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The reproducibility of the determination of crystallographic texture of Zr-based components by neutron
diffraction has been studied through a small round-robin exercise, with the participation of texture and
residual stress diffractometers from five international laboratories. Both constant-wavelength and
polychromatic neutron beams have been used to define the texture of specimens from a warm-rolled and
annealed Zircaloy-4 plate, and from a Zr-2.5%Nb pressure tube. Measurements were also compared to
synchrotron high energy X-ray diffraction experiments, as a complementary volumetric technique with
much shorter data collection times compared to neutrons. Results are qualitatively consistent and
reproducible in terms of pole figures and orientation distribution function, underlining the suitability of
neutrons for bulk texture measurements. Expected uncertainty of measurements has been quantified by
global parameters such as texture indexes and Kearns factors, and local parameters associated to the
main texture components (volume fraction, centroids, and widths of fiber components). The typical
uncertainties found for these parameters are compared to spatial differences found in a small batch of
cold-rolled Zr-2.5%Nb pressure tubes.

© 2018 Elsevier B.V. All rights reserved.

Heavy Water Reactors (PHWR). In all cases, Zr alloys are used
mostly in the form of tubes and plates produced by conventional

1. Introduction

Internal structural components of nuclear power reactors such
as fuel channels and fuel assemblies are made of Zirconium (Zr)
alloys, due to an excellent combination of good mechanical prop-
erties, corrosion resistance and very low neutron absorption. Pure
Zr has a hexagonal hcp crystal structure up to 865 °C (o phase when
it transforms into a cubic bcc structure (high temperature B phase).
Zr is alloyed to improve its mechanical and corrosion properties.
Zircaloy-2 and Zircaloy-4 are the most popular alloys, used for the
fabrication of fuel elements in the Western world, with tin and iron
as the main alloying elements. Zr-Nb alloys are used in fuel ele-
ments of Russian reactors and in high burn-up Western reactors, as
well as in structural components of CANDU and Indian Pressurized
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metallurgical procedures.

Due to the elastic and plastic anisotropy of the Zr hexagonal
structure, components made of Zr alloys commonly present grain
structures with preferential orientation, as a result of the several
thermo-mechanical processes involved during manufacturing [1,2].
This preferential crystallite orientation is usually termed crystal-
lographic texture and it is quantified by means of the orientation
distribution function (ODF) of the material. The crystallographic
texture and the type, density and distribution of crystalline defects
resulting from manufacturing, impact not only on the mechanical
properties of the material, but also on other degradation mecha-
nisms that occur in-service [3,4].

In nuclear power plants Zr-based components are in contact
with coolant water at ~300 °C (and ~100 atm pressure). The coolant
water slowly oxidizes their surface, and a small fraction of the
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Hydrogen (H) produced in the reaction is steadily absorbed by the
component. H in excess of the solid solubility precipitates as a
fragile hydride phase that limits the service life of the component.
The orientation of hydride precipitates determines the suscepti-
bility to crack failure, and it is strongly influenced by the crystal-
lographic texture and by the spatial distribution of the plastic
deformation introduced during manufacturing [5—8].

In service, Zr alloys are also exposed to high doses of radiation
that create microscopic defects. The evolution of such defects over
long periods of time results in a distortion of the shape of structural
components. Creep and irradiation growth are strongly influenced
by the impurity content, crystallographic texture and the type and
density of dislocations within the component. For Zr alloy pressure
tubes under many years in service, this gives an expansion in length
and diameter, and a small reduction in thickness [3].

Hence crystallographic texture characterization is paramount
for defining operational performance of pressure tubes and the
crystallographic texture in hexagonal materials, and in Zr alloy
tubing in particular, is specified by design and controlled after
manufacturing. Most research and characterization of Zr alloy
textures is traditionally performed from experimental pole figures
measured using laboratory X-rays diffractometers, and a round
robin exercise has determined standard practices and variability
characteristic of this technique [9]. Neutron diffraction has also
been used to study and characterize texture on Zr alloys. Although
not as widely available as X-rays and with comparatively much
lower fluxes, neutron beams offer some important features for the
non-destructive characterization of textures. Due to their high
penetration, bulk textures can be measured with minimal sample
preparation required [10], an important advantage for the investi-
gation of irradiated specimens after long times in service [11]. Be-
sides this, materials science neutron diffractometers are usually
furnished with stress rigs and furnaces [12], which allow moni-
toring texture changes that occur during thermo-mechanical
treatments, as a result of phase transformations [13] [14] or large
microstructural changes [15—19]. Finally, the spatial resolution
available at neutron strain scanners is an attractive option for non-
destructive studies of texture variation across specimens [20—22].

By contrast to laboratory X-ray diffractometers, neutron dif-
fractometers are unique instruments that are designed and opti-
mized to each particular neutron source, usually a nuclear reactor
or a particle accelerator. Instruments exist with a variety of detector
and collimator arrangements, using either monochromatic or white
neutron beams. In all cases, the characterization of crystallographic
texture is based on measuring the intensity of a large number of
diffraction peaks at selected angles and determining the orienta-
tion distribution function (ODF) of the crystallites composing the
sample from least-squares fits to these pole figures [23] by using
different software packages [24—26].

This work presents a round robin exercise on texture of Zr alloys
by neutron diffraction. A previous neutron texture round robin on a
weakly-textured calcite sample was conducted [27], however, the
difficulties occurring in practice with the stronger textures found in
Zr alloys, as well as the advances in analysis software, neutron
sources, and instrumentation warrant the present round robin. This
work is an extension of a round robin exercise [28] developed as
part of a Coordinated Research Project (CRP) organized by the In-
ternational Atomic Energy Agency (IAEA) on Development, Char-
acterization and Testing of Materials of Relevance to Nuclear Energy
Sector Using Neutron Beams. A preliminary report of the work can
be found in Ref. [29].

The principal objective of this work is to validate the measure-
ment strategies for texture determination of Zr alloys at several
neutron diffractometers. Besides this, we are also interested in
estimating the standard uncertainty to be expected for the Kearns

factors and other integral parameters of Zr alloys ODFs obtained
from neutron diffractometers. Finally, as neutron beam time is al-
ways scarce and some studies deal with only minor changes in
texture, we want to assess the quality of the information obtained
from incomplete measurements of pole figures in Zr alloy tubing.
Bulk and local texture measurements were performed at five
different international neutron laboratories on specimens pro-
duced from a rolled Zircaloy-4 plate and a Zr2.5%Nb pressure tube,
yet not all laboratories measured all specimens. The neutron
diffraction results were compared to companion experiments
performed with high energy synchrotron X-ray diffraction (HE-
XRD), a similar volumetric technique with much higher sample
throughput that allows finer coverage of the pole figure.

