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ARTICLE INFO ABSTRACT

Keywords: This work evaluates the microstructural evolution of cold-worked, stress-relieved Zircaloy-4 cladding from

Fflﬂ Cladding pristine to uniaxial and biaxial deformed states. Differential aperture Laue diffraction and electron backscatter

ﬁfcaloy diffraction techniques are used to characterize intragranular strains, strain gradients, and grain fragmentation as
icrostructure

metrics of deformation microstructure. The effects of mechanical anisotropy on deformation microstructure are
investigated by comparing characterization results of samples subjected to different applied loads, including
biaxial internal pressure and uniaxial tension along the rolled direction at 400 °C. Quantitative comparisons are
made between the pristine microstructure and deformation-induced microstructure under both loading modes.
Viscoplastic self-consistent simulations are performed to further investigate the microstructural evolution. Re-
sults indicate that biaxial loading from internal pressurization increases the deformation microstructure more
than uniaxial loading along the rolled direction due to the relationship between loading and texture symmetry.
Additionally, characterization results and simulations show distinct deformation-induced micro-textures: axial
loading promotes a prismatic {10.0} fiber texture in the rolled direction, which strengthens the micro-texture
inherited from pilgering, whereas pressure loading results in a {21.0} texture fiber, weakening the original

Mechanical Anisotropy

micro-texture inherited from pilgering.

1. Introduction

Nuclear fuel cladding in light water reactor conditions can be
exposed to inelastic deformation during anticipated operational occur-
rences such as pellet-cladding interaction (PCI) or fission gas release
scenarios. Inelastic deformation changes material microstructure, usu-
ally by generating dislocations that propagate slip, forming microscopic
strain and rotation gradients compatible with the macroscopic strain.
Defects such as vacancies, interstitials, grain boundaries, and other
dislocations can obstruct dislocation glide which increases the material
strength but reduces ductility. These microstructural changes are crucial
to the performance and failure limits of nuclear fuel cladding [1] and
can improve fuel performance simulations through material models that
account for cold-work factors and cumulative damage fractions [2].

Light water reactor cladding applications widely use zirconium al-
loys, which have a hexagonal close packed (HCP) crystal structure and

slip systems with differing properties [3]. This results in a preferential
crystallographic texture forming during manufacturing, commonly
retained to improve the cladding strength and resistance to thinning [3].
Pilgering seamless cladding tubes and rolling flat plates produces similar
textures with characteristic properties in the rolling direction (RD),
transverse direction (TD), and normal direction (ND) which correspond
to the axial, hoop, and radial directions in cladding tubes, respectively.
HCP microstructure plasticly deformed using these forming techniques
results in a strong basal (00.2) texture fiber in the ND and prismatic {
10.0} fiber in the RD, but recrystallization causes the basal planes to
rotate by + 30° about the c-axis changing the RD fiber to {21.0} [3,4].
Cold-worked, stress-relieved (CWSR) annealing partially recrystallizes
the cladding after pilgering but retains some cold-worked microstruc-
ture to achieve higher strength and is often used for pressurized water
reactor cladding [5,6]. This produces a bimodal microstructure: the
recrystallized (RX) fraction displays {21.0} texture in the RD with low
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intragranular misorientation, and the residual cold-worked fraction
displays {10.0} texture in the RD with high intragranular misorientation
[4].

Uniaxial mechanical testing is commonly used to measure mechan-
ical behavior of materials, including research on anisotropic textured
Zircaloys [7-12]. However, PCI conditions produce biaxial loading with
an axial/hoop stress ratio of approximately 0.75 [13,14]. Previous
research has demonstrated that internal pressure loading better emu-
lates the resolved shear stress distribution of PCI conditions compared to
uniaxial loading in the RD, which affects the mechanical behavior of the
cladding [15]. Prior microstructure characterization suggested that the
deformation microstructure, such as residual strain and intragranular
misorientation, is also sensitive to the applied loading mode: for the
same equivalent strain, the sample deformed via internal pressure dis-
played signs of increased deformation microstructure compared to the
sample deformed via uniaxial tension in the RD [16].

Viscoplastic self-consistent (VPSC) simulations can aid in relating
mechanical and microstructural results by modeling the deformation
activity of a material responding to an applied load and predicting useful
data such as texture evolution and plastic spin. Plastic spin is an effect of
continuum plasticity in polycrystalline materials where volumes of
microstructure are required to rotate in different directions via dislo-
cation slip to maintain continuity across grain boundaries during plastic
deformation [17,18]. Rotation can occur at various length-scales,
encompassing multiple grains, a single grain, or even small crystallites
within a grain, but plastic spin specifically refers to non-coaxial rotation
from the macroscopic rotation due to plastic slip alone [17,19,20].
Plastic spin is an important consideration for anisotropic materials at
high strains, particularly those with HCP structures [18-21].

