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Abstract

This study investigates the impact of different processing steps on the crystallographic texture
evolution of aZr and minority phases BZr and oZr, and intergranular stresses as a function of
grain orientation in a Zr2.5Nb pressure tube. This was done by analysis of diffraction data
recorded in the 1-ID line of the Advanced Photon Source for high energy X-Rays (~80Kev) in
transmission geometry on three samples with different processing conditions: extruded, cold
rolled and after autoclaving. The crystallographic texture of both aZr and BZr phases changes
slightly after cold rolling, with the Burgers orientation relationship between the two phases
remaining intact. The texture of BZr and wZr shows that BZr decomposition during thermal
treatment is sensitive to grain orientation. A new method was proposed to obtain the orientation
dependence of the intergranular stresses from the experimental pole figures. Intergranular
stresses in oZr grains were low after extrusion, but rolling significantly increased them, with
values with magnitude as higher as 350 MPa and a strong dependence on grain orientation. The
autoclaving treatment leads to important stress relaxation, but the dependence on grain
orientation remains. The PZr phase grains exhibit significant intergranular strains in both
extruded and cold-rolled conditions; the hydrostatic part was associated the presence of Nb in
solid solution, with content of ~20% and an orientation dependence of approximately +1 at%.
The deviatoric strain was attributed to intergranular stresses, with stresses below 80 MPa for the
extruded sample and ranging from -600 to 400 MPa after cold rolling.

1. Introduction

Pressure tubes are critical Zr-based components located in the core of CANDU nuclear power
reactors. These tubes' service life is primarily defined by irradiation growth and delayed hydride
cracking mechanisms, which are influenced by metallurgical parameters such as microstructure,
dislocation density, stresses, and texture [1-11]. To ensure their safe and reliable operation, the
fabrication of CANDU pressure tubes involves several steps, including extrusion at ~850°C, air
cooling, cold drawing to achieve 30% plastic deformation, and autoclaving for 24 hours at 400°C
[12], where the tube attains its final mechanical properties and a protective layer against
corrosion on both inner and outer surfaces. At the end of the cold drawing process, the
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microstructure of the pressure tube comprises approximately 90% hcp a-Zr (with Nb content
<1%) and ~10% metastable bce B-Zr (with 20% Nb) [16, 17]. During the subsequent autoclaving
process, B-Zr partially decomposes and transforms into enriched B-Zr and wZr [18,19], which
impacts on the tube mechanical properties. The kinetics of such decomposition depends on the
morphology and microstructural state of the minority B-Zr phase.

The Atomic Energy Commission of Argentina (CNEA) has developed an alternative method for
cold shaping of the tubes, where cold drawing is replaced by cold rolling using a pilgering
machine to achieve the final diameter and wall thickness of the tube [20]. The process involves a
series of rolling passes that reduce the outer diameter and thickness of the tube, with the
deformation in both radial and hoop directions being controlled by the shape of the rolling tool.

Control and monitoring of the metallurgical parameters and fabrication process are crucial to
meet the required standards for safe and reliable operation. Texture is a critical factor due to its
impact in the material mechanical properties [13], and on degradation mechanisms such as
delayed hydride cracking [2] and irradiation-assisted creep [55], which dictate the tube’s service
life. The extrusion process results in a strong crystallographic texture [12-15] that is only slightly
altered during the cold drawing and final autoclaving treatment. Yet, residual stresses develop
during the cold working stage, and their magnitude and angular dependence impact on tube
performance and in subsequent processing stages. Such stresses manifest over different length
scales: whilst macroscopic (Type 1) stresses affect the tube mechanical properties and their
relaxation may introduce dimensional changes [22], microscopic (Type Il) stresses between
grains affect microstructural evolution during posterior autoclaving treatments [21].

The objective of this work is to provide sound experimental data on the changes occurring on the
crystallographic texture and intergranular stresses of Zr2.5Nb pressure tube material during the
later stages of the manufacturing process, not only for the majority aZr phase but also for the
minority BZr and oZr phases. This information provides an insight into the impact of
interganular stress on the actual microscopic processes that lead to the decomposition of the
metastable BZr phase during autoclaving. For this purpose, we produced small specimens from a
pressure tube after extrusion, after cold rolling, and after autoclaving; and measure them using
synchrotron X-ray diffraction.

Microscopic residual stresses appear due to mechanical incompatibility between crystalline
grains of different phases, or between differently oriented grains of the same phase. Both cases
lead to residual stresses that depend on grain orientation, and are therefore dictated by the
orientation distribution function (ODF) of the crystallites composing the material [56]. These
microscopic, orientation-dependent residual stresses (ODRS) can be quantified by different
experimental methods, including X-ray or neutron diffraction. The ODRS is a specific case of
the more general stress orientation distribution function (SODF), corresponding to the situation
when no external stresses are present.

Most techniques used to determine the ODF and the SODF rely on measuring two types of pole
figures: the conventional pole figures of intensity, together with pole figures of lattice strain. The
ODF is obtained by applying well-established methods commonly referred to a Quantitative
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Texture Analysis (QTA) [56]. SODF studies are much more time-consuming and less common.
The function describing the SODF is obtained through a deconvolution method that combines
the information provided by both types of pole figures. The deconvolution method is similar to
QTA, but while in QTA a unique parameter is associated to each grain orientation (its volume
fraction), in the case of SODF, six components are needed to define the state of strain/stress of a
grain (the six components of the strain/stress tensor). Therefore, six different distribution
functions must be determined. Several deconvolution methods have been proposed in the
literature to obtain SODF, and its equivalent version in strain (lattice strain distribution function
LSDF) [23-33]. These methods all assume that the different components of the SODF and/or
LSDF can be expanded in Fourier series, where the Fourier coefficients of the expansion are
used as fitting parameters in a least square method, where an analytical expression of the strain
pole figures is compared to the experimental ones.

An alternative method to study the orientation dependence of the stresses is through the study of
smaller volumes of material, by using a highly collimated synchrotron X-Rays. In this method,
Laue spots produced by a small number of grains are indexed and their change in shape and
position are followed as the gauge volume is translated in XYZ over the sample. A detailed 3D
map of the strain field can be then constructed. Compared to the deconvolution method, this
technique is direct and has the advantage of revealing the strain field inside grains. However, in
order to obtain statistical sound data on the dependence of the strain/stress with grain orientation,
long experimental times are needed [34]

In the present work, the ODF and SODF were determined for the Zr2.5Nb material in three
processing conditions (extruded, cold rolied and after autoclaving) by the deconvolution method.
On the experimental side, conventional and strain pole figures were measured in HE-XRD
experiments performed at the Advanced Photon Source in Argonne National Laboratory. Section
2 describes the samples and experimental arrangement used in the experiments, as well as data
processing details. Section 3 outlines the methodology and introduces the main expressions used
to obtain the lattice strain distribution function (LSDF) and stress orientation distribution
function (SODF) from ‘the measured pole figures, whilst the details are described in an
Appendix. The results are summarized in Section 4, both for the changes in the crystallographic
texture of the phases and the evolution of intergranular strain/stress during the process. In the
discussion of Section 5, the implication of the main outcomes of the work is discussed and a
mechanistic explanation is given for the evolution of texture of the minority phases. Finally,
Section 6 outlines the main conclusions of the present work.

2. Experimental details

Zr2.5Nb tubes were provided by Wah Chang Corp in the extruded condition. To study
the effect of the cold rolling process and subsequent annealing on the development of
intergranular stresses on Zr2.5Nb pressure tubes, coupons of parallelepiped rectangular shape
were extracted on tubes in the following conditions: extruded (before cold rolling), at the end of
a pilger type cold rolling process up to a total deformation of ~30% and after autoclaving at
400°C for 24hrs. These coupons were machined to cylindrical shape with 3mm diameter and



Journal Pre-proof

4mm length, and then polished using polishing paper maintaining in all cases the longitudinal
direction of the cylinder parallel to the hoop direction of the tubes.