2. Samples
2.1. Zircaloy-4 plates

The first set of samples consisted of small coupons machined
from a warm-rolled and annealed Zircaloy-4 plate of 6.25 mm
thickness, produced by Wah Chang, USA (ASTM B352, Grade
R60804), with dimensions of 10 mm and 7 mm along the transverse
(TD) and rolling directions (RD), respectively. A complete micro-
structural characterization of this plate has been presented in
Ref. [30]. It has the classical equiaxed grain structure of annealed
rolled plates, with diameters ranging from 10 um to 20 um. This
microstructure is very similar to that of the Zircaloy-4 materials
used in fuel cladding. Fig. 1-(a) shows a polarized light image of the
warm-rolled Zircaloy-4 plate across the normal-transverse plane,
where each grain orientation is represented by a different colour.
The ODF has been measured in detail by HE-XRD experiments at
the 1-ID beamline of APS, USA [14], and Fig. 1-(c) shows an ODF
plotted as a 3D surface, using Bunge rotation convention (con-
sequtive rotations around axes Z, X, Z of the sample coordinate
system by angles ¢, ®, ¢,, respectively) [31]. Considering a hex-
agonal crystal symmetry, the three-dimensional space of possible
orientations is reduced to: 0< ¢; <360, 0<¢® <90°,
0 < ¢, < 60. The crystallographic texture of the plate is typical of
cold rolled and recrystallized Zircaloy-4, with a large proportion of
grains having their c-axis rotated ~35° from the normal direction
(ND) to the transverse direction (TD), and either their (10—10) and
(11-20) plane normal pointing along the rolling direction (RD), as
schematically represented in Fig. 1-(b). As seen in Fig. 1-(c), two
symmetrically reflected fiber-like textures with fiber axes at
,® ~35° ¢; =0°and & ~ 35° ¢; = 180°, and extending along ¢,.
The probability distribution along the fibers is not constant, it
shows maximum values for ¢, = 0° or 60° and minimum values for
@2 = 30°. The orientations having ¢, = 0° or ¢, = 60° correspond to
crystals with their (10-10) plane normal along the RD (c; type),
whilst those orientations having ¢, =30° correspond to crystals
with their (11-20) plane normal along the RD (c; type). The main
four texture components are schematically represented in Fig. 1-(b)
as hexagonal cells in the sample reference system. They have been
labelled ¢;%° and ¢,* for the fibre at ¢; = 0°, and ¢; 8% and ¢, 8%
for the fibre at ¢; =180°. The locations of these ideal texture
components in the Euler orientation space are identified in Fig. 1-
(c). The origin of these fibers starts at the rolling stage, where grain
rotation during deformation yields a fiber texture with intense cq
and low ¢, components. During subsequent annealing, recrystalli-
zation occurs and texture is modified with further increase of c,
orientations at the expense of c¢; orientations [14].

2.2. Zr2.5%Nb pressure tubes

CANDU nuclear power plants employ 4 mm thick, 6 m long and
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Fig. 1. Microstructural features of warm-rolled Zircaloy-4 plate: a) Polarized light
image of the normal-transverse plane, b) Schematic representation of main texture
components c¢) 3D plot of the ODF displaying two fibre like texture with axis at
(® ~35° ¢ =0°) and (P ~ 35°, ¢; = 180°, along ¢,. The location of the main texture
components discussed in the literature are indicated.

100 mm diameter Zr2.5%Nb pressure tubes that contain the fuel
elements and coolant. These tubes are manufactured from Zr2.5%
Nb billets forged at ~800 °C. The typical manufacturing procedure
(as stated by Atomic Energy Canada Limited, AECL) consists of: 1)
an extrusion step at ~800°C; 2) air cooling down to room tem-
perature; 3) cold drawing (about 20%—30% reduction); 4) a final
thermal treatment (autoclaving) at 400 °C for 24 h. The National
Atomic Energy Commission of Argentina (CNEA) has successfully
implemented a slightly different manufacture process where the
cold drawing reduction (step 3) is replaced by a cold-pilger rolling
stage [32]. Small specimens were machined out from an experi-
mental Zr2.5%Nb CANDU pressure tube produced at CNEA, with
dimensions of ~10 mm x 20 mm along the axial and rolling di-
rections respectively (AD and RD in pole figures).

The mechanical properties and microstructure of Zr2.5%Nb
pressure tubes have been extensively studied in the literature [33].

Fig. 2-(a) shows typical TEM image across the radial-axial plane for
the present specimens. The ODF has been measured in detail by HE-
XRD experiments at the 1-ID beamline of APS, USA [34], and Fig. 2-
(c) shows an ODF plotted as a 3D surface in the Euler space. The
microstructure consists of lamellar a-grains with an hcp crystal
structure that contain between 0.6 wt.% to 1 wt.% Nb, surrounded
by a grain boundary network composed by Nb-stabilized B-Zr (bcc
crystal structure, ~18—20wt.% Nb) and a metastable w-phase
(simple hexagonal structure). The crystallographic texture is strong
and is mainly determined at the extrusion stage [35]. The ODF is
dominated by crystals having their (10-10) axes along the tube axial
direction; and their c-axes distributed between the hoop and radial
directions, with a clear maximum along the hoop direction, as
schematically represented in Fig. 2-(b). This main texture

Fig. 2. Zr2.5%Nb pressure tube: a) TEM image (radial-axial plane) b) Schematic rep-
resentation of the main texture component c) 3D plot of the ODF displaying an intense
maxima at ¢, = 0° and ¢; = 180°. Also the location of the main texture component g;
is indicated.
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component has Euler angles very close to
91 =0°, ®=90° and g, =0°or60° and it has been labelled as
g1 in Fig. 2-(c). By symmetry this component shows another
maximum at ¢; = 180°, & =90°, ¢, = 0° or 60°.