Zircaloys are challenging to characterize because the soft metal galls
easily during metallographic preparation and an oxide layer can quickly
form in air between polishing and characterization. CWSR Zircaloy-4
(Zry-4) presents an even greater challenge due to small grains, high
residual strains, and high intragranular misorientation [22]. The exist-
ing cold-worked microstructure from manufacturing can obscure the
microstructural evolution resulting from plastic deformation. This study
investigates the deformation microstructure of CWSR Zry-4 cladding in
the pristine and deformed states using differential aperture Laue
diffraction and electron backscatter diffraction (EBSD) techniques. A
sample deformed using biaxial internal pressure loading is characterized
in detail alongside a pristine sample to reveal how inelastic deformation
modifies CWSR microstructure under PCI conditions. These results are
compared to a sample deformed by uniaxial tension in the RD to eval-
uate the effects of mechanical anisotropy on microstructure evolution.
The effect of differing RD, TD, and ND strain ratios from the applied
loading modes are studied using VPSC modeling. This comparison aims
to clarify if and under what conditions uniaxial microstructure is
representative of biaxial deformation induced microstructure.

2. Materials and methods

Samples characterized in this study are selected from CWSR Zry-4
cladding tested in [23]. In this study, Zry-4 cladding was cut into 15
cm segments and loaded using axial tension and internal pressure to
high strains with axial and transverse extensometers to provide known
strains for the gauge section. Samples were heated in a furnace in an
argon atmosphere for one hour at temperature before applying 0.1 % per
minute (1.67 x 10~°/s) monotonic axial and hoop strain rates for axial
tension and internal pressure loading, respectively. A more detailed
description of the mechanical testing system and methods is provided in
[23]. These mechanical testing sample provide prototypic cladding
deformed with different applied stresses used for this analysis of
microstructure anisotropy.

Samples are selected from [23] aiming to procure a sample deformed
at elevated temperature using full-tube axial tension, with increased
work hardening effects compared to a similar sample deformed using
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internal pressure. An undeformed sample is also characterized to
compare the pristine microstructure with the deformation-induced mi-
crostructures of samples subjected to the biaxial and uniaxial loading
modes. These samples are described using their biaxial-deformed, uni-
axial-deformed, and pristine states hereon. The cladding material is
from the same batch of cladding as [15,16,23] and is described further
therein. The von Mises effective stress (cefr) and equivalent strain (€eq)
are used to compare stress and strain from different loading modes
assuming no shear components as shown in Equation (1) and Equation
(2) [24]. Table 1 provides a summary of relevant sample properties.
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Samples are prepared for characterization by cutting the gauge sec-
tions of the cladding tubes into smaller pieces using a SiC cutoff saw
blade cooled with water. These pieces are then subjected to a mechan-
ical grinding process with SiC papers of varying coarseness (400, 600,
800 grit) to reveal the RD-TD plane. This plane forms the sample surface
as shown in Fig. 1 (a) and is oriented such that its normal vector is
aligned with the ND axis of the cladding. Following the grinding process,
the samples are polished using diamond lapping films with particle sizes
of 3 ym and 1 pm, respectively. The final polishing step involves a
chemical-mechanical process using a 20 nm colloidal silica solution for
30 min. Residual strains from polishing are removed using cryo-
electropolishing conducted for 1 min using the following conditions:
solution (93 vol% ethanol, 7 vol% perchloric acid), and electropolishing
parameters (0 °C, 95 mA, 25 V).

The 3D X-ray Microscope (3DXM) used for the Laue diffraction in this
work is located at Argonne National Laboratory (ANL) in the Advanced
Photon Source (APS) synchrotron, beamline 34-ID-E. The 3DXM per-
forms Laue micro-diffraction using a focused beam with a differential
aperture and area detectors to illuminate and reconstruct sub-micron
voxels in three dimensions. The Laue diffraction patterns correspond-
ing to each voxel in the sample are used to determine the localized
orientation and deviatoric lattice strain tensor. A photograph of the
beamline is included in Fig. 1 (b) and further discussion of this technique
is available in [25,26].