Kapoor et al. found that cold-worked pressure tubes have compressive residual stress
along both the hoop and axial directions, ranging from 50 to 150 MPa [35]. However, these
macroscopic stresses are expected to relax to several tens of MPa during the autoclaving process.
In the present case, the stress relaxation is expected to occur during the mechanical cutting of the
tube to extract coupons and reduce them to the final sample geometry. Although the
macrostresses from the rolling process are expected to relax during coupon cutting, some
intergranular and intra-granular stresses resulting from internal defects of the grains may still
exist after this sample preparation process.

In order to assess these residual stresses, high-energy X-ray diffraction experiments (at 80
keV) were carried out at the 1-1D line of the Advanced Photon Source synchrotron located at
Argonne National Laboratory in the United States [36]. A scheme of the experimental setup is
presented in Figure 1(a). The cylindrical sample is placed in a rotating stage with its longitudinal
direction (hoop direction of the tube) in the vertical direction. The monochromatic X-Ray beam
(L=0.15A) goes through the sample producing diffraction cones that are collected by a 2D high
speed sensitive screen placed at ~2035mm behind the sample. The direct beam is blocked and
images similar to the one shown in the figure are collected, where Debye rings of the different
diffracting planes of oZr are clearly observed. The X-ray beam was collimated to a lateral
section of 200um x 200 um that illuminated the center of the cylinder. The X-Ray detector has a
sensitive dimension of 410mm x 410mm with a pixel dimension of 0.2mm x 0.2mm. The
exposure time was set to 0.1s to avoid saturation of the detector. The sample to detector distance
was chosen to have a large number of diffraction rings (more than 10 complete rings) whilst
keeping an angular resolution in the radial direction of the detector plate good enough to perform
strain analysis (~100pe).

(a) Experimental arrangement (not to scale) (b) Diffractogram
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Figure 1: a) Experimental setup in transmission geometry, where the sample is rotated
along the vertical direction and the Debye rings are collected by an area detector; b)
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diffractogram | vs d-spacing generated from averaging over a “pizza” section of the area
detector, peaks corresponding to «Zr and the minority phase pZr are indexed; c) fitting
procedure, each peak is plotted with different color; d) stereographic projection in a pole figure
plot of the area of the peak for scattering vectors corresponding to the different points of the
Debye ring and for 2 sample rotation angles; e) TEM micrograph where grains of oZr and fSZr
are observed as elongated intercalated layers

The samples were rotated around the vertical direction (hoop direction of the tube) from
-90° to 90° with 5° step (w-rotation) and images were recorded. A ceria sample was used to
calibrate the working wavelength and the sample-to-detector distance. Correction and data
processing of the images have been explained in detail elsewhere [37-39], for that reason only
the basic procedure involved in the process of generalized pole figure construction will be
described. The process involves dividing each image into "pizza" slices with a width of An=5°,
as depicted in Figure 1(a). These slices are utilized to construct diffractograms of intensity vs. d-
spacing, where the intensity is averaged over An and the radius r is transformed into d-spacing,
as illustrated in Figure 1(b).

The process of constructing generalized pole figures is straightforward. From geometric
considerations, a direct relation exists between the pair of angles (n,®) and a point in the pole
figure plot. As shown in Figure 1(d), scanning along the Debye ring (n from 0 to 360°) draws
two lines on the pole figure plot. Similarly, the rotation angle  alters the position of these lines.
Generalized pole figures can be constructed by plotting various peak parameters. Conventional
pole figures for quantitative texture analysis are particularly constructed by using the area of the
peaks. Lattice strain pole figures are constructed by plotting e=(d-do)/do .10 where ¢ is the
micro-strain, d is the fitted d-spacing, and do Is the stress-free d-spacing of the same peak. Note
that in Figure 1(d), the following convention is used to identify the sample reference system: the
radial direction (RD) is at the Center, the hoop direction (HD) is to the right, and the axial
direction (AD) is to the top. Instead of working with angles (n,), it is convenient to define two
pairs of angles (p,$) to identify each point in the pole figure. Angle p ranges from 0 to 90° and
represents the angle formed by the scattering vector with the RD, while ¢ is the angle between
the scattering vector and the HD in the RD-HD plane. For instance, the RD is represented by (0,
¢) with ¢ taking any value, the AD is (90°,90°), while the HD is (90°,0).

For each image, a total of 72 diffractograms were generated, each corresponding to a
different n angle. The peaks associated with the observed phases were then indexed and fitted
using a pseudo-Voigt function with customized MATLAB software. Figure 1(c) presents an
example where three peaks (o(10-11), B(110), and a(0002)) were simultaneously fitted. The
fitting parameters of the peaks, such as maximum intensity, d-spacing, full width at half
maximum (FWHM), and shape factor, were recorded for all peaks, as well as for the azimuthal
angle n and vertical sample rotation angle w. Lastly, Figure 1(d) presents in the stereographic
projection of a pole figure the location of the scattering vector corresponding to each section of a
Debye ring. Figure 1(e) displays a TEM micrograph of the extruded sample taken from Ref[39]
where both aZr and BZr phases appear as elongated grains intercalated along the axial direction
of the tube.
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It is important to note that the use of a wide-angle detector and high-energy X-rays
enabled the recording of full Debye rings for a wide range of lattice d-spacings. Additionally,
sample rotation allowed for full coverage of pole figures for a vast number of diffraction peaks.
Since the diffracted beam passes through the same amount of material for all angles along the
Debye ring and for all sample orientations, no corrections were needed for attenuation. The
MTEX toolbox [41] in MATLAB was utilized both to generate the generalized pole figures and
to analyze the orientation distribution function (ODF).

3. Deconvolution method for the evaluation of the stress/strain orientation
distribution functions

The determination of the lattice strain (LSDF) and stress distribution function (SODF)
through strain pole figure (SPF) inversion has been addressed by several authors [23-33].
However, these methods rely on certain assumptions. Firstly, all grains with the same orientation
are assumed to have the same strain tensor. Secondly, the experimental strain en(p,d)
corresponding to angular position (p,$) in the pole figure (hkl) is estimated as a weighted average
of the strain of all grains under diffraction, with the weighting factor being the volume fraction
of the contributing grains. Finally, the dependence of the strain/stress tensor on grain orientation
is expanded as a Fourier series, reducing the problem to obtaining the Fourier coefficients of this
series.

The second assumption can be mathematically expressed as:

nia(p,§) = BLEO= — [ ¢ (5, )f(9)dg /(J, f(9)-dg) (1)

where g4(p, d) is the effective strain contribution along direction (p, ¢) of those grains
with orientation g, and integration is done over all orientations g, for which plane normal (hkl)
or —(hkl) point along direction (p, ¢) in the sample reference system. In turn, g5(p, $) can be

expressed in terms of the components of the strain tensor &, ; using the direction cosines o;:

eg(p, ) = Xij ;X &} = &7 cos(p)? .sin(p)* + &7,.sin($)? . sin(p)? + e35. cos(p)*+
sfz.sin(Z. @) .sin(p)? + 8‘293. sin(¢) .sin(2.p) + sﬂ.cos(qﬁ) .sin(2.p) (2)
where summation ij goes from 1 to 3. In this case to be consistent with the definition of angles
(p, ) given in Figure 1(d) we have 1=AD, 2=HD and 3=RD.

Strain tensor s and stress tensor o-g] are related by Hooke’s law

U“iqj = Zk,l=1,3 Cijkzg“;zl 3)

where the fourth rank tensor c;jy, is the single crystal elastic stiffness.
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Both strain tensor €9 and stress tensor o9 are function of the grain orientation g and as such,
each component of the tensor must adhere to the symmetry properties of the crystal space group:
s?j = s?]‘.’g , Where g, represents any rotation within the crystal space group. As such, they can
be expended in Fourier series of symmetrized generalized spherical harmonics.