3. Instruments

Three dedicated texture diffractometers (SKAT, HIPPO, CARR-
TD), and two residual stress diffractometers (Kowari, ENGIN-X)
were used for this round robin exercise. Two of them were
constant-wavelength instruments (Kowari, CARR-TD), and three
were polychromatic instruments using the time-of-flight (TOF)
technique (SKAT, HIPPO, ENGIN-X). Brief descriptions of each of
them are given below.

3.1. HIPPO (LANSCE, LANL, USA)

HIPPO is a high flux, medium resolution TOF texture diffrac-
tometer with a sample position located at ~9 m from the moderator
at the pulsed neutron spallation source of the Los Alamos Neutron
Science Center. HIPPO's large detector coverage allow for short
count times for quantitative texture analysis (few minutes for sin-
gle phase steel, Mg, Zr etc. samples) as well as high throughput
powder diffraction or kinetic studies [36]. After a reconfiguration in
2011, 53 detector panels with a total of 1200 He tubes are arranged
on five rings around the incident beam direction with nominal
diffraction angles of 40°, 60°, 90°, 120°, and 144°. A ~2 m> sample
chamber can accommodate ancillary equipment such as a robotic
sample changer [37], furnaces, cryostats, or a load frame. Thermal
neutron flux at sample is ~10” n cm~2s~! [38], typically provided as
10 mm diameter beam spot. The available range of lattice spacing
(d) spans from 1.2 A to 3.5A, which allowed measuring 11 re-
flections simultaneously (from (100) to (202)). Count times for
most texture samples on HIPPO are on the order of minutes per
orientation with typically three rotations around the vertical axis
measured for a full reconstruction of the ODF of Zr alloys.

3.2. SKAT (IBR-2, JINR, Russia)

This is a TOF diffractometer specially designed for measurement of
texture in larger geological specimens It is located at a ~103 m long
flight path at the end of a bend neutron guide at the IBR-2 pulsed
reactor. The selection of water (more suitable for measurements of
materials with smaller unit cells such as cubic ot hexagonal metals) or
composite — water + cryogenic (for geological samples) moderator is
available for the beamline. The standard setup of SKAT has an axi-
symmetrical arrangement of 19 3He detector modules on a single
Debye-Scherrer cone at a scattering angle of 20 = 90°, which allows
measurements of multiple (due to TOF technique) complete pole
figures in 5 x 5° grid [39]. A combination of large beam cross section
(50mm x 90mm) and Soller-type collimators on detectors
(55 mm x 55 mm, 45’ divergence) offers the ability to measure sam-
ple volumes over 100 cm® with a good angular pole figure resolution
(<3°). Flux at the sample is ~10 n cm2s~! [40], and the normally
available range of lattice spacing (d) goes from 0.65A to 525A.
Typical measurement time (if uniform pole figure coverage is
required) is ~1 day. Diffraction spectra of Zr alloy samples were ana-
lysed in the interval of d = 1.02—2.92 A, where there are 15 reflections
of a-Zr (from (100) to (211)). The HIPPO and SKAT diffractometers
were compared in detail in Ref. [41].

3.3. NTD (CARR, CIAE, China)

The Neutron Texture Diffractometer is a constant-wavelength
diffractometer located at a thermal neutron beam at the China

Advanced Research Reactor (CARR) and it has been specifically
designed to measure texture [42]. A vertically bent Cu (111)
monochromator directs a 30 x 30 mm? neutron beam of 1.48 A into
a sample located at 180 cm from the monochromator, fit into an
Eulerian cradle of 40 cm diameter. Pole figures are produced using a
single 3He detector tube and a 200mm x 200 mm, two-
dimensional position sensitive detector. Flux at sample is
5.6 x 107 n ecm~2s~. Typical counting time per pole figure was
120 min.

3.4. Kowari (OPAL, ANSTO, Australia)

This is a constant-wavelength diffractometer located at a ther-
mal neutron guide specifically designed for measuring residual
stresses [43]. The incident wavelength can be varied between 1 A
and 2.4 A due to the possibility of using a variable take-off angle
from a double-focusing bent-perfect crystal Silicon mono-
chromator. Flux at sample is ~7 x 108 n cm~%s~! (depending on
incident wavelength). For texture measurements, the radial colli-
mator in front of the detector is removed. The wavelength used for
the experiments was 1.8 A and typical measuring time per sample
was 8 h for 6 independent hkl pole figures.

3.5. ENGIN-X (ISIS, STFC, UK)

ENGIN-X is a TOF residual stress diffractometer optimized to
measure high-resolution diffraction patterns at precise locations
deep in the interior of bulk samples [44]. It is located at a ~50 m flight
path at the end of a curved guide viewing a methane moderator. It
has two diffraction banks at ~1.5 m from the sample position, centred
at scattering angles of +90°, to measure diffraction patterns along
two perpendicular directions simultaneously. Each detector bank is
composed by 1200 detectors, covering +16° in the horizontal plane
and +21° in the vertical plane. A single detection bank covers a total
detector area of 1.4 m?, which represents about a 5% of the total 47
solid angle. Flux at sample is ~5 x 10° n cm~2s~'. The wavelength
range used was 1.8—6.5 A which allowed measuring 16 reflections
with d-spacings between 1 A and 3 A simultaneously (from (100) to
(114)). Typical counting times per ODF were 30 min using a gauge
volume of (6 x 4 x 4) mm°.

4. Experimental details and ODF analysis
4.1. Pole figure coverage

Specimens were distributed among participants for the deter-
mination of direct pole figures (PF). Fig. 3 shows the actual PF
experimental grids explored by each instrument in the present
experiments. Rather sophisticated PF grids were used for the
polychromatic instruments, e.g., SKAT (a), HIPPO (b), and ENGIN-X
(c), whilst regularly spaced grids were used by the constant
wavelength diffractometers, Kowari (d, 5°x5°) and CARR-NTD (e,
10°x5°). For comparison, the figure also shows the PF grid used for
the companion synchrotron HE-XRD experiments performed on
3 mm diameter cylindrical specimens, reported in Refs. [34] and
[14],. Those experiments used a 300 x 300 um? beam of 80 keV
with the detector on transmission mode, so the beam went through
the entire thickness of the sample.

Several complete pole figures were measured at the two
constant-wavelength diffractometers. The (10-10), (0002), (10—11),
(11-20), (10—13) pole figures were measured at Kowari, whilst only
the (10-10) and (0002) pole figures were measured at CARR-NTD.

