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Abstract

Zirconium (Zr) alloys such as Zircaloy-4 are widely used for structural components and fuel cladding
in industrial nuclear fission applications. High-pressure torsion (HPT), a severe plastic deformation
process, produces an ultra-fine grain structure with properties that may have benefits in the nuclear
industry, but the microstructural implications of processing of Zr alloys using this technique have not
yet been extensively explored. Here, electron microscopy and atom probe tomography were used to
investigate the microstructure and solute distribution in an as-received Zircaloy-4 and a fine-grained
HPT-processed sample. Fe segregates to grain boundaries in both samples, however at much lower
concentrations after HPT-processing, indicating that Fe diffuses to the newly formed grain boundaries
during the severe plastic deformation. Although Sn segregates to the grain boundaries of the as-received
sample, it is distributed almost homogenously in the HPT-processed sample, which may provide
advantages for corrosion resistance. Very low concentrations of Cr alloying elements at the matrix and

grain boundaries of both samples is attributed to precipitation.
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Zirconium (Zr) alloys are used for structural components and fuel cladding in the core of nuclear
reactors because of their low neutron absorption cross-section and high corrosion resistance [1]. High-
pressure torsion (HPT) is a severe plastic deformation method that subjects a thin disk-shaped sample
to concurrent high pressure and torsional stress [2], resulting in grain refinement and potential phase
transformations in many alloy systems [3, 4]. HPT can reduce grain sizes in Zr alloys to ~100 nm with
high uniformity and stability [5, 6], and is being explored as a method to produce alloys with improved
properties as a result of their unique structure. During service in reactors, Zr alloys experience a neutron
flux that causes irradiation-induced damage, as well as high thermal and mechanical stresses that can
lead to component deformation or failure. HPT introduces defects in the microstructure, including a
very high density of grain boundaries [3, 7, 8], which may act as sinks for the irradiation-induced point
defects. Therefore, it is thought that HPT can potentially enhance the tolerance to the irradiation damage

of Zr alloys in service.

Metastable o-Zr and B-Zr phases have been reported to form during HPT processing of Zr alloys [5, 6,
9, 10]. Similar grain structures were observed in Ti alloys that underwent severe plastic deformation,
indicating that this could be a characteristic shared by materials with hexagonal close-packed (hcp)

structures that have been treated at a low strain rate and ambient temperature [10].

The evolution of grains in severely deformed Zr alloys has been previously studied [3, 4, 7, 11], however,
there are limited reports on changes in the chemical composition of HPT-processed Zr alloys.
Understanding the distribution of solutes in Zr alloys between the matrix grains and boundaries is
crucial for managing their in-reactor corrosion behaviour [12]. Here, the evolution of the microstructure
and the distribution of solute atoms in an as-received plate of Zircaloy-4 is compared with the same
alloy that has been processed by HPT, by using electron back-scatter diffraction (EBSD), transmission

Kikuchi diffraction (TKD) and atom probe tomography (APT).

The as-received (hot-rolled and annealed) Zircaloy-4 plate has a nominal composition of Zr-1.56 Sn-
0.22 Fe- 0.11 Cr (wt.%) [7]. A disc of 10 mm diameter and 0.8 mm thickness was prepared, oriented

with the flat surfaces aligned to the original rolling direction. HPT was performed under 6.0 GPa