By substituting Eg. (2) into Eqg. (1), it is possible to obtain a relationship between the
experimentally determined strain pole figure (SPF) and the lattice strain orientation distribution
function (LSDF). Similarly, by replacing Eqg. (3) into Eqg. (2) and then into Eq. (1), an expression
linking the SPF with the lattice stress (SODF) can be obtained. To determine either the LSDF or
the SODF, the method involves expanding e?j, af’j, cijii and the ODF f(g) as Fourier series of
generalized spherical harmonics. Then, analytical solutions for the integrals along g, in Eq. (1)
are then obtained, leading to a linear expression of the SPF data in terms of the Fourier
coefficients of the strain/stress tensor. Finally, the Fourier coefficients are determined using a

least-squares minimization method.

In the present work, the approach introduced by Wang et al. in Ref[23] was adopted but
employing the symmetrized generalized spherical harmonics described in Bunges’s book [40] as
expansion functions.. A detailed derivation of the SPF expression in terms of these functions is
provided in APPENDIX I. The method was implemented in MATLAB, utilizing various
functions from the MTEX library [43]. Some specific conditions are assumed when applying the
proposed inversion method to the cases of aZr , BZr or wZr, which are explained in more detail
in Section 4.3.

4. Results
4.1 Crystallographic texture
4.1.1 aZr phase

Figure 2(a) displays the recalculated pole figures for the first four aZr peaks obtained
from the cold rolled sample. Similar pole figures were observed for the cold worked and after
autoclaving. Figures 2(b) to (d) present the Phi1=0° section of the ODF for the extruded sample,
cold rolled and annealed samples, respectively, in which the most prominent texture components
appear. These textures are characterized by the presence of a strong fiber texture with the <11-
20> direction aligned with the AD. This fiber is responsible for the high intensity of the ODF
observed along Phi; for Phil=Phi2=0°. The c-axis of the hexagons concentrate in the RD-HD
plane with the strongest intensity for those grains oriented with their c-axis aligned with the HD
(Phi=90°) and a smooth decrease as the grains rotates toward the RD (Phi=0°). As seen in the
ODEF cuts, after cold rolling, there is a small increase of the muoop Orientation, and a reduction of
intensity for Phi<40.

Previous works have shown the importance of intermediate grain orientations near Mrited
(Phi2=0°, Phi~70°) in which there is a higher probability of hydride precipitation upon water
corrosion of pressure tubes [37,39], an aspect that will be revisited on the light of the present
experiments.
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a) (010 - B 0002 JT0T1 1012 Max

Phi

Phi2

Figure 2: Texture of aZr. Top: a) recalculated pole figures for the extruded sample. Bottom:
Phi1l=0 cut of the ODF for the (b) extruded, (c) cold rolled, and (d) after autoclaving samples,
respectively. In both cases, the color scales are in multiples of times random (MTR).

4.1.2 Minority phases: BZr and wZr

Besides the major aZr phase, the experimental diffractograms revealed the presence of
cubic BZr in the samples, and the additional hexagonal wZr phase in the sample after
autoclaving. The wZr phase result from the decomposition of the metastable BZr phase at 400°C,
the autoclaving temperature [18].

The a-p phase transformation in Zr is a well-known phenomenon that follows Burgers
Orientation Relationship (BOR) between the crystallographic lattices, namely that
a(0001)//B(110) and a<11-20>//p<111> [16,17,44,45]. According to Ref [46-48], wZr forms as
precipitates in BZr also following a precise orientation relationship: B(111)/@w(0001) and B<-
110)>//@<11-20>. In the presentation and analysis of the results of the crystallographic texture of
minority phases, the experimental pole figures and ODFs measured for the daughter phase will
be compared with theoretical results obtained by applying the corresponding orientation
relationship reported in the literature to the experimental ODFs of the parent phase.

Four diffraction peaks were successfully resolved of the BZr phase in the extruded and
cold rolled samples, namely (110), (200), (211), and the higher order (220) peak. The ODF was
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evaluated using the first three peaks. Figure 3(a) presents recalculated pole figures for the
extruded sample of those three peaks, as well as a fourth pole figure associated with the (111)
plane. Similar pole figures, not shown here, were obtained for the cold-rolled sample. No
recalculated pole figures could be produced for the sample after autoclaving, because it
displayed only a weak (200) peak from the BZr phase, whilst the (110) and (211) peaks were so
weak that they could not be resolved from the intense oZr peaks, hence preventing the
evaluation of the ODF. As mentioned, such reduction in intensity is due to the decomposition of
the BZr during autoclaving.

Figure 3(b) presents the corresponding theoretical pole figures evaluated by applying the
Burger's orientation relationship to the aZr ODF presented in Figure 2. Two assumptions are
made in such evaluation: (i) all orientation variants are given an equal probability of occurrence,
and (ii) all aZr grains have the same probability for transformations, e.g., the number of BZr
daughter crystals depend directly on the number of aZr parent crystals of each orientation
present on the sample. Comparison of Figures 3(a) and 3(b) reveal that the Burgers orientation
relationship successfully reproduces all the observed poles in the BZr texture. However, although
the same texture components are present in both the experimental and theoretical pole figures,
there are variations in the intensity of the poles. Notably, in Figure 3(a), there is an obvious
asymmetry between the top and bottom of the figures, which is less pronounced in Figure 3(b).
The origin of these differences indicates failure of either of the two assumptions, and needs
further investigation.

a)

Extruded

b)

Modelled

Extruded Cold rolled

Phi (degree)

) [ 1 ] 1 1 1 1 1 1 [ 1
0 30 60 90 120 150 180 210 240270 300 330 360 0 30 60 90 120 150 180 210 240270 300 330 360

Phil (degree) Phil (degree)

Figure 3: Texture of SZr. Top: (a) Reconstructed pole figures of extruded sample. Center (b)
Theoretical pole figures, evaluated by applying the Burgers Orientation Relationship to the oZr
texture of Fig 2. Bottom: Cut of the experimental ODF for Phi2=45 for the (c) extruded and (d)
cold rolled samples. Color scales are in MTR.
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Figure 3(c) displays the Phi2=45° section of the BZr ODF for the extruded sample, which
identifies the three principal texture components. Specifically, components g}g and gﬁ) appear at
Phi=45° and Phi1=30° and 150° respectively, and correspond to the {223}<522> texture
orientation, while component gfg appears at Phi=60° and Phi1=270° and corresponds to the

{332}<113> texture orientation. Figure 3(d) shows the corresponding cut of the fZr ODF for the
cold rolled sample. No major changes are observed in the texture of the sample, with the main
components essentially conserving their location. In the case of the extruded sample, the poles
are more concentrated than for the cold rolled sample. These three texture components are
enough to explain all the pole structure observed in Figure 3(a).

To assess the impact of autoclaving on the texture of BZr, Figure 4 compares the
experimental (200) pole figures registered for the three samples, together with the theoretical
(200) pole figure presented in Figure 3(b). Each point in the experimental pole figures
corresponds to a measurement, with the color scale in counts, and the white regions indicating
orientations with counting below the accepted threshold. As mentioned, no qualitative texture
changes appear after cold rolling, only a spread of the poles, which reflects as a drop in the
maximum intensity of the pole figure of ~40%. By contrast, the pole structure change completely
for the sample after autoclaving: the three intense poles that resuited from the main orientations
g[l;, gf;, and gg have disappeared, and a structure composed by five distinct poles emerges, but

with nearly a tenfold decrease in the pole intensities. Comparison with the theoretical pole figure
reveals that these orientations were already expected by the Burgers orientation relationship.
They are indeed present in the pole figures of the extruded and cold rolled samples, but the
intensity of the poles is too low to be distinguished with the overall color scale. This indicates
that during autoclaving decomposition of the pZr occurred mainly in grains belonging to the
main orientations g}g, gf;, and gf;, and it was much less likely in grains of other orientations.

b)

c) d)

a) Extruded

Cold rolled

Max

Min

Figure 4: Comparison of the experimental SZr. (200) pole figures (a to c) obtained for the three
conditions with (d) the pole figure evaluated by applying the Burgers Orientation Relationship to
the aZr texture of Fig 2.