On the other hand, at the TOF diffractometers several reflections
are measured simultaneously for a constant diffraction angle (or
sample direction), which must be corrected for several factors
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affecting diffraction peak intensities (form factor, multiplicity,
incident intensity etc.). As several detectors are used, partial
coverage of many pole figures is provided by the specific detector
arrangement. In all three TOF instrument, PF coverage was
completed by performing a limited number of specimen rotations,

AD

ENGIN-X

rendering the PF grids shown in Fig. 3. Three rotations were used at
HIPPO, thirty-five rotations at SKAT, and four rotations at ENGIN-X.

PF coverage was clearly incomplete for ENGIN-X, yet the mea-
surement was considered mostly as a trial for texture determina-
tion at TOF residual stress diffractometers. In those instruments,
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Fig. 3. Zr2.5%Nb pressure tube: a) TEM image (radial-axial plane) b) Schematic representation of the main texture component c) 3D plot of the ODF displaying an intense maxima at

¢1 =0° and ¢; = 180°. Also the location of the main texture component g; is indicated. Pole figure coverage explored by the experiments at a) SKAT, b) HIPPO, c) ENGINX, d)
Kowari, ) CARR-NTD, f) APS (Synchrotron high energy X-ray diffraction). The plotting convention stands: Rolling and Axial direction pointed to north, then: Transverse and Hoop
direction pointed to east.
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small gauge volumes are used to study bulk components with
spatial resolution (6 x 4x4 mm? in the present case), yet a limited
number of specimen orientations is usually explored due to limi-
tation in beam time availability. In fact, the measurements included
here correspond to experiments performed to analyze micro-
structural variations at different stages of pressure tube production,
including not only texture, but also dislocation densities and minor
phases [45]. Four orientations and 80 detectors (each one covering
~2° x 4°) rendered a total of 320 points of the PF. Despite the
reduced coverage, the ENGIN-X PF grid were focused on the most
relevant areas of the Zr2.5%Nb pole figures, in order to sample the
important parts of the (0002) and (10-10) pole figures, namely, the
radial-hoop line, and the region surrounding of the axial direction.
Details of the strategy used for texture measurements and associ-
ated data-analysis can be found in Ref. [20]. For the companion HE-
XRD experiments 10 experimental pole figures were measured.

4.2. ODF analysis

The experimental pole figures measured at constant wavelength
instruments were used to produce the ODF using the MTEX Toolbox
in Matlab [24]. The ODF in MTEX is approximated by a superposition
of individual components, the exact number, position and width of
these components can be specified by the user. In this case, the
positions were equally spaced with 5° resolution in the orientation
space. Each component was modeled as a de la Vallee Poussin dis-
tribution with half widths of 10° and 8°, for Zircaloy-4 and Zr2.5%Nb,
respectively. The same procedure was applied to determine the ODF
for the companion synchrotron HE-XRD experiments.

Due to the complexity of the detector arrangement and incident
beam corrections, pole figure extraction and ODF texture analysis at
TOF diffractometers is usually performed by Rietveld-type full
pattern refinement software. At SKAT and HIPPO, the ODF was
described by the EWIMV method using the code MAUD [26]. The
resolution of the ODF calculated in EWIMV was equal to 5° for SKAT
and 10° for HIPPO. For presentation and calculation of derived
parameters, recalculated pole figures produced by those programs
were used as input to define the ODF within the MTEX Toolbox
using the same criteria as for the constant wavelength instruments.
All ODFs were calculated from experimental or recalculated pole
figures without sample symmetries imposed. Table 1 recapitulates
technical and experimental information from all neutron instru-
ment and measurement. The Australian diffractometer, Kowari, was
the only instrument which measured both samples.

529

strength [31], which mathematically represents the integral value
of the squared ODF, and is defined as:

(= [ferd

where g represents the orientation, and f(g) is the ODF.

As described in the Samples section, the ODF of both specimens
can sometimes be synthetically described by mean of a series of
ideal orientations; e.g., (1%, c,9°, ¢;18%°, ¢,189") for the Zircaloy-4
plates, and g; for the Zr2.5%Nb pressure tubes. A useful param-
eter for the quantitative assessment of the strength of a specific
texture component gg = ( 80 ) is its volume fraction, VE(gp).
This parameter gives the fractlon of crystals in the sample with
orientation within a vicinity around the orientation gy considering
a radius of possible misorientations, r.

(1)

o+T

VE(g) = ' flg)dg
go—T

(2)

On the other hand, the actual Euler angles on which an ideal
component gy is effectively observed are in practice slightly
different from the ideal values introduced before, gy = (¢9,®°,¢9).
Such actual values can be quantitatively defined by computing the
first-order momenta of the measured ODF in the vicinity of g,
along each of the Euler angles. For the Euler angle ¢; the local first-
order momentum, or centroid, associated to the ideal go component
is calculated as

0 +0¢, 00 o0
/ <P1f<(01 7</’2>d<01

0 —Ag,

+A(p1
/0 Ao,
where Ag; defines an interval around (p(l) that fully contains that
part of the ODF ascribed to the gy component. The respective
d(gy) and 9, (g,) centroids corresponding to the ® and ¢, Euler
angles are calculated accordingly.

Following these ideas, the effective angular width of a compo-
nent can be estimated by evaluating the standard deviation along

each of the Euler angles. The standard deviation of the Euler angle
@1 associated to the ideal gop component is calculated as

@1(&o)
<p1 7¢3>d¢1

oithe 2 0 o0
4.3. Quantitative parameters - [p1 — 71(80)] f((PL‘I’ ; fﬂz) doq
2 P8P
o , [Bor(go)? = ~HE o (4)
Several parameters have been used for quantitative comparison / ! f<<p1 o° (po) do;
of the ODFs produced by the different instruments, as described Jo0—Ap, T2
below.
The texture index t is a parameter used to quantify the texture with the same notation as before, and the respective
Table 1
Technical data comparison between instruments and measurement.
Technique TOF Constant wavelength
Instruments HIPPO SKAT ENGIN-X Kowari CARR
Source type Spallation Pulse reactor Spallation Reactor Reactor
Samples Zry-4 Zr2.5Nb Zr2.5Nb Zr2.5Nb & Zry-4 Zry-4
Incident beam cross section (maximum) 20 mm diam. 50 x 90 mm? 10 x 30 mm? <25 mm diam. 30 x 30 mm?
Neutron flux (n/cm? s) ~ 107 ~ 108 ~ 5108 ~ 7106 ~ 5.6107
Detector 1360 3He 19 3He 1200 scintill. 2D 3He Single 3He
Ne° of measured points per PF 108 665 320 1296 648
N° of reflections included in analysis >10 >10 5 5 2
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0®(g,) and d¢,(go) standard deviations corresponding to the ® and
¢, Euler angles are calculated accordingly. These standard de-
viations can be used as guidance for the definition of the mis-
orientations radius r to be adopted in the evaluation of the volume
fraction of a component, as given by Eq. (2).