This study primarily employs the polychromatic x-ray beam with an
energy range of 7-30 keV, focused using a pair of Kirkpatrick-Baez (KB)
mirrors to approximately 300 x 300 nm? with a flux of about 10'!
photons/s. Laue diffraction patterns are collected by the pixel-array
Perkin-Elmer detector (2048 x 2048 pixel grid, 200 x 200 pum? pixel
size) positioned about 500 mm above the sample centered at a scattering
angle of 90°. The geometry of the detector and wire are calibrated using
a strain-free 5 um thick silicon wafer [27]. The Zry-4 sample is mounted
in a 45° reflection geometry as shown in Fig. 1 (a), so the cladding RD,
TD, and ND correspond with the H, X, and F axes, respectively. Sample
structure is imaged in the X-Z plane with 0.5 pm resolution by analyzing
Laue diffraction patterns collected with an exposure time of one and two
seconds for pristine and deformed Zry-4 samples, respectively, in a 2D
scan. At each sample X position, a differential aperture scan is performed
by moving wire along the H direction across the diffracted X-rays to

Table 1
Mechanical testing parameters of characterized samples.
Samples Temperature  Loading ORD b ieh R egjl‘
Mode oTD max
Pristine - - - - 0%
Biaxial- 400 °C Internal 0.5 —2.43:16.1: 4.2
Deformed Pressure —~15.7 (x 107%/s) %
Uniaxial- 400 °C Axial o0 16.0: —11.8: 5.1
Deformed Tension -375(x 10°%s) %
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Optical
Microscope

Fig. 1. (a) Schematic of the sample coordinate system (X, H, F) and the beamline coordinate system (X, Y, Z). (b) Photograph of the APS beamline 34-ID-E with an

inlay showing the sample target and differential aperture.

resolve diffracted signals from sample along Z. Depth-resolved Laue
pattern reconstructions and Laue diffraction peak indexing are per-
formed using the high-performance computing cluster at ANL. An
example of a depth resolved Laue pattern is included in the Supple-
mental materials (Fig. S1). Lattice parameters, a and ¢, are measured in
the pristine sample using monochromatic energy scans across relevant
spectra to determine the photon energy with the strongest diffraction
conditions. Three independent diffraction peaks, (12.4), (23.5), and
(33.8), are scanned in this manner to measure the lattice parameters and
an example is included in the Supplementary materials (Fig. S2). Local
deviatoric lattice strain is calculated and visualized using Igor Pro 9 and
MATLAB R2020b. Due to beamline availability, only the pristine and
biaxial-deformed samples are characterized using 3DXM.

EBSD characterization is performed using a ThermoFisher Scientific
Scios 2 DualBeam scanning electron microscope coupled with a Sym-
metry S3 EBSD detector (Oxford Inc.). The EBSD acquisitions are per-
formed with the sample surface highlighted in Fig. 1 (a) at 70° tilt to the
beam axis, using a 6.4nA current at an accelerating voltage of 20 kV and
a working distance of 15 mm. Scans parameters are included in the
Supplementary materials (Table S1). EBSD data are processed using the
software ATEX by [28], v. 14. Grain boundaries are defined where
misorientation from the nearest neighbors is greater than 10° and Grain
sizes (d) for EBSD and 3DXM methods are calculated using the surface
area (S) of the grain according to Equation (3). Kernel average misori-
entation (KAM) measures orientation gradients indicative of strain and
is used as a short-range metric of deformation, while the disorientation
from average orientation (DAO) measures compounded misorientation
and is used as a long-range metric of deformation. KAM is used to
determine the RX fractions where the average and maximum KAM
within a grain must be less than 2° and 5°, respectively.

d=2e4/= 3)
o

The texture and grain morphology of the pristine cladding from EBSD
datasets at all magnifications are used to perform VPSC simulations
using the software ATEX by [28], v. 14. The pristine microstructure is
used to provide identical initial conditions and the strain rates provided
in Table 1 are used to define the macroscopic velocity gradient tensor for
5 % strain. In addition to modeling the internal pressure and RD tension
velocity tensors, a TD tension velocity tensor is simulated using the RD
tension velocity tensor with the RD and TD rates switched. These strain
rates may not perfectly represent experimental strain rates of uniaxial
tension in the TD, but Wang & Murty [29] show that Zry-4 anisotropy
constants are similar at 400 °C indicating that this assumption is
applicable. The uniaxial-TD simulation is performed to investigate dif-
ferences between uniaxial and multiaxial loading versus uniaxial
loading-texture orientation.

