microscopic
analysis (Moscow: Metallurgiya) p 358

[5] Kocks U F, Tome C N, Wenk H-R 1998 Texture and Anisotropy. Preferred orientation in
polycrystals and their effect on materials properties (Cambridge University Press) p 676

[6] Tailor A 1965 X-ray metallography (Moscow: Metallurgiya) p 366

[7] Bunge H-J 1993 Texture analysis in materials science (Cuvillier Verlag, Gottingen) p 593

[8] Dahlem-Klein E, Klein H and Park N J 1993 Program system ODF-analysis for cubic crystal
symmetry orthorhombic sample symmetry Bunge H-J (ed) (Cuvillier Verlag, Gottingen)
p 109

[91 Matthies S 1982 Phys. Stat. Sol. B112 K111-14.

[10] Matthies S and Vinel G W 1979 Phys. Stat. Sol. B 92 135

[11] Corn G and Corn T 1974 Mathematical Handbook (Moscow: Nauka) p 832

[12] Heiker D M and Zevin L S 1963 X-ray diffractometry (Moscow: Phizmatgiz) p 280

[13] Douglas D 1975 Material science of zirconium (Moscow: Atomizdat) p 360

[14] Tempest P A 1980 J. Nucl. Mater. 92 191

[15] NyilJ 1967 Physical properties of crystals (Moscow: Mir, transl. from English) p 385

[16] Hofer G. 1986 Experimental Techniques of Texture Analysis p 331

[17] Kapliy S N, Isaenkova M G and Perlovich Yu A 1992 Industrial laboratory § 23

[18] TIsaenkova M G, Kapliy S N and Perlovich Yu A 1992 Soviet Atomic Energy 72 (2) 181

[19] Isaenkova M G, Perlovich Yu A and Fesenko V A 2013 Industrial laboratory 79 (7) part 1 25