pressure at room temperature, with 10 revolutions at a rate of 1 rpm (designated as N10 in previous
work [7]). Both samples were electropolished at room temperature using an electrolyte of 95% methanol
and 5% perchloric acid at 30 V DC for EBSD analysis, performed by a Zeiss UltraPlus Scanning
Electron Microscope. The as-received sample was sectioned into matchsticks and sharpened into sharp
needles using two stages of electropolishing by conventional methods [13]. The electropolished needles
were transferred to a Thermofisher G4 Hydra plasma focused ion beam (FIB) for annular milling and
TKD analysis, in order to position a grain boundary near the specimen apex [14]. The HPT-processed
specimens were prepared by the standard FIB lift-out and annular milling [15]. HPT-processed
specimens were extracted from midway along the radius of the sample to avoid microstructural
irregularities at the centre or periphery of the disc [7, 16]. TKD patterns of both samples were collected
using an Oxford Instruments EBSD system using a 30 kV beam voltage. Patterns were analysed using
Oxford Instruments HKL Tango software, where data was cleaned for wild spikes and 4 nearest
neighbours. APT was performed using a Cameca LEAP4000X Si at a base temperature of 50 K, laser
pulse energy of 100 pJ, pulse repetition rate of 200 kHz, and a target detection rate of 0.5%. Data was
reconstructed and analysed using Cameca’s Visualization and Analysis Software (AP Suite 6). The
average evaporation field was set for Zr (28 V/nm), and the detector efficiency was 0.57. The AP Suite
6 default image compression factor 1.65 and k-factor 3.3 were used, as no poles were observed, and
post-evaporation images were not collected to calibrate the reconstruction. Figure 1 shows the EBSD
results from both the (a) as-received and (b) HPT-processed Zircaloy-4 samples, showing the inverse
pole figure plot (IPF X) (note the scale difference). The grain sizes in the as-received sample range from
1 to 45 um. The HPT-processed sample composed of predominantly nano-sized grains (~27 nm).

Detailed EBSD analysis of these samples is reported elsewhere [7].
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Figure 1. EBSD inverse pole figure (IPF X) orientation maps of the (a) as-received; and (b) HPT-processed
samples, indicating significant reduction in grain size of the sample following HPT processing.

Figure 2 shows the site-specific FIB-milled specimens of the two specimens after annular milling, and

correlated TKD data, used to locate the grain boundaries prior to the APT experiment.

Figure 2(a) and (¢) show the secondary electron images of the tips from the as received and HPT samples,
respectively, with the red boxes indicating the area analysed with TKD. Figure 2(b) to (d) show the
band contrast (BC) map, IPF Y, and IPF Z of the region of interest, respectively, for the as-received
sample. The grain boundary sits approximately 100 nm below the apex of the tip. Figure 2(f) to (h)
show the BC map, IPF Y, and IPF Z data, respectively, for the HPT sample. Grain sizes at the apex
vary from 30 to 100 nm, consistent with the EBSD results presented in Figure 1. Only o-Zr was detected
in the mapping area. Previous reports noted that o-Zr, which formed during HPT processing, reverted
to a-Zr during TEM sample preparation by FIB milling [7]. The same milling method has been used in
our study to prepare the APT tips and no evidence of w-Zr phase was observed in the TKD, confirming

the transformation of the metastable phase to a-Zr.



Figure 2. The SEM image and TKD results of as-received Zircaloy-4 sample: (a) SEM image, (b) BC map, (c)
IPF Y, and (d) IPF Z; and HPT-processed sample: (¢) SEM image, (f) BC map, (g) IPF Y, (h) IPF Z, following
site-specific FIB milling.

Figure 3(a) shows an APT reconstructed volume showing the solute element positions (Fe, Al, Sn, Cr
and Si) from the as-received sample (Figure 2(a)). A grain boundary is visible on the left and is enriched
with Fe, Al and Cr, while Si appears to be randomly distributed. Si and Al are residual elements likely
introduced to this alloy from raw materials used during casting. A region of interest (ROI) of 65 nm x
15 nm x 20 nm was created (Figure 3(a)) to calculate a compositional profile normal to the grain
boundary. Figure 3(b) and (c) show one-dimensional composition profiles of Fe, Sn, and Cr, Al. Fe is
nearly absent in the a-Zr grains however, its concentration increases at the grain boundary to ~3.5 at%..
Sn is dissolved in the Zr matrix with a concentration of ~1.0 at%, increasing to ~2 at% near the grain
boundary. There are also regions of higher Sn concentrations that extend along the z direction in the
dataset due to field enhanced migration of Sn during APT analysis of the tip, causing artefacts in the
reconstruction [17, 18]. Al and Cr show maximum concentrations of ~0.03 at % and 0.2 at % at the