Although it was not possible to produce an ODF of the BZr phase present in the sample
after autoclaving, it was indeed possible to produce a detailed ODF for the wZr phase that
resulted from the decomposition. Several distinct peaks of the mZr phase were clearly resolved,
including (0001), (11-21), (20-21), (0002), and (11-22); and the experimental pole figure are
presented in Figure 5(a). As before, region in white corresponds to peak intensity below the

10
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threshold. Figure 5(b) shows a cut of the evaluated ODF, for Phi1=90°. The intensity of the ODF
outside this section is low, and the texture of wZr can be represented by a single pole distributed
around the orientation (Phi~60°, Phi2=30°, and Phi1=90°). This orientation corresponds to wZr
hexagons with their c-axis shifted 30° from the axial direction of the tube along the radial-axial
line, as observed from the (0001) pole figure. Interestingly, although the BZr texture of the
extruded and cold-rolled sample exhibits marked asymmetry, the texture of the resultant wZr
phase is symmetric.

Figure 5(c) presents the same section of (b) for a theoretical ODF of wZr obtained by
applying the orientation relationship reported in the literature, »(0001)//g(111) and w<11-
20>//3<110>, to the PZr texture of Figure 3(d). Again, the evaluation assumed suppositions (i)
and (ii) mentioned for the evaluation of the BZr texture, e.g., equal probability for all variants
and grain orientations. The main pole observed at Phi=60° in Figure 5(b) is well reproduced,
indicating that the orientation relationship between these two phases holds. However, additional
poles appear in the estimated ODF that were not observed in the experimental texture (for
example the one at Phi=0, Phi2=30° Phi1=90° in Figure 5(c)). The characteristics of the
experimental texture of wZr could be indeed reproduced, when considering that only the most
intense texture components of BZr (gg, g5, and gzin Figure 3) decompose but with a strong
variant selection. This finding is in line with the information provided by the (200) BZr pole
figure, as discussed in relation to Figure 4, which indicated that grains with these orientations are
more likely to decompose into wZr. Thus, these results reveal that the kinetics of PZr
decomposition does indeed depend on the orientation of the parent BZr grains.
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Figure 5: Texture of @Zr in sample after autoclaving. Top: a) Experimental pole figures, with
scale in counts; Bottom: Comparison of the Phi1=90° section of (b) the experimental ODF, with
(c) the theoretical ODF , evaluated by applying the orientation relationship «(0001)//£(111) and
w<11-20>//<110>, to the SZr texture of Fig 3(d). Both ODF scales are in MTR.

4.2-Strain pole Figures

This section presents the experimental strain pole figures for aZr for the three processing
conditions, for BZr for the extruded and cold rolled samples, and for wZr for the sample after
autoclaving. As described in Section 2, stress free values of d-spacing for the corresponding
diffraction peaks are required to construct the strain pole figures. As those values are no directly
accessible for Zr2.5Nb material, composed by a major Zr-based o phase and the minority phases
of varying compositions, the assumptions and the values adopted for each phase are presented
below. The basic assumption in all cases is that an unstressed unit cell exists for each phase, and
the unstressed d-spacings used to produce the strain pole figures are evaluated from the lattice
parameters of such unit cell.

4.3.1 aZr phase

For aZr the lattice parameters of the unstressed cell for each processing condition were
evaluated by least-squares fitting of as many unstressed d-spacings as experimentally accessible.
For this purpose, the unstressed d-spacing of the (hkl) family was firstly approximated by the
weighted average of the dna’s measured at all orientation explored in the corresponding pole
figure. The weighting was based on the area of the peaks for each point, which allowed
prioritizing grain orientations that had a greater influence on the orientation distribution function
(ODF). The weighted average of the interplanar distances and the values of lattice parameters a
and c of the stress free unit cell are presented in Table 1.

Processing 10-10 | 0002 10-11 10-12 11-20 10-13 11-22 20-20 20-21 0004 a c
Condition

Extruded 2.7984 | 25737 | 2.4589 | 1.8949 | 1.6163 | 1.4630 | 1.3686 | 1.3996 | 1.3505 | 1.2869 | 3.2319 | 5.1477
Cold rolled 2.7982 | 25744 | 2.4588 | 1.8949 | 1.6162 | 1.4631 | 1.3686 | 1.3991 | 1.3504 | 1.2872 | 3.2315 | 5.1489
After autoclaving 2.7983 | 25739 | 2.4590 | 1.8950 | 1.6162 | 1.4630 | 1.3687 | 1.3991 | 1.3504 | 1.2871 | 3.2317 | 5.1482

Table 1: Stress free d-spacing estimated for the different diffraction peaks of oZr. In the
last two columns we present the estimated stress free lattice parameters

Compared to the lattice parameters reported for pure Zr (a=3.2321 A and ¢=5.1477 A)
[49], our observations for the extruded and after autoclaving samples show differences of less
than 100 pe, which is within the experimental uncertainty. The cold-rolled sample exhibits a very
small extension of the c-axis by 200 ue and a contraction of the a length by -200 pe, both just
above the experimental uncertainty. However, in all three cases, there is a negative net volume
change compared to pure Zr, which suggests a real very small changes in lattice parameters,
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which could attributed to the influence of small amount of Nb in solid solution, which has a
slightly smaller atomic radius than Zr.

The first 4 columns at the left of Figure 6 displays the experimental strain pole figures for
the three samples, with eight of the ten diffraction peaks shown. The (20-20) and (0004) peaks
were excluded since they are similar to their lower-order reflections (10-10) and (0002),
respectively. However, some experimental points were filtered out due to high strain error during
peak fitting, resulting in missing points that appear as vertical white lines in all the pole figures
and as white regions in the (0002) pole figures close to the AD. To be accepted, a threshold error
value of 300 pe was imposed. The color scale is different for each sample, but is common to all
the pole figures. The extruded material's strain ranges from -1500 to 500 pe, while the cold
rolled sample's strain widens to values between -4500 to 1500 pe. Finally, the annealed material
exhibits a significant relaxation of stresses, and strain values fall again to -1200 and 600 pe. The
complex internal structure of the pole figures varies from plane to plane, highlighting the
importance of intergranular stresses and their dependence on grain orientation.
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Figure 6: Comparison between the experimental strain pole figures of aZr (4 first columns to the
left left) and the model after fitting (columns 5 to 8) for the three processing conditions. The

scales are in ue.
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4.3.2 Minority phases: BZr and oZr

For BZr, a change in the lattice spacing is expected due to variations in the amount of Nb
in solid solution within the cubic lattice. A linear relation exists between lattice parameter of Benr
and the Nb content [51], hence allowing to indirectly measure the Nb content from the measured
lattice spacing. As done for aZr, Table 2 presents a summary of the averaged values of d-spacing
of the 4 diffraction peaks, together with the refined lattice parameter a, and the estimated Nb
content in atomic percent. As expected, the average lattice parameter for the three samples falls
between the pure PZr lattice parameter of 3.5882 A [50] and the pure BNbD lattice parameter of
3.30 A [49]. Values of 20at%, 23at% and 50at% are obtained for the extruded, cold rolled, and
after autoclaving samples, respectively. The 3% difference in the total amount of Nb between the
extruded and cold rolled sample could be due to differences in the extrusion temperature and
cooling conditions of the region of the material where the sample were taken.

In the sample after autoclaving, the decomposition of the original BZr phase produced the
oZr and a new BZr phase enriched in Nb content (Benr) [18]. For this sample only the (200) peak
was resolvable, and the average d-spacing of 1.725 A reveals a Beyr phase containing ~50% Nb,
consistent with the findings of Kim et al. [51].