In the case of hexagonal materials, a parameter commonly used
by designers to quantitatively specify texture requirements is the
Kearns factor [46]. This parameter could be used to estimate the
values of a physical property along different principal axes of the
sample, if that property of interest has different values along the c-
axis and in the basal plane of the hexagonal single crystals
composing polycrystalline sample. The Kearns factor along the
principal sample axis z is calculated as

:

2 = | looo2 (Bsin § cos? gap (5)
0

where Ipgg2)(6) is the average (0002) pole figure intensity at an

RD4 {1010}

angle ¢ from that direction.

Good correlation has been reported between the texture pa-
rameters defined above and mechanical properties of the material
(yield stress, ultimate elongation, etc.), with the local centroids of
the ODF being the parameters displaying the highest correlation
factors [47]. For all ODFs measured by different instruments, we
have evaluated texture indices, volume fractions, local first and
second momenta of the main texture components, and Kearns
factors using the MTEX Toolbox.

5. Results
5.1. Zircaloy-4 plates

Neutron diffraction experiments on the Zircaloy-4 specimens
were performed at the instruments Kowari, HIPPO, and NTD. Fig. 4
shows recalculated pole figures, and ODF sections for ¢; = 0° and
@1 = 180° obtained for all instruments. Results from HE-XRD ex-
periments measured at beamline 1-ID of APS are also included for
comparison. Good agreement is found both qualitatively and

¥, =180°
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Fig. 4. Recalculated pole figures and ¢; = 0°, 180° ODF sections for Zircaloy-4 specimens measured at a) HIPPO, b) KOWARI, c) NTD, d) 1-ID at APS (High-Energy X-ray diffraction).
The plotting convention stands: Rolling direction pointed to north,: Transverse direction pointed to east.



Table 2

E Malamud et al. / Journal of Nuclear Materials 510 (2018) 524—538

531

Kearns factors, texture index t and parameters of the main texture component for the Zircaloy-4 specimen, measured by the different instruments participating in this study.

Instrument ODF

180
C component

180
() component

Kearns Factors

t VE(%) @(°) 3D(°) ?1(°) 3p1(°) VE(%) @(°) 3P(°) ?1(°) 3p1(°) Transverse Normal Rolling Sum
Kowari 23 4.7 38.5 22.6 179.8 28.2 4.1 37.6 22.7 179.7 289 0.359 0.553 0.086 0.998
HIPPO 22 4.5 39.7 229 179.2 284 3.8 394 229 178.8 29.1 0.365 0.55 0.084 0.999
NTD 2.1 4.2 393 22.7 177.6 28.6 3.9 39.8 22.8 177.6 28.8 0.361 0.538 0.099 0.998
1-ID APS 2.5 5.1 38.7 22,6 180.8 27.5 42 38.6 223 1814 28.3 0.351 0.577 0.071 0.999
Average X 228 463 39.05 22.70 179.35 28.18 4.00 38.85 22.68 179.38 28.78 0.359 0.555 0.085 0.999
St. Dev o 0.11 0.26 0.51 0.13 1.05 0.28 0.14 0.96 0.15 1.1 0.20 0.004 0.010 0.008 0.001
/X (%) 4.87 5.61 1.31 0.57 0.58 0.99 3.54 247 0.66 0.61 0.70 1.02 1.79 9.56 0.05

quantitatively among the different neutron instruments, as well as
with the companion HE-XRD experiments. In particular, all pole
figures show rather symmetric pole figures, yet the ODF reveal
asymmetries on the TD-ND line, with the ¢; = 180° fibre slightly
more intense than the ¢; = 0° fibre.

For more quantitative comparison, Table 2 lists the derived
Kearns factors, texture indexes t, centroids and angular widths of
the ideal texture components of the fibre found at ¢; = 180°, e.g.,
c180 and 180 (described in Section 2.1 and schematically repre-
sented in Fig. 1-b). For all parameters, the table includes the values
for each instrument together with the arithmetic average (x) and
the associated standard deviation (¢). The last row of the table gives
an estimation of the relative uncertainty to be expected for each of
the parameters when measured at a neutron diffractometer (for
this particular material). In doing this, we have consider that ¢
provides an experimental first-order estimate of such uncertainty.

The average texture index measured by the neutron experi-
ments is t=(2.28 +0.08), where we have used ¢/+2 for the un-
certainty of the average. The value differs in ~10% from the value
obtained from HE-XRD experiments. Typical uncertainty to be ex-
pected for t for a single neutron experiment is ~5%. On the other
hand, Kearns factors present average values of frp=(0.359 + 0.003),
fnp=(0.555 +0.007), and frp=(0.085 + 0.006), for the transverse,
normal and rolling directions, respectively. Measurement precision
for the non-negligible Kearns factors is better than for texture in-
dexes, as the uncertainties o7p~0.004 and onp~0.01 represent per-
centages of ~1% and ~2%, respectively. These uncertainties must be
compared to the differences of ~3% and ~5% with the results of the
companion HE-XRD experiments. The main reason behind the
scatter observed in the Kearns factors reported by different neutron
instruments is most likely due to uncertainties in the alignment of
the specimen. In order to estimate the impact of sample mis-
alignement on Kearns factors, we deliberately introduced a 5°
misalignment in the adopted data analysis chain. We obtained
numerical differences of ~ 0.008 between the Kearns factors
evaluated with and without misalignement. The difference with
the HE-XRD results is most likely due to the through thickness
variation of the ODF across the specimens, and the different size of
the volumes gauged by the two techniques.