Prismatic type I {10.0}(12.0), basal (00.2)(12.0), and pyramidal
type I {10.1}(21.3) slip system families are simulated to include the
primary slip systems active in Zr and Zircaloys [3,30,31]. The relative
strength of each slip system is calculated at 400 °C using equations for
critical resolved shear stresses provided in [7,30], with the prismatic,
basal, and pyramidal systems achieving relative strengths of 1, 3.2, and
7.7, respectively. Further discussion of the relevance of these slip sys-
tems and the temperature-dependent equations for the critical resolved
shear stresses is included in [15]. The self-consistent model is chosen
with dislocation cell hardening while all other values are left default. All
simulation variables other than the macroscopic velocity gradient tensor
are identical for each simulation and are available in the Supplementary
materials (Fig. S3).

3. Results
3.1. 3DXM

The basal (00.2) orientation characteristics of the pristine and
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biaxial-deformed samples are shown in Fig. 2. The orientation data are
presented in the sample coordinate system using ND projection pole
figures with each voxel directly projected on the pole figure. The inverse
pole figure (IPF) micrographs show the indexed voxels of the illumi-
nated plane displaying the orientation data using the ND pole figure
coloring. Fig. 1 (a) helps relate the RD-TD axes used to display the ND
projection of the sample surface and the X-Z axes of the illuminated
plane. The 3DXM acquires a relatively high index rate in the pristine
sample and a low index rate in the biaxial-deformed sample and the
micrograph sizes are adjusted to display areas with relatively high index
rates. Only one grain in the biaxial-deformed sample is well-resolved, so
a grain with similar orientation and size is selected from the pristine
results for direct comparison. The grain size in the pristine sample is 7.1
pm and the grain size in the biaxial-deformed sample is 5.7 pm, which
are marked in Fig. 2 to show the grain orientations (a)-(b) and mor-
phologies (c)-(d). The basal DAO of these grains are shown in Fig. 2 (d)-
(f) with the basal orientations within + 0.05° for the pristine grain and
=+ 1.5° for the biaxial-deformed grain.

The lattice strain components of the chosen pristine and biaxial-
deformed grains are shown in Fig. 3 (a)—(f) using red and blue to indi-
cate tension and compression, respectively. Histograms with Gaussian
fits are included in Fig. 3 (g)—(i) to better quantify the strain variation
which are significantly higher in the biaxial-deformed sample and
display localized tension-compression variations compared to the pris-
tine sample. The relationship between the trace lattice strains (HH, XX,
FF) and the sample axes (RD, TD, ND), respectively, is provided in Fig. 1
(a). The lattice strain components are used to calculate the equivalent
strains according to Eq. (2) and the a/c ratio variation assuming constant
unit cell volume. The results of the equivalent strain and a/c ratio
variation are shown in Fig. 4 for all indexed pixels (a)-(b) and the single
grain analysis (c)-(d). Particularly within the single grain, the pristine
sample displays narrow distributions of these metrics. The lattice pa-
rameters measured using the monobeam energy scans are a = 0.32289
(5) nm and ¢ = 0.51435(5) nm which are similar to the results of pure
zirconium [32]. The average (p) and standard deviation (o) fitting

RD
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M
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0's
-90 -45 0 45 90
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parameters for the distributions are listed in Table 2.

3.2. EBSD

Fig. 5 shows the microstructure characteristics of the pristine,
biaxial-deformed, and uniaxial-deformed samples using micrographs
with ND inverse pole figure (ND||IPF) coloring. Samples display typical
CWSR texture with a strong basal-ND fiber indicated by the coloring in
Fig. 5, and pole figures are included in the Supplementary materials to
help quantify the texture (Fig. S4). The residual cold-worked micro-
structure from pilgering and annealing during manufacturing display
similar characteristics to the deformation microstructure, so are
collectively referred to as un-recrystallized (uRX) microstructure herein.

Multiple magnifications provide high resolution micrographs sup-
ported by micrographs with lower resolution but higher area to ensure
statistical representation. At 600x magnification, thousands of grains are
resolved in each micrograph compared to hundreds for the 4000x
magnification. Grain numbers are included in Table 3 and micrograph
areas are available in the Supplemental materials (Table S1). High res-
olution micrographs appear representative of the high area micro-
graphs, but statistical data (texture, grain size, KAM, etc.) use the
medium and high area data. Grains are elongated by approximately 50
% in the RD, and the uRX fraction is higher in the deformed sample
compared to the pristine sample as listed in Table 3.