For simplicity, the experimental strain pole figures were constructed considering a stress
free lattice parameter for pure BZr (3.5882 A). This introduces an overall shift for grains of all
orientations, associated to the average Nb content of the sample. Figure 7 shows the
experimental BZr strain pole figures for the extruded and cold-rolled samples (first 4 columns in
the left). As it will be discussed in section 4.3, the LSDF inversion method applied here allows a
detailed insight on how Nb distributes among the BZr grains of different orientations.
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Figure 7: Comparison between the experimental strain pole figures of gZr (four first columns )
and the model after fitting (columns 5 to 8) for the extruded and cold rolled samples. At the
bottom the same comparison is presented for wZr for the heat treated sample. The scales are in

HE.
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Processing Condition 110 200 211 220 a Nb at.%
Extruded 2.4943 | 1.7637 | 1.4397 | 1.2466 | 3.5268 20
Cold rolled 2.4889 | 1.7618 | 1.4394 | 1.2447 | 3.5224 23
After autoclaving 1.725 3.45 50

Table 2: Stress free d-spacing (A) estimated for the different diffraction peaks of FZr. In
the last column we present the estimated stress free lattice parameter.

As for aZr, in the case of wZr, the strain pole figures were constructed from the lattice
parameters of the unstressed unit cell. Table 3 summarizes the average d-spacing for the different
diffraction peaks. Compared to the values reported by other authors in Ref[52] (a=5.040,
c=3.125), there a small contraction of the lattice in the basal plane. The resulting strain pole
figures for wZr is also presented in Figure 7. By contrast to BZr, the variation of strain with
sample orientation for wZr is relatively small in the sample after autoclaving, and is in the same
order of magnitude of the strains measured for aZr.

ProcessingCondition 11-21 | 20-21 | 0002 | 11-22 a c

After autoclaving 1.96 1.787 | 1.5625 | 1.327 | 5.033 | 3.125

Table 3: Average values of d-spacing (A) for the different diffraction peaks of wZr. In the
last column we present the estimated lattice parameter.

4.3LSDF and SODF

As mentioned in Section 3, additional assumptions are necessary to improve the robustness of
the fitting process. These assumptions differ between the phases, and may allow fixing some of
the components of the macroscopic strain or stress tensors. Here, it was assumed that no
macroscopic stresses occur within the samples due to the small size of the coupons and the
careful process used to produce them. This implies that the macro-stresses calculated considering
all of the phases must be null. As the volume fraction of aZr is around 95%, it is a good
approximation to assume that the macro-stress for this phase is almost negligible. This
assumption is not valid for the minority phases, BZr, and ®wZr, hence no extra conditions were
imposed during the minimization procedure.

Table 4 lists the cutoff values Lmax of the strain (LSDF) and stress (SDF) Fourier expansion
(these quantities are defined in Appendix 1), the number of Fourier coefficients used for each
strain component, the number of total fitting variables, and the number of experimental points
involved in the inversion process, and the stiffness tensor constants adopted for each phase. The
reason for the reduction in the cut-off value for ®Zr is due to the limited number of pole figures
available for this phase, which are also more noisy compared to those obtained for aZr and BZr.
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Phase Lmax | No of | No fitting | Exper points | Single crystal stiffness (GPa)
coeff. | variables and Reference
oZr 6 40 240 ~19000 C1111=C2222=143.4, C3333=164.8,

C2323=C1313=32, C1212=35.3
C1120=72.8, C1133=65.3 Ref[21].

BZr 6 23 138 ~8800 C1111=145.9, C1122=117 .4,
€1210=29.8 , Ref[16].
oZr 4 15 90 ~7800 C1111=167, C2323=33.7,

C1122=69.8, C3333=198.7,
C1133=47.4, C1212=48.6, Ref[53].

Table 4: Parameters used for the Fourier expansion of strain and stress pole figures

In establishing the optimal value for Lmax in the series expansion of the strain tensor components,
a systematic approach was employed. The dependence of residuals per point was assessed across
incremental values of Lmax. The first instance where residuals fell below a predefined threshold
was selected. For aZr, this threshold was set at 100ue, while for pZr and ®Zr, it was set at
200pe. Caution is advised when utilizing Lmax values exceeding 10, as the LSDF may yield
unrealistically high values in regions of the Euler space characterized by a low ODF.

Subsequent to the fitting process, the optimal values of the parameters, along with their
respective covariant matrix, are acquired. Then, estimations of errors associated with the strain
and stress tensors become attainable. For aZr, the error margin of the reported stress values is
maintained below 15 MPa. Similarly, in the case of BZr, the reported strain values for the most
prominent texture components exhibit associated errors below 300pue.

It must be kept in mind that the LSDF and SDF provide information of the six individual
components of the strain and stress tensors, for all possible orientations of the crystallites,
regardless of their actual number in the sample. Because of this, even cuts of these distribution
functions present an enormous amount of information that is not relevant to understand the
effective strain or stress sates of the sample. Hence, for better understanding the results are
presented in terms of hydrostatic and deviatoric stress components, specified for the main fiber
texture for aZr, and for the main texture components for the minority phases. Additional
information from the refined LSOF and SODF is presented in Appendix Il

4.4.1 oZr phase

The right columns (5 to 8) of Figure 6 presents the results of fitting the experimental SPF for the
three samples analyzed. The color scale used for each sample is the same for both the
experimental and calculated data, and the quality of fitting is excellent. Figures A2.1 of
Appendix Il shows a cut with Phil=0 of the SODF for the three samples, with discrimination for
the six tensor components. In this cut of the ODF the most intense texture components are
present. Among the three samples, the shear components AR and AH have the lowest values,
particularly in the extruded sample and the sample after autoclaving (see Figures A2.1 to A2.3),
where these components are almost negligible. The diagonal components of the stress tensor and
the shear component HR vary markedly during cold rolling and relax after heat treatment.
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Figure 8: Profiles of the 6 tensor components SODF of &Zr along the line Phil=0, Phi2=0 for
the three sample: extruded (green), cold rolled (red) and after autoclaving (blue).

Figure 8 compares the six components of the stress tensor for the line Phil=Phi2=0,
corresponding to the region in the Euler space along the most important texture fiber (as seen in
Figure 2). This figure clearly shows the marked effect of cold rolling and the effectiveness of
autoclaving in relaxing intergranular stresses. The shear components AR and AH are almost
negligible compared to the other components. However, the shear component HR shows values
close to zero for Phi=0 (radial) and Phi=90° (hoop) and presents maximum values close to
Phi=45° which are comparable to the three diagonal stress terms. This indicates that the
principal stress components differ from the reference axis of the tube. After cold rolling,
significant intergranular stresses develop, with values ranging from +200 to -350MPa. Note that
we imposed zero macro stress during fitting, so if some grains are under strong stress, there must
be other grains (with different orientation) that compensate for it. This condition applies to
average over the entire Euler space, not to the reduced set of orientations included in Figure 8.
The values estimated for the intergranular stresses are comparable to the residual stresses
expected for this type of material after cold deformation [34]. Compared to a yield strength of
~500MPa, these values indicate the importance of intergranular stresses in evaluating the
mechanical response of the material.

For the aZr phase, the reconstructed hydrostatic strains can be almost univocally ascribed to
internal stresses. Figure 9 compares such hydrostatic stresses for the line of the ODF with
Phil=Phi2=0 for the three processing conditions, identifying the position of the main texture
components along this line. Figure 10 shows a graphical representation of the state of strain of
the hexagons for three selected grain orientations ( @) Mradiai, b) Phi=45° and ¢) mnoop) for the
cold-rolled sample. The black hexagons represent the unstrained state, while the red hexagons
represent the strained state (to visualize the differences, the strain was multiplied by 50). The
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arrows in the figures indicate the direction of the strain or stress along the three principal
directions. If an arrow is absent, it signifies low strain or stress. The myagial grains are compressed
along the radial direction and tensile strained along both the hoop and axial plane. The grains
oriented at Phi=45° are compressed strained along the c-axis and compressed along the [10-10]
axis, and almost unstrained along the [11-20]. Finally, the mnoop grains (the main texture
component) are compressed along the axial direction and tensile strained along the radial
direction, while they are almost unstrained along the hoop direction (c-axis of the hexagons).
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Figure 9: Profiles of the hydrostatic stress of aZr along the line Phil=0, Phi2=0 for the three
sample: extruded (green), cold rolled (red) and after autoclaving (blue).
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Figure 10: Graphical representation of the state of the oZr hexagonal crystals for three most
important/representative orientations of the ODF in the cold rolled sample. The stressed state is
represented by red hexagons, while the unstressed state is represented by black ones.