Fig. 5 presents detailed comparisons of the ODFs obtained for
the different instruments along selected lines that provides fine
details of the fibres, and allows quantification of angular position
and width for two of its main components, c}8° and c}8 (please,
see Fig. 1-c for overall reference). In all cases, the actual lines of the
ODF being compared are shown as white dotted lines in the 2D
sections of the ODF shown in the insets. Fig. 5-a and 5-b charac-
terizes the width and position of the fibre in the ¢, and ® axes,
respectively, whilst Fig. 5-c shows the distribution of orientations
along the fibre. More precisely, Fig. 5-a shows the lines
(p1, ® =35°,¢0, =0°) and (¢1,P = 35°, ¢, = 30°) that have been
used to calculate the centroid and standard deviation (@7, d¢1) of

the ¢18 and 189 components listed in Table 2. Similarly Fig. 5-b
shows the lines (¢ = 180°, ®, ¢, = 0°) and (¢; = 180°, &, ¢, =
30°), used to calculate the centroid and standard deviation (®, 3®)
of the c}8% and c}8° components, respectively. As seen in the figure,
the line profiles for all instruments present similar features, with
higher maximum intensities of the ODF for the C%SO texture
component (4—5.5 m. r.d), than for the c}8° component (3.5—4.1 m.
r.d). In particular, all three neutron diffractometers presents similar
shapes, whilst the companion HE-XRD results display a more
prominent maximum at c}8°. The maximum ODF values change
less than 15% among the neutron diffractometers. From Table 2, we
observe that the angle corresponding to the maximum of the dis-
tributions are all within +1.5° of the theoretical ¢}8 orientation
(@1 =180°, ® =35° ¢, =0°)and within +2.2° of the theoretical
180 orientation (¢; = 180°, ® = 35°, ¢, = 30°). The second
momenta are very similar for both components, 3&=(22.7 + 0.1}
and d¢1~(28.5 +0.3). Overall, the angular widths of the compo-
nents are ~30° along ® and ~50° along ¢;. Based on this we have
adopted a misorientation radius r of 15° to evaluate the volume
fractions, which resulted in average values of (4.6+0.2)% and
(4.0+0.1)% for c]® and 18 components, respectively, where
again we have used ¢/+/2 for the uncertainty of the average.

On the other hand, Fig. 5-c reveals a clear variation in intensity
along the fibre, which are less pronounced for NTD-CARR results.
This is likely to be due to slightly incomplete experimental infor-
mation, as only two pole figures were measured in this instrument,
and hence the ODF cannot reproduce the intensity variations along
the fibre, as observed in the other cases.

5.2. Zr2.5%Nb pressure tubes

Experiments on the Zr2.5%Nb specimens have been performed
at Kowari, SKAT and ENGIN-X instruments. Fig. 6 shows recalcu-
lated pole figures and ¢, = 0° sections of the experimental ODF
obtained for each case. Results from HE-XRD experiments
measured at beamline 1-ID of APS are also included for comparison.
Again, rather good qualitative and quantitative agreement is found
among the instruments, yet some minor differences emerge in the
trial ENGIN-X measurements. For better comparison, Table 3 lists
the derived Kearns factors, texture indexes t, centroids and angular
widths for gy, the ideal texture component described in Section 2.2
and schematically represented in Fig. 2-(b). For all parameters the
table includes the average (x) and standard deviation (¢) evaluated
without including the trial ENGIN-X measurements, as we intend to
assess the uncertainty of such fast measurement strategy. As
before, we consider the evaluated standard deviation (including the
companion HE-XRD measurement) as the typical uncertainty to be
expected from a single measurement.

The average texture index of the pressure tubes, t = 6.8 + 0.2, is
considerable larger than that of the Zircaloy-4 plates
(t=2.28 +0.08), as expected from the comparison of the ODFs
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Fig. 5. Line profiles of the ODF for Zircaloy-4 warm rolled plate specimens. The profiles correspond to the dashed lines shown in the insets.

presented in Fig. 1-(c) and 2-(c). Fine details of the pressure tube
ODF are presented in the line profiles shown in Fig. 7, which allow
quantification of the angular position and width of the g; compo-
nent along the three Euler angles. As before, the actual lines of the

ODF being compared are shown as white dotted lines in the 2D
sections of the ODF shown in the insets. Fig. 7-(a) and 7-(c) cor-
responds to the lines across ¢ and ¢, and have been used to
calculate the values (@1, 9¢1) and (¢,, d¢,) listed in Table 3, whilst



E Malamud et al. / Journal of Nuclear Materials 510 (2018) 524—538 533

{0002}

ADA {1010}

Maxc

{1120y % =0° <
&
90 120 150 © 180

! c

2

©

©

—

=

> (1

o

o

5

>3

]

z

0 30 60 90 120 150

0.05

Min

Fig. 6. Recalculated pole figures and ¢, = 0° ODF sections for the Zr2.5%Nb specimens measured at a) ENGIN-X, b) SKAT, c) KOWARI, d) 1-ID at APS (High-Energy X-ray diffraction).
The plotting convention stands: Axial direction pointed to north, Hoop direction pointed to east.

Table 3

Kearns factors, texture index and ODF data for the Zr2.5%Nb specimen.
Instrument ODF g1 component Kearns Factors

t Ve(%) ?1 dpq o 0P P2 d¢py Hoop Radial Axial

SKAT 7.0 6.9 180.8 9.2 91.1 32.7 574 8.1 0.553 0.341 0.103
Kowari 7.9 6.4 179.7 74 913 34.8 59.0 8.06 0.598 0.355 0.043
EnginX 44 5.4 177.3 10.5 89.9 383 60.1 9.4 0.580 0.335 0.083
1-ID APS 6.5 6.5 180.2 8.7 89.5 28.1 61.6 7.6 0.567 0.353 0.077
Statistics (without ENGIN-X)
Average X 7.1 6.6 180.2 8.4 90.6 319 59.3 7.9 0.573 0.350 0.074
St. Dev ¢ 0.7 03 0.6 0.9 1.0 34 2.1 0.3 0.023 0.008 0.030
a/x (%) 9.9 4.0 0.3 11.0 1.1 10.8 3.6 3.5 4.0 2.2 40.5
EnginX-x (%) 383 18.2 1.6 -24.5 0.8 -20.2 -13 -18.7 -1.3 4.2 -11.7