The band slope provides a metric of index quality which is high in RX
grains and lower in the uRX microstructure (Figs. S6, S11 and S15). As
the index quality decreases, it becomes insufficient for indexing and so
the relatively low index rates of the uniaxial-deformed sample may
affect the uRX fraction more than the RX fraction. To mitigate this, the
analysis splits the microstructure into RX and uRX fractions for inde-
pendent comparison (Fig. 9, Fig. 10, Table 3). Additional histograms and
micrographs are available in the Supplementary materials to help
visualize and quantify these characteristics (Figs. S5-S19).

Single grains from each sample marked in Fig. 5 are selected with
similar orientations and sizes to those used in the 3DXM analysis to
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Fig. 2. Basal (00.2) orientation characteristics of the pristine (a), (c), (e), (g) and biaxial-deformed (b), (d), (f), (h) samples. ND pole figures show the texture (a)-(b)
and intragranular disorientation (e)-(f) and provide the coloring used by the corresponding IPF micrographs of the illuminated plane, (c)-(d) and (g)-(h),
respectively. Grains are marked using arrows in (a)-(d) for single grain analysis and (e)—(h) show the intragranular disorientation of each grain.
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Fig. 4. Probability density histograms of the (a) von Mises lattice strain and (b) lattice parameter ratio of all indexed voxels. Corresponding values of single grains

selected for analysis are plotted in (c) and (d).

compare results of both characterization methods. The pristine grain
size is 6.31 pm, the biaxial-deformed grain size is 4.91 pm, and the
uniaxial-deformed grain size is 5.08 pm; each grain has similar orien-
tations to those used for the 3DXM single grains which are defined in the
Supplementary materials (Fig. S20). The deformed grains display similar
DAO and KAM compared to the pristine grain in Fig. 6, although both
grains selected are RX with relatively low misorientation compared to
uRX microstructure.

Grain size cumulative area fractions are shown in Fig. 7 at 4000x and
600x magnifications. The 600x magnification effectively captures large
grains, while the 4000x magnification provides detailed resolution of
small grains, ensuring a comprehensive analysis of the grain size

distribution. The deformed samples display cumulative area fractions
higher than the pristine area fraction up to about 9 pm, indicating a
smaller grain size distribution. The uniaxial-deformed sample displays a
grain size distribution similar to the biaxial-deformed sample with a
slightly lower area fraction for intermediate sized grains.

High magnification KAM micrographs show orientation gradients
present in pristine (a) and deformed (b)-(c) microstructures in Fig. 8.
Typical areas are segmented to reveal representative deformation
structures in detail, but the full micrographs are included in the Sup-
plementary materials (Fig. S18). Fig. 8 (a) shows an area from the
pristine sample, displaying typical undeformed RX grains with some
residual uRX microstructure from manufacturing. The low-angle
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Table 2
Mean () and standard deviation () of the strain and a/c ratio distributions
shown in Fig. 3 and Fig. 4.

Pristine Biaxial-Deformed
Single Grain I c n ¢
HH (RD) Strain x 1073 —0.25 0.24 —0.020 1.2
XX (TD) Strain x 103 —0.33 0.21 —0.15 1.1
FF (ND) Strain x 1073 0.58 0.44 0.17 21
Equivalent Strain x 1073 1.11 - 2.75 -
a/c Ratio 0.6271 0.0005 0.6275 0.0023
Full Microstructure
Equivalent Strain x 1073 1.47 - 4.99 -
a/c Ratio 0.6274 0.0015 0.6279 0.0050

orientation gradients in Fig. 8 (b) form walls around domains with low
misorientation and in (c) many of these domains have achieved the
necessary misorientation to classify as nanoscale sub-grains.

Similar to the previous single grain analysis, deformation in the
microstructure is quantified using DAO and KAM but is assessed at
different length scales on several microstructure categories: total, RX,
and uRX. Grains larger than 1 pm with low intragranular misorientation
are classified as RX grains, nanograins with low misorientation are
classified as sub-grains, and the remaining microstructure with high
misorientation are classified as uRX. The area fractions are reported in
Table 3 and the intragranular deformation characteristics of these
microstructure categories are compared using DAO and KAM histo-
grams, as summarized in Fig. 9. The RX fraction decreases while the sub-
grain and uRX fractions increase between the pristine and deformed
samples, and similarly, the RX and DAO values are higher in the
deformed samples compared to the pristine sample. However, the
biaxial-deformed sample shows more significant changes in the total and
RX categories compared to the pristine sample than the uniaxial-
deformed sample does. No difference is observed in the uRX fraction
between any of the samples. Additional micrographs are included in the
Supplementary materials (Figs. S6-S19).