4.3.2 Minority phases: BZr and wZr

The right columns (5 to 8) of Figure 7 present the results of fitting the experimental SPF of BZr
for the extruded and cold rolled samples, showing very good agreement with the experimental
data. Figure A3.1 of Appendix 3 presents the six individual components of the LSODF. Figure
11 presents the hydrostatic strain evaluated from the reconstructed strain tensors for both
samples. The figure displays the cut Phi2=45° which contains the main texture components

18



Journal Pre-proof

introduced in Figure 3. To aid the visualization of the results, only those orientations with ODF
intensities higher than 20% of the maximum value are presented, whilst less probable
orientations appear in white.
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Figure 11: Hydrostatic lattice strain for the main texture components of fZr for (a) extruded,
and (b) cold rolled samples. Values evaluated from the recalculated diagonal. The scale also
indicates the estimated concentration of Nb in %at. The blue arrows indicate the average value
measured for each sample from Table 2.

In both samples hydrostatic strains are in the order of ~10* pe and vary among the different grain
orientations. These high strain values (as referred to pure BZr) correspond mainly to the lattice
expansion as a result of the ~20%at Nb content listed in Table 2. Hence, next to the strain scale,
a second scale is included to represent the equivalent Nb content. However, the observed
dependence of hydrostatic with crystallite orientation can be either associated to changes in Nb
composition or to the presence of hydrostatic intergranular stresses. Without a complementary
analysis, it is not possible to univocally identify its origin. For the extruded sample, the
homogeneity of hydrostatic strain observed for all orientations within the main texture
components suggest a compositional origin. On the other hand, for the cold rolled sample the
large strain gradient cbserved within the main texture components suggests an additional
contribution from intergranular stresses.

The magnitude of the intergranular stresses in the BZr phase was estimated by evaluating the
SODF from the deviatoric strain tensor presented in Figures A3.1 (applying Hooke’s law to the
individual texture component) using the stiffness of Table 4. Figure 12 presents the resultant
stresses for the cold rolled sample. As expected, the stresses for the extruded sample were below
100MPa for all the tensor components, and are not shown here. For the cold rolled sample, the
deviatoric intergranular stresses vary in the range from (-600 to 400) MPa These values are
higher than those obtained for the aZr phase, which range in the order of -350 to 200 MPa, as
shown in Figure 8. It is important to mention that when fitting the model for aZr, it was imposed
that the macro-stress must be zero.
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The deviatoric strain and stress tensors of BZr grains for the different grain orientations are much
more complex than those observed for aZr. In particular, the shear components are of similar
magnitude than the diagonal terms, indicating that the principal axis differ from the principal
direction of the tube (AD, HD and RD).
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Figure 12: Deviatoric stress tensor for the cold rolled sample evaluated from the 6 component
of the recalculated SODF of gZr for the cut Phi2=45°. The scales are in MPa.

Regarding the sample after autoclaving, the right column of Figure 7 presents the results of
fitting the experimental SPF for wZr, which shows only an acceptable agreement with the
experimental data. However, since the orientation distribution function (ODF) of this phase is
dominated by a single texture component, we have evaluated the stress state only for this specific
orientation using the stiffness constant listed in Table 4. The resulting stress tensor is:

57 29 32
Owzr ={29 —163 26| *15MPa
32 26 6

All of the components, except for onH, exhibit low values. Interestingly, onn demonstrates a
compressive character, which is compatible with the observed negative strain of the (0002) strain
pole figure along the hoop direction.

5 Discussion
5.1 Evolution of texture during the process

One of the main results of this work is the determination of the evolution of the crystallographic
texture of the minority phases at the different stages of the manufacturing process. However, it is
worth mentioning the results obtained for the texture of the major aZr phase agrees completely
with the literature [19,44, 45, 37]: the oZr is mainly determined during extrusion, and remains
relatively stable through the remaining process, with only a small intensification of the Mmoo
orientation is observed due to the cold rolling process, as observed in Figure 2

20



Journal Pre-proof

For the minority BZr phase, it was observed that the texture is dominated by three main texture
components: gé, gf?, and g?;. The BZr texture does not show significant changes due to the cold

rolling process and maintains a precise orientation relationship (Burger's orientation relationship)
with the oZr texture. Similar to aZr, the texture of BZr is generated during the extrusion process
and undergoes minor changes during cold rolling. An asymmetry between the upper and lower
sections of the pole figures was observed, likely due to the shear forces exerted during the
extrusion process by the surrounding oZr grains.

After the autoclaving process, BZr grains undergo decomposition into wZr and an enriched Benr
phase, as evidenced by a decrease and a shift of all BZr peaks, and the emergence of several ®Zr
peaks. This prevents the definition of the ODF for the PZr phase in the material after
autoclaving. However, the analysis of the evolution of the experimental pole figure of the only
remaining BZr peak, (200), presented in Figure 4, indicates that decomposition of BZr grains
depend on orientation, and occurs first in grains with the most prominent texture components,
g 9 and g3, suggesting an oriented selective process.

For the first time, the crystallographic texture of ®Zr formed during heat treatment was
determined, as shown in Figure 5. This texture is characterized by a single texture component,
with an orientation that is consistent with oZr grains coming from the decomposition of the main
BZr texture components (g}f, gf;, and gf}). This result reinforces the notion that decomposition

occurs first on B grains with the most frequent orientation, indicating that the kinetics of
decomposition is orientation-dependent.

5.2 Implication of the presence of intergranular stresses

Hydrostatic stress is a crucial factor that affects the distribution of hydrogen (H) in solid
solution, which in turn affects the formation of hydrides in the material during service. It is well-
known that the presence of H causes elastic expansion of the crystal structure, making it less
likely to find H in solid solution in grains under hydrostatic compression, and more likely to find
higher concentrations in grains with tensile hydrostatic stress. At the service temperature of
~320°C, where H uptake occurs, the stress field is expected to remain stable with respect to those
presented in Figure 9. Therefore it is expected that in the cold rolled and autoclaving conditions
H would tend to concentrate in grains with orientations close to gradial, Where positive hydrostatic
stresses occur, while avoiding orientations such as groop, Where compressive-like hydrostatic
stresses are present, This may affect the probability of hydride precipitation in grains with these
orientations, favoring their formation in grains with gradgia Orientation and hindering their
formation in those with gHoop Orientation. This effect is expected to be reflected in the final
texture of the hydride phase. The study by Vicente Alvarez et al. [37] presented the hydride
texture of a heat-treated Zr2.5Nb pressure tube, and one of the key findings was that the
probability of hydride precipitation increases as the c-axis of the grains rotates from the hoop to
the radial direction, i.e., as the grain orientation changes from gnoop t0 QRradia. This result is
consistent with the conclusions drawn in the present work.

In reference to BZr, the experimental d-spacing of various diffraction peaks differs significantly
from those of pure BZr. From the analysis of the strain pole figures, LSDF were obtained for this
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phase for the extruded and cold rolled samples. The results for the different grain orientations
were presented separated as hydrostatic contribution and deviatoric tensor contribution.

The hydrostatic strain present values of the order of ~10*. As mentioned before, it is not possible
without additional information to separate the effect of Nb content to that of hydrostatic
intergranular stresses. Under the assumption that hydrostatic strains are predominantly induced
by Nb content, Figure 11 illustrates that for both extruded and cold-rolled samples, the Nb
content varies across grain orientations. Notably, the principal texture components exhibit the
highest Nb content, approximately 2% more than the overall average. It is noteworthy that grains
with the highest Nb content in solid solution are the ones undergoing the initial decomposition
into wZr during annealing (refer to Section 5.1). Clearly, a discernible correlation exists between
these two observations. The Kinetics of BZr decomposition during autoclaving is typically
depicted using Time-Temperature-Transformation (TTT) diagrams. The presence of a higher Nb
content in the grains may induce a shift in these lines towards shorter times, resulting in an
earlier onset of decomposition.