Fig. 7-(b) shows the fiber-like distribution found along ®. As seen in
the figure, the profiles from all instruments look reasonably similar,
and maximum ODF values in Zr2.5%Nb pressure tube material ~30
are considerable larger than those of Zircaloy-4 plates (~5, Fig. 5).
Average positions of the g; component, @;=(180.2+0.6),
®=(90.6 + 1.0) and §,=(59.3 + 2) are very close to the ideal values
@1 = 180°, & = 90°, and ¢, = 60°. The FWHM of the g
component along ¢; and ¢, are comparable, 20.0° and 18.6°
respectively, as estimated from the measured values of 3¢; and d¢,
(FWHM-~2.35 d¢). A much wider, fiber-like distribution is observed
along @, over a range of +45° around ®~90°. Typical uncertainties

for the position and width of the distributions are ~2° and ~3°,
respectively. Based on the measured widths, the volume fractions
of the g1 component were calculated using a sphere radius of 15°.
The average volume fraction measured by the different instruments
is (6.6 +£0.3)%.

On the other hand, Kearns factors present average values of
fu=(0.573 £ 0.02), frg=(0.350 + 0.008), and f4=(0.074 + 0.03), which
expected uncertainties of 4%, 2% and 40%, respectively. As before,
the experimental standard deviation for the non-negligible Kearns
factors (~0.03), is of the same order of magnitude as the numeri-
cally estimated uncertainty (~0.01) by considering the effect of
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correspond to the dashed lines shown in the insets.

specimen misalignment (~5°). Within this uncertainty the Kearns
factor values obtained for SKAT and Kowari show good agreement,
as well as with the companion synchrotron HE-XRD experiment.

Regarding the trial ENGIN-X measurements, the results in Figs. 6
and 7 show that the reduced pole figure coverage shown in Fig. 3-
(c) captures quite well the essential features of the ODF. However,
the quantitative parameters listed in Table 3 reveal that, except for
the values of the centroids of the g1 distribution (®, 3,) the pa-
rameters derived from the ENGIN-X ODF are close but still outside
of the uncertainty interval defined by the other instruments.
However, it must be mentioned that the trial ENGIN-X measure-
ment defines Kearns factors within a 5% uncertainty of the average
values.

6. Texture variations in experimental Zr2.5Nb pressure tubes

In order to compare the observed uncertainties in texture pa-
rameters determined by neutron diffractometers with typical
texture variations found in manufacturing, we have measured the
ODF of different batches of pressure tubes produced by CNEA
(labelled A, B, C, D and E). Measurements were performed at the
SKAT neutron diffractometer on specimens produced from the
front and back sections of cold-rolled tubes.

Fig. 8 shows the comparisons of the ODFs obtained for front and
back specimens of different batches along the same lines as in Fig. 7
(shown as dotted lines in the insets). Overall, rather large variations
are observed in the maximum ODF's values (21—33 m. r.d) among
the different specimens for both front and back sets. Relatively
large variations are also observed in the centroid of the ¢, distri-
bution for the front of the tubes (Fig. 8-(c)) and of the width of the ®
distribution for the back of the tubes (Fig. 8-(b)).

Table 4 provides more quantitative comparisons, in terms of the
derived Kearns factors, texture indexes t, centroids and angular
widths for the ideal texture component g;. The table list the values
obtained for each sample, together with separate statistical pa-
rameters (X, o) of front and back groups. The bottom section of the
table presents statistical parameters considering the complete set
of specimens, in order to estimate average values for the tubes.

The texture indices measured for the front samples give an
average value of (6.5 +0.3), ~18% lower than the average value of
(7.8 £0.3) for the back samples. The difference between front and
back is considerable larger than the statistical uncertainty (~4%),
which itself is very close to the instrumental uncertainty estimated
in the previous section. The position of the ¢, centroid for the front
samples (Fig. 8-c), p, = (60.4+1.3)°, is ~3% different to that of the
back samples, g, = (58.7+0.6)° . The width of the & distribution for
the back samples (Fig. 8-b), 0&=(34.7 + 0.6), is slightly larger than
that of the front samples, 6®=(36.2 + 1.0). On the other hand,
average values of radial and hoop Kearns factors for front and back
groups differ only by ~0.5%, and can be considered as identical,
based on the standard deviation observed within each group (>2%).
The same observation is valid for the axial Kearns factor, yet with
much larger percentual difference and uncertainties involved.
Statistical averages for the whole batch give values of
fu = (0.569+0.004), fr = (0.345+0.003), and f; = (0.085+0.003),
with standard deviations of ~2%, ~3% and ~10%, respectively. These
results are consistent with the Kearns factor values obtained for the
same samples by laboratory X-ray diffraction measurements [48].
Estimated volume fractions of the g; component for samples from
the front and back section also agree, and give an overall average
value of Vr=(6.4 + 0.3)%.

7. Discussion

As seen in Figs. 4—7, we have found good overall agreement,
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Table 4
Kearns factors, texture index and ODF data for different batches of pressure tubes.

Sample ODF g1 component Kearns Factors
t VE(%) 91 7 P 3P P 0y Hoop Radial Axial
Front A 7 6.5 180.8 9.2 91.1 327 57.4 8.1 0.553 0.341 0.103
B 6.4 5.4 176.9 9.6 92.6 352 63.4 8.4 0.575 0.345 0.079
C 6.4 6.2 181.7 9.5 92.7 349 59.3 7.7 0.562 0.351 0.085
D 6.9 6.8 179.1 9.1 91 34.8 61.3 8.0 0.581 0.332 0.085
E 5.7 5.9 178.9 10 92.1 337 57.8 8.0 0.557 0.349 0.093
Average X 6.5 6.2 179.5 9.5 92.1 34.7 60.4 8.0 0.569 0.344 0.086
St. Dev ¢ 0.5 0.6 1.9 0.3 0.8 1.1 26 0.3 0.012 0.008 0.010
a/x (%) 8.0 9.0 1.0 3.6 0.9 33 4.3 33 22 22 11.8
Back A 7.7 6.9 180.5 83 88.7 33.1 57.7 7.4 0.567 0.344 0.088
B 7.9 6.3 180.4 7.8 91.2 38.8 59.6 7.4 0.565 0.354 0.080
C 8.1 5.8 181.5 7.8 92.7 40.4 57.6 7.4 0.564 0.363 0.073
D 8.2 7.3 178.6 8.2 90.9 34.8 58.6 7.5 0.592 0.333 0.072
E 7.0 7.0 181.2 9.0 89.8 339 59.9 7.5 0.573 0.336 0.089
Average X 7.8 6.7 180.4 8.2 90.7 36.2 58.7 7.5 0.572 0.346 0.080
St. Dev ¢ 0.5 0.6 1.1 0.5 1.5 32 1.1 0.1 0.012 0.012 0.008
a/x (%) 6.4 89 0.6 5.8 1.7 8.9 1.8 0.7 2.1 3.6 10.2
Front-Back (%) -18.2 -7.8 -0.5 14.7 1.5 —4.2 29 6.5 -0.5 -0.6 7.2
Overall Average X 7.1 6.4 180 8.8 913 35.2 59.3 7.7 0.569 0.345 0.085
St. Dev ¢ 0.8 0.6 1.5 0.8 13 25 1.9 0.3 0.012 0.010 0.009
a/x (%) 11.7 9.4 0.9 8.6 14 7.1 32 4.5 2.1 2.8 11.1