The RD texture shown in Fig. 10 display typical {10.0} fibers for the
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RX and uRX microstructure categories [4]. The uRX fiber is particularly
strong and decreases from the pristine to the biaxial-deformed sample
microstructures but increases from the pristine to the uniaxial-deformed
sample microstructures. Multiple RX-uRX partitioning techniques are
performed to ensure this effect is not an artifact of the higher misori-
entation in RX fraction of the biaxial-deformed sample, but these texture
characteristics are consistent. Partitioning methods include the KAM-
based methods described in Section 2 with results presented in
Fig. 10, band slope filtering, and manual selection at 600x and 4000x
magnification. Additional figures are provided in the Supplementary
materials to help quantify these data (Fig. S21).

3.3. Simulation

The plastic spin is defined as the difference between the material spin
and the lattice spin corresponding to rotation from plastic slip only
[21,28]. Fig. 11 shows the VPSC simulation results of the plastic spin for
the pristine microstructure at 600x magnification for different initial
velocity tensors which Fig. 12 summarizes using histograms for all
magnifications. The results using the macroscopic velocity gradient
tensor defined by the biaxial strain rates display higher plastic spin

Table 3
Summary of EBSD data.

Biaxial- Uniaxial-
Deformed Deformed
600x  4000x  600x 4000x  600x  4000x

Pristine

Index Rate: 77 % 90 % 81 % 82 % 49% 75%
Grain Count: 9288 674 10,672 1068 6489 932
Grain elongation — 1.51 — 1.43 — 1.64 —
median: 1.45 1.50 1.09

Average:

RX: 0.58 0.65 0.32 0.40 - 0.52
Area Fraction - sub- — 0.021 - 0.032 - 0.027
grain: — 0.32 - 0.55 - 0.43
uRX:

(00.2) (10.0)

Fig. 5. EBSD ND||IPF micrographs for (a) pristine, (b) biaxial-deformed, and (c) uniaxial-deformed samples. Grain boundaries with more than 10° misorientation are
marked with black lines and arrows in show grains selected for single grain analysis.
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Fig. 7. Grain size distribution shown using the cumulative area fraction of each
sample. Grain sizes below 3 pm are derived from the 4000x micrographs, while
those above are from the 600x micrographs.
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distributions compared to results defined by the uniaxial strain ratios
while all other variables are constant. The applied velocity gradient
tensors of both uniaxial tests are similar, particularly by including the
same ND strain rate which is small compared to the biaxial velocity
tensor. However, switching the tensile axis results in the uniaxial-TD
simulation displaying higher plastic spin than the uniaxial-RD simula-
tion, especially at higher magnifications with large area and reduced
variability.

4. Discussion

In the present work, CWSR Zry-4 cladding is characterized in pristine
and deformed states to evaluate microstructure changes from plastic
deformation at elevated temperature. 3DXM and EBSD are used to
quantify and visualize strains and misorientation in the material and
comparable single grains are selected for more detailed analysis. Addi-
tionally, samples deformed using two loading modes are characterized
with EBSD to clarify the effects of mechanical anisotropy on micro-
structure evolution. VPSC simulations are used to investigate differences
in observed microstructures from identical initial conditions, consid-
ering only differences in the plastic strain rates from the relevant loading

FE @ we $ aa.

30

Fig. 8. High magnification (7500x) micrographs showing the KAM data for typical microstructure from the (a) pristine and (b)—(c) biaxial-deformed samples.



M. Nelson et al. Materials & Design 250 (2025) 113585

041 0.10 1
0.6 Total RX
Pristine 0.3 0.08 4
1:;0.4 Biaxial 0.06 1
8 Uniaxial 021
£ 0.04 1
02
o 0.02
OOJhL . . OOMMHIH.H; e o0
0 10 0 0 1 2 3 4 5
@ DAO (b) DAO ()
04
020+ 0,100
03
Z 0.151 0.075 1
E
502 0.10 0050
£ |
0.1 0.05 1 0.025 1
0.0 0.00- 0.000
0 1 2 300 0.5 1.0 0 1 2 3 4 5
(d KAM (e) KAM ® -

Fig. 9. Total, RX, and uRX misorientation characteristics quantified using (a)-(c) DAO at 600x magnification and (d)-(f) KAM at 4000x magnification.
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Fig. 10. Prismatic (10.0) texture of the (a)-(c) RX and (d)-(f) uRX fractions for each sample at 600x.
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Fig. 11. Micrographs showing the VPSC simulation plastic spin results at 600x magnification for the (a) biaxial, (b) uniaxial-RD, and (c) uniaxial-TD velocity tensors.