In the extruded sample, the deviatoric stress tensor present values below 100MPa for all tensor
components. After cold rolling, BZr grains experience a marked increase of the magnitude of
intergranular stresses, much more than that observed for the major phase aZr. Depending on
grain orientation a tensor component, stresses in the -600MPa to 400MPa range are estimated
(see Figure 12). On the contrary, for aZr in the cold rolled condition intergranular stresses are
lay within the -350MPa to +200MPa range (see Figure 8). This observation suggests that BZr
grains experience higher plastic deformation and act as stress concentrators. This result is
consistent with the findings of Ref[16] in which the authors investigated the evolution of the
average strain in both aZr and BZr using neutron diffraction during tensile and compression tests.

The wZr phase appear only after autoclaving, and the strain pole figures for this phase show
values of magnitude below 1000 e, which are similar to those observed for aZr in the same
processing condition. The texture of this phase is dominated by a single pole. After applying
Hooke’s law, the stress tensor for this main orientation could be estimated. The values obtained
are low for all tensor components except for the HH component which ends with a slight
compression of -160MPa. The origin of this stress is not clear, since is the result of the activation
of several mechanisms including stress relaxation of parent BZr and transformation strains
during oZr formation.

Another significant implication arising from the existence of intergranular stresses is closely tied
to the determination of crystal defects (such as dislocations, twins, and grain size) within the
grain through analysis of diffraction line shapes. It is widely recognized that the physical
broadening of diffraction peaks is influenced by the presence of defects. Various methods,
including the Convolutional Multiple Whole Profile (CMWP), Warren Averbach, and
Williamson-Hall techniques, are employed to estimate dislocation densities. As pointed out by
Griffiths et al [57], this fact has prevented the determination of dislocation densities in cold
worked pressure tubes because part of the line broadening is attributed to the interganular
stresses. This phenomenon arises because the observed diffraction peak ultimately emerges as
the composite outcome of diffraction peaks originating from individual grains oriented

22



Journal Pre-proof

differently (each with its respective (hkl) plane normal aligned parallel to the scattering vector).
Within the context of intergranular stresses, these individual peaks might experience shifts,
causing the collective average of these peaks to manifest as a broader, singular peak. Knowing
the orientation distribution function of intergranular stress allows for a proper estimation of their
impact on line broadening, yielding to a more accurate estimation of crystal defects.

5.3 Origin of Intergranular stresses

The section 4 presents results that reveal the presence of intergranular stresses in the polycrystal.
However, interpreting the mechanisms that generate these stresses is not a straightforward task,
as they arise from the complex interaction among the grains composing the material and are self-
compensating to some extent. This difficulty increases when multiple phases are involved, as
stresses can distribute differently not only along grains with different orientations but also across
grains of different phases. Additionally, the shape of the grains (lamellae in this work, see Figure
1(e)) may also influence the stress distribution.

This work investigates intergranular stresses in three samples, each associated with distinct
mechanisms. In the extruded sample, the material was deformed at high temperature (~800°C)
and subsequently cooled down to room temperature. As a result, intergranular stresses at high
temperature were negligible, and those observed at room temperature can be attributed to
differences in thermal contraction between grains with different orientations (thermal stresses)
[58]. In contrast, the cold-rolled sample exhibiis. intergranular stresses induced by the
mechanically imposed deformation, which results in different responses from grains with various
orientations and corresponding to different phases (deformation stresses). In the heat treated
sample, the observed intergranular stresses arise from the relaxation of the deformation-induced
stresses that developed during cold rolling. Overall, the three samples provide valuable insights
into the various mechanisms that can give rise to intergranular stresses in polycrystalline
materials, highlighting the importance of understanding the underlying processes to design and
engineer materials with desired properties.

Prediction of the observed intergranular stresses needs micromechanical modeling of the
polycrystalline ensemble. An example of this type of model is the elasto-vicsoplastic model
developed by Turner and Tome [54]. In this model, the grains are modeled as an inclusion in a
medium, whose response is self-consistently evaluated. The texture of the material is
incorporated through the medium, while the elasto-plasctic response of the inclusion depends on
the activation of the different slip and twinning modes. While the solution of this problem is not
straightforward, it is possible to obtain it using specialized programs that are outside the scope of
this work. Nevertheless, the results presented in this study provide valuable insights for
calibrating and validating micromechanical models of this type.

6 Conclusions

Crystallographic texture and intergranular stresses are crucial factors in determining the
properties and performance of polycrystalline materials. In Zr alloys, the coexistence of
hydrogen and stresses can trigger a degradation mechanism, known as delayed hydride cracking,
leading to catastrophic failure. While the crystallographic texture of the majority aZr phase is
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well documented, this study presents, for the first time, the evolution of the crystallographic
texture of the minority BZr and wZr phases in a Zr2.5Nb pressure tube under three different
processing conditions: extruded, cold rolled, and after autoclaving. It is also presented for the
first time the map of the intergranular stresses of aZr, BZr and wZr as a function of grain
orientation and how they are affected during the fabrication process. The dependence of these
stresses with grain orientation were determined by analyzing the lattice strain pole figures, which
were obtained through high-energy synchrotron X-ray diffraction experiments conducted at the
Advanced Photon Source using transmission geometry.

It was found that the texture of the BZr phase changes only slightly after cold rolling, and the
Burgers orientation relationship between the oZr and PZr phases remains intact. After
autoclaving, certain BZr grains decompose first, and grains corresponding to the wZr phase are
formed. The texture of the wZr precipitates is dominated by a single component that follows the
B(111)//®(0001) and B<-110)>//w<11-20> orientation relationship with the first BZr grains to
decompose. The Nb concentration in solid solution was found to increase from 20 at% to 50 at%
after heat treatment.

The methods to obtain the intergranular stresses from the SPF are based in the Fourier expansion
of the strain tensor coefficients. In this work, an optimized methodology is proposed to obtain
orientation distribution of intergranular stresses from the strain pole figures, which is done by
expanding the distributions into symmetrized Fourier functions of the Euler space and fitting the
Fourier coefficients of the expansion using a least squares method.

The intergranular stresses in oZr grains after extrusion were found to be low, below 60 MPa.
However, the rolling process leads to a significant increase in intergranular stresses, with
maximum values reaching 200 MPa to -350MPa, and a strong dependence on grain orientation.
The post-autoclaving treatment effectively produces stress relaxation, but the dependence of
these stresses on grain orientation persists. For the cold-rolled and post-annealed samples, the
hydrostatic stress is tensile for grain orientations with their c-axis along the radial direction and
compressive for those grains oriented with their c-axis along the hoop direction. The abnormal
dependence of precipitation probability of hydrides with grain orientation observed in this
material can be explained by a reduction of H in content in solid solution due to the presence of
tensile type hydrostatic stresses.

The BZr phase grains exhibit significant intergranular strains in both the extruded and cold-rolled
conditions. The hydrostatic part of this strain was associated with a variation in the content of Nb
in solid solution. It was observed that those BZr grains with the most frequent orientations
present higher hydrostatic strain, that was associated to higher amount of Nb in solid solution. At
the same time, these grains decompose first into wZr during annealing, suggesting that there is a
relation between the kinetic of BZr decomposition and the content of Nb in solid solution. On the
other hand, deviatoric strains were associated with intergranular stresses. For the extruded
sample, these stresses are below 80 MPa, while for the cold-rolled condition, they increase to
values of -600 to 400 MPa, much higher than those observed for aZr. This is attributed to a
higher degree of deformation of this phase and its role as a stress concentrator. Overall, this
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study provides valuable insights into the crystallographic texture and intergranular stresses of Zr
alloys and their effects on the material's properties and performance.