both qualitatively and quantitatively, among bulk textures deter-
mined in Zircaloy-4 plates and Zr2.5%Nb pressure tubes at five
neutron diffractometers worldwide. These instruments were
considerably different in their specific design and in pole figure
coverage, as exemplified in Section 3 and Fig. 3.

For quantitative comparison we used overall parameters that
sample the whole ODF (texture index and Kearns factors); and local
parameters that characterize the basic features of the most
important components of the ODF (centroids, angular widths, and
volume fractions of individual components).

The characteristic uncertainties to be expected in the values of
these parameters from measurements performed at a neutron
diffractometer were roughly estimated as the standard deviation of
the values obtained by different instruments. For overall parame-
ters, the uncertainty observed for non-negligible Kearns factors
(fr~1% and fn~2% in Zircaloy-4; fu~1.5% and fr~3% for Zr2.5%Nb) is
better than the uncertainty in texture index (~5% in Zircaloy-4
plates, ~10% in Zr2.5%Nb). For local parameters, the uncertainty in
the position of the centroid of individual texture components (~1%
both in Zircaloy-4 and Zr2.5%Nb) is considerably better than the
uncertainty in the associated volume fractions (~5% in Zircaloy-4,
10% in Zr2.5%Nb). The absolute uncertainty in Kearns factors
measured for Zircaloy-4 plates was <0.01, which due to similarities
in microstructure can be compared to the results of a X-ray
diffraction texture Round Robin on a stress-relieved Zircaloy-4 fuel
cladding with 14 participants [9]. The standard deviation in Kearns
factors was larger in that case, ~0.06, likely due to the smaller
volumes gauged by the X-ray technique and the slightly more
complex preparation of the specimens. In particular, the Kearns
factors measured for the transverse, normal and rolling directions
of the Zircaloy-4 plate of this work are comparable to the corre-
sponding values reported in the Zircaloy-4 fuel cladding Round
Robin: fr =0.30—0.36. fy = 0.54—0.66. fg = 0.03—0.09. On the other
hand. the Kearns factors measured for the Zr2.5%Nb pressure tube
compare well with values obtained by laboratory X-ray diffraction
on samples from a different batch of the same material,
fu=0.53-0.56, fr =0.34—0.39, fo=0.06—0.10 [48].

The main reason behind the observed scatter in the Kearns

factors is very likely to be due uncertainties in the production and
alignement of the specimens, which has been estimated in ~5°. This
explanation is consistent with the variations observed in those
parameters when misalignments in sample orientation are intro-
duced in the calculation chain. For the same reason, a similar un-
certainty is expected in the values obtained by high-energy
synchrotron X-ray diffraction reported in Refs. [7,32] which were
included for comparison in Tables 2 and 3 Hence, the reported
uncertainties are considered as upper bounds and could be in
principle reduced by detailed manufacturing and alignment of the
samples.

An additional source of uncertainty comes from the reported
differences in pole figure coverage. This includes not only the
numbers of pole figures and the density of orientations explored,
but also the specific orientations probed by the experiment. This
would certainly be an issue when the number of measured pole
figures (or reflections) is < 3 or when the pole figure coverage fails
to sample all relevant portions of the pole figure. The latter issue
was clearly observed in the trial ENGIN-X experiments, which
showed a value of texture index ~35% off from the average value.
However, this approach should not be discarded, as by means of a
relatively fast (<30 min), spatially resolved (4 x 4x6 mm?), non-
destructive texture measurement centroids of the distribution
were defined with an uncertainty <2°, and Kearns factors with an
uncertainty <5%. In this sense, it would be useful to determine
minimum pole figure coverage that is necessary to bring the results
within the typical uncertainties reported here.

A final source of uncertainty not discussed here may come from
the specific mathematical method used to calculate the complete
ODF (Spherical Harmonics, EWIMV, MTEX). Here, we have used
MTEX to model the ODF, starting from pole figures, either experi-
mental (constant wavelength instruments and ENGIN-X), or
recalculated from the EWIMV-derived ODF (HIPPO and SKAT, using
the MAUD package).

Finally, the measurements performed on the back and front
sections of a batch of cold-rolled Zr2.5%Nb pressure tubes experi-
mentally confirmed that the typical uncertainty achieved in
neutron diffractometers is very suitable to characterize typical
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variations appearing in the development and tailoring of Zr-alloy
tube manufacturing processes.

8. Conclusions

A small round robin on specimens from Zircaloy-4 plates and
Zr2.5%Nb pressure tubes has shown that the crystallographic
texture of common Zr alloys can be precisely quantified in neutron
diffractometers worldwide, with little sample preparation required,
despite large differences in instrument design and pole figure
coverage. Typical uncertainty expected in global texture parame-
ters is ~5% in texture index, and ~2% in relevant Kearns factors.

Main synthetic texture components can be defined in terms of
angular position, angular width and volume fractions with typical
uncertainties of ~1%, ~5% and ~4%, respectively.

The reported precision is adequate for typical variations found
across and between specimens during development and optimi-
zation of manufacturing processes.

Uncertainties in the production and alignement of the speci-
mens seems to be the main reason behind the standard deviation in
the integral parameters of the ODF reported by different
instruments.
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