index rate of both characterization methods. Both characterization

mode.
Variables such as sample preparation, interaction volume, and re- techniques most successfully resolve RX microstructure where large
sidual strains are some of the important key-role factors affecting the grains and low misorientation provide the strongest diffraction
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Fig. 12. Histograms summarizing the VPSC simulation plastic spin results at (a) 600x (b) 4000x, and (c) 7500x magnification. Note that higher magnification and

reduced area introduces variability in the distributions.

conditions. The deformed samples retain some of the RX grains, but their
area fraction is smaller, and the DAO, lattice strains, and KAM values are
higher compared to the pristine sample. The single grain analysis
highlights this, revealing significant differences between grains which
first appear similar. The DAO measured in single RX grains using 3DXM
and EBSD techniques are comparable, demonstrating that these methods
are consistent and provide complementary datasets.

The EBSD results indicate that macroscopic plastic deformation is
accommodated by microscopic strain gradients leading to grain frag-
mentation. The pristine sample grain size area fraction in Fig. 7 slightly
shifts towards smaller grains for the deformed samples, suggesting that
larger grains fragment into multiple smaller sub-grains upon plastic
deformation. The area fraction results of the microstructure categories
listed in Table 3 support this finding, with a modest increase in sub-grain
area indicating a much larger increase in the number of sub-grains.
Fig. 8 uses KAM to highlight misorientation indicative of strain which, at
high magnification, display structures defining low misorientation
domains.

Orientation gradients and grain fragmentation revealed in the
deformation microstructure indicate that plastic spin may be an active
deformation mode. Fig. 13 shows the relationship between these sche-
matically with pristine microstructure which is deformed by an imposed
strain (€). The material spin (p) and lattice spin (Q) are similar in area A,
which minimizes the difference between them: the plastic spin. Grains
often rotate by a common lattice spin but may be constrained and
develop intragranular cells where the lattice spin varies and the plastic
spin is high, such as shown in Fig. 13 (b) area B [17]. Boundaries where
intragranular lattice spin is different are shown with dashed lines which

(a)

are measured as KAM with EBSD characterization.

The effect of plastic spin, shown in Fig. 13 (b) area B, is captured
experimentally and visualized in Fig. 14. Fig. 14 (a) uses KAM to display
orientation gradients forming boundaries of varying intragranular lat-
tice spin, (b) displays the disorientation axis from the average grain
orientation to show the relative lattice spin direction, and (c) overlays
both to show their relationship. These structures are similar in size and
shape to the dislocation cell structures observed with transmission
electron microscopy in similarly deformed Zircaloys, which displayed
dense dislocation walls surrounding low dislocation density domains
[11,33,34].

The relationship between lattice spin and deformation-induced
texture development shown in Fig. 10 is clarified by experimental and
VPSC simulation results of texture development from Xu et al. [35] for a
similarly textured Zircaloy, so no texture evolution simulations are
performed in the present study. Xu et al. [35] show that tensile strains in
the RD and TD produce {10.0} fibers in the axis of high tensile stress and
plastic strain. The plastic strain ratios in Table 1 show that axial tension
loading produces a high plastic strain rate in the RD, whereas internal
pressure loading produces a high plastic strain rate in the TD. Conse-
quently, axial tension loading develops uRX microstructure with a {
10.0} fiber in the RD, increasing the similar uRX texture from pilgering.
Conversely, internal pressure loading develops uRX microstructure with
{21.0} fiber in the RD, which differs from the pilgering uRX texture and
decreases the texture intensity. The differences in textures are small, but
the trends agree with the results of [35]. An analysis of Schmid factors
reveals no difference between {10.0} and {21.0} RD fibers associated
with the pilgered uRX and RX microstructures that might affect the

Fig. 13. Schematic representation of (a) pristine microstructure which is (b) deformed by tension in the horizontal direction. Grain boundaries are shown as solid
black lines, orientation gradients are shown with dashed black lines, material spin is shown as red arrows, and lattice spin is shown as black arrows.
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21.0)

Fig. 14. Micrographs of a grain from the biaxial-deformed sample at high magnification (7500x). (a) A KAM micrograph highlighting orientation gradients, (b) the
disorientation axis from the average grain orientation defined using ND||IPF coloring, and (c) the disorientation axis micrograph superimposed with 66% trans-

parency on the KAM micrograph to show their relationship.

differences in misorientation observed between the biaxial-deformed or
uniaxial-deformed samples.