APPENDIX | : LSDF and SODF Inversion method

In this appendix a description of the main steps to obtain the expressions of the strain pole
figures as a function of the Fourier parameters of the strain tensor components is presented. In
this work, the Fourier expansion of the ODF and the strain tensor components is done on a
symmetrized basis that fulfills with the crystal symmetry and the strain field symmetry. This new
methodology permits reduce considerably the number of parameters during the fitting of the
strain pole figures. Also, with this basis the representation of the LSDF and the SODF end
defined in the fundamental region of the Euler space.

Fourier expansion was used by different authors ([23-27,29,30, 32-33]) using non-symmetrized
Jacobi augmented functions Zimn to perform analytical integration of Eq.(1). Only Behnken
utilized symmetrized generalized spherical harmonics [28] as defined in the book by Bunge for
the expansion [40], however in his work integration over g, was carried out numerically. Popa
and Balzar [31] took a different approach by defining the weighted strain ODF as the product of
g5 = €4(p, ) f(g) and transformed Eq.(1) to a problem similar to that of quantitative texture

analysis (QTA) by multiplying &,;(o, ¢) by the denominator (fglf(g).dg). The resulting

quantities were expanded in generalized spherical harmonics, and a similar linear system was
obtained that links the SPF and the Fourier coefficients of ¢ 4.

In this study, the approach introduced by Wang et al.in Ref[23] was adopted but employ the
symmetrized generalized spherical harmonics described in Bunges’s book [40] as expansion
functions. Unlike the method proposed by Behnken, the integration in Eq.(1) was performed
analytically. A detailed derivation of the SPF expression in terms of these functions is provided
here for clarity.

Following Bunge [40], f(g) can be expanded in a series of symmetrized generalized spherical

; CS,SS.
harmonics T;,;,>":

f(@) = Zi=o Ty T Cun T (9) (A1)

where CS and SS refer to crystal and sample symmetry, respectively, C,,, are the Fourier
coefficients and summations run from 1 to M(1) and N(1). Functions T, > are evaluated as a
linear combination of the non-symmetrized generalized spherical harmonics Ty, as:

TS5 (9) = Bhieet Dhe 1 AlinuAlSy Tinn(9) (A2)

Functions T,,, are a generalization of the associated Legendre functions and are defined in
Chapter 14 of Ref [40] . Coefficients Af;,, and Aj5, depend on the crystal and sample
symmetry, respectively. Using symmetrized functions provides two advantages: 1) it allows for
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the reduction of the Euler space to the fundament region, and 2) there is a significant decrease in

the total number of functions T.;>° required to expand the ODF when compared to the non-

symmetrized case, where this number increases as (20 + 1)? for each |. The definition of
coefficients Affn# for hexagonal, orthorhombic, tetragonal, and cylindrical symmetry can be

found in Table 14.4 of Ref[40], while the coefficients for cubic symmetry are listed in Table
15.2.2 of Ref[40] and also in Refs[41, 42].

In a similar way, strain tensor components can be expanded in these functions:

l l ij
2.(9) = Dino ThY IV EL TESS () (A3)

ij

In this expression £,

are the Fourier coefficients 1 » v of the ij component of the strain tensor.

It is important to note that the sample symmetry SS does not correspond to the texture of the
material but rather represents the lower symmetry that is shared by both the texture and the strain
field.

By substituting Eq.(A2) and (A3) into Eq.(1), the integral can be analytically evaluated, leading
to the following expression for the SPF:

enr (P, §) =
j L+l e
Zij OCl-O(j Z lpv Cl“VEZHng lezug_” Zugvg{llsuuglll Hl} {llsvvslllvl}SS

lep,ve

8n? P ~
<Zzw Co oy Kl () k?f(r)) (A%)

8r2
2l1+1)

R QONAGY

where {ll uu|l;u,} 5are the symmetrized version of the Clebsch-Gordon coefficients and
kf,f(??) are the symmetrized surface spherical harmonics. In this equation h represents the
direction of the (hkl) plane normal in the crystal reference system, while 7 is the direction of the
scattering vector in the sample reference system (corresponding to angles (p, ¢) of the pole
figures). By utilizing Eq.(A4), the Fourier coefficients of the strain tensor EZ, = can be obtained

leleVe
from the experimental SPF through linear inversion.
The stress tensor components can also be expanded using the functions T with

.. ij
coefficients I, ,,

similar to the expansion of the strain tensor. Furthermore, the stiffness tensor
components can be expressed as a linear combination of generalized spherical harmonics of
order up to I=4, as demonstrated in Refs [40]. As both strain and stress exhibit sample symmetry,
the stiffness tensor in Eq.(3) must also satisfy sample symmetry for Hooke's relation to be valid.

Consequently, the stiffness tensor can be expanded in terms of symmetrized generalized

spherical harmonics of the type T,.5°°, with coefficients Qlijﬁivs. Therefore, Eq.(3) can be
transformed into a relation between the Fourier coefficients of the stress and strain tensor

components:
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Flld\, = qu leusvs Qlliﬁsq\;s Ell;lpsvs{lsleusl/ls|lu}cs{lslsvsvellv}ss (AS)

leMeVe
Eqg.(A5) provides a direct method for computing the Fourier coefficients of the stress tensor,
given that those of the strain tensor have been determined.

Several authors have pointed out that in order to obtain reliable results from the least square
minimization of Eq.(A4) to the experimental SPF, certain extra conditions on the strain/stress
fields should be assumed, taking into account the errors of the experimental data, the number of
SPF used and their coverage. Wang et al. proposed a misfit function that quantifies the deviation
of the estimated states of stress and strain from the self-consistent solution of grains embedded in
a homogeneous medium [23]. Behnken introduced several additional conditions, such as the
minimization of stress, strain, and energy variances as a function of grain orientation, and some
other physical considerations [28]. Bernier and Miller suggested the minimization of the
integrated value of the gradient of the strain field and the trace of the strain field over the whole
fundamental region of the Euler space [29]. All of these conditions make the minimization of
Eqg.(A4) a non-linear problem.

This model was implemented in MATLAB, utilizing various functions from the MTEX library
[43]. In order to program the symmetrized generalized spherical harmonics, we followed the
convention described in Bunge's book [40]. Rather than coding the Ty, functions using their
expression in terms of the three Euler angles ( b1, P, 0 2), we utilized the Wigner functions that
were already defined in the MTEX toolbox, taking advantage of MTEX's capabilities to facilitate
fast Fourier coefficient evaluation. Similarly, we defined the symmetrized surface spherical

harmonic functions kf;;. The symmetrized Fourier coefficients Cy,, of functions T, were
also defined in this way. Additionally the symmetrized version of the Clebsch-Gordon
coefficients were programmed, which were evaluated using the non-symmetrized version
included in MTEX. The LSQNLIN subroutine of MATLAB was used for minimization

purposes.
APPENDIX Il: SODF of a-Zr

In this appendix, the results obtained for the SODF of the aZr phase are presented. The cut with
Phi1=0 is shown since there appear the main texture components of this phase. Each panel
contains 6 Figures corresponding to the 6 stress tensor components in the sample reference
system (AD, HD and RD).
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Figure A2.1: Phil=0 section of the SODF of aZr for the 6 tensor components for (a) Extruded sample (b)
cold rolled sample (c) Autoclaved sample. The colour scales give stress values in MPa.

APPENDIX I1l: LSDF of B-Zr

In this appendix, the results obtained for the deviatoric part of the LSDF of the BZr phase are
shown for the extruded and cold rolled samples. Only, the cut with Phi1l=45° is presented, where
the three main texture components can be clearly identified. For visualization purposes only
those orientations with intensity in MRD higher than 20% of the maximum value of the ODF are
shown, while the results for other orientations appear as white regions.. The volume fraction of
all these orientations represents 40% of the total material Each panel contains 6 Figures
corresponding to the 6 stress tensor components in the sample reference system (AD, HD and
RD).
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