Yang et al. [34] used transmission electron microscopy to correlate
dislocation cells to dynamic recovery in highly deformed zircaloy
because dislocation annihilation exceeds nucleation. Similar dislocation
cells in the present uRX microstructure suggest that the dislocation
density reaches the threshold required for dynamic recovery [34].
Considering this, dynamic recovery can account for the similarities be-
tween pristine and deformed uRX microstructure data in Fig. 9 (c) and
(f), suggesting a similar threshold for static recovery during the CWSR
annealing. In contrast, dislocation nucleation exceeds annihilation in the
RX microstructure, as shown by clear differences between the pristine
and deformed samples in Fig. 9 (b) and (e). Evidence of dynamic re-
covery with a similar threshold to static recovery suggests that, in
samples deformed via internal pressurization, the increased uRX fraction
does not significantly contribute to enhanced relaxation while the
higher misorientation in the RX fraction could affect results in [16].
These differences in the RX microstructure and the microstructure area
fractions reveal that the biaxial-deformed sample displays more
deformed characteristics than the uniaxial-deformed sample, consistent
with the observations made in [16]. To provide stronger confirmation
that this effect results from the plastic strain ratios instead of increased
hardening, samples with different strains are used in the present work.
The results indicate that internal pressure loading accelerates the
misorientation accumulated in RX microstructure, and differences in the
RD, TD, and ND strain rates between loading modes are analyzed to
better understand this phenomenon.

The VPSC simulations show that the plastic spin results of the in-
ternal pressure and axial tension velocity tensors are consistent with the
increased misorientation observed in the biaxial-deformed sample
microstructure. Bunge & Nielsen [17] performed extensive mechanical
testing and texture analysis, revealing that the plastic spin is minimized
when the symmetry of imposed deformation is parallel to the symmetry
of the initial texture and is highest when deformation is imposed at the
“most asymmetric” tensile directions. In this study, axial loading is
colinear with the symmetric RD axis and simulations predict the least
plastic spin. The uniaxial-TD simulations predict slightly higher plastic
spin indicating that results are sensitive the loading orientation with

10

respect to the texture symmetry independently of uniaxial versus biaxial
loading. Internal pressure loading imposes biaxial loads in the RD and
TD and the simulation predicts the highest plastic spin, indicating that
biaxial loading is the least symmetric. The texture evolution discussed in
the previous paragraph reflects the differences in plastic spin, and the
resulting misorientation. Specifically, the material spin more closely
matches the lattice spin for the axial tension mode compared to the
internal pressure mode, thereby reducing the plastic spin.

5. Conclusions

Conclusions from the microstructure characterization and analysis of
CWSR Zry-4 cladding performed in this study at 400 °C are summarized
below:

1. Deformation increases intragranular misorientation in RX micro-
structure while dislocation production exceeds annihilation.

2. High misorientation associated with uRX microstructure is limited
by dynamic recovery which form structures that appear to be dislo-
cation cells formed by plastic spin. Further deformation increases cell
misorientation until they are classified as sub-grains.

3. Residual uRX microstructure from pilgering and deformation
induced uRX microstructure are similar, indicating that static re-
covery during annealing has a similar limit to dynamic recovery
during deformation at 400 °C.

4. Strain from uniaxial tension in the RD produces a {10.0} texture fiber
in the RD like uRX microstructure from pilgering, increasing the uRX
fiber intensity. Strain from internal pressurize produces a {21.0}
texture fiber in the RD, reducing the uRX fiber intensity.

5. Internal pressure loading produces high plastic spin compared to
uniaxial loading along the RD. Consequently, the biaxial-deformed
sample displays increased deformation microstructure at lower
imposed strain compared to the uniaxial-deformed sample.

This investigation provides evidence at multiple length scales that
biaxial loading relevant to PCI conditions produces increased deforma-
tion microstructure compared to samples tested with uniaxial loading
along the RD. Microstructure characterization results are supported by
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VPSC simulations indicating that the deformation microstructure is
sensitive to the anisotropy observed in textured Zircaloy and that the
uniaxial-deformed microstructure may not be representative of the PCI
conditions for sensitive analysis. Analysis suggests that internal pressure
loading is a relatively low symmetry loading mode compared to loading
parallel to the RD which develops relatively high plastic spin that is
observed as increased misorientation in the microstructure.
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