grain boundary, respectively.
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Figure 3. (a) APT reconstruction of the tip shown in Figure 2(a) from the as-received sample, the position of ROI
to calculate the interfacial excess of solute atoms is shown in Fe reconstruction. Al, Cr, Si and Fe are rendered
with spheres to enhance visibility. All reconstructed species are shown at the same magnification and from the
same viewing angle; (b) concentration variation of Fe and Sn in the ROI shown in (a); (c) concentration variation
of Al and Cr in the ROI shown in (a), the shaded area around the curves refers to the uncertainty of calculated
values of concentrations, the composition analysis was performed in the direction normal to the grain boundary;

(d) Cumulative profiles of Fe and Sn atoms detected across the grain boundary.

Care needs to be taken in interpretation of these compositions, especially the maximum measured
concentration, as the boundary may not be perfectly perpendicular to the ROI, it may not be completely
flat, and differences in evaporation field may result in trajectory aberrations. To quantify Fe and Sn
segregation more accurately, cumulative compositional profiles were calculated from multiple smaller
ROIs, normal to the grain boundary. An example cumulative profile of Fe and Sn from one of these

ROI is shown in Figure 3(d). The average Gibbsian interfacial excess (I';) [19] for Fe and Sn at this



grain boundary from these multiple ROIs is calculated to be I're = 0.52 + 0.04 monolayers and I's, =

0.28 £ 0.18 monolayers.

Figure shows the APT reconstruction of the tip prepared from the HPT-processed sample (Figure 2(e))
for Fe, Al, Cr, Si, Cu, and Sn. As for the as-received sample, Fe segregates to grain boundaries which
are observed in the lower half of the reconstruction. The grain boundaries are annotated in Figure 4 to
guide the eye. The data contains a grain boundary triple junction, and the three grain boundaries are
labelled ‘GB 1°, ‘GB 2’ and ‘GB 3’. Figure shows the segregation of Cu to the boundaries. This element
was not detected in the as received sample. Cu, Si and Al are residual elements in this alloy and therefore

their random distribution within the sample is expected.

50 nm

S0 nm

Figure 4. APT reconstruction of the tip shown in Error! Reference source not found.
Three cylindrical ROIs (10 nm diameter and 20 nm height) were positioned normal to each grain

boundary to measure the composition of solute atoms at the boundary. Figure (a) show the variation in



concentration of Fe, Sn, Cr, and Al across three grain boundaries. Similar to the as-received sample, Fe
is nearly absent in the o-Zr matrix, but is enriched at the three grain boundaries, reaching peak
concentrations of ~1.8 at% at GB 1, ~0.9 at% at GB 2, and ~0.5 at% at GB 3. The concentration of Sn
doesn’t vary significantly between the matrix and grain boundaries, which is consistent with the ion
distribution shown in Figure . Al shows no measurable enrichment at grain boundaries. Due to the very
low number of Cr and Al atoms detected at the grain boundaries, the relative uncertainty of the measured
values is high. This analysis indicates that residual atoms of Al, Si and Cu are present at very low
concentrations in this alloy and distributed randomly within the grain and grain boundaries of the HPT-
processed sample. Concentrations of these elements are too low to have meaningful segregation analysis.
The Gibbsian interfacial excess of the Fe was calculated from cumulative compositional profiles
determined for three random smaller cuboid ROIs (5 nm % 5 nm X 20 nm) for GB 1, GB 2 and GB 3,
all normal to the grain boundaries. Figure 5(b) shows example cumulative profiles of Fe atoms detected
across the three grain boundaries. ', values at the different grain boundaries are ['pe(GB1) =

0.28 £+ 0.15, I're(GB2) = 0.039 £ 0.008, and I'r.(GB3) = 0.06 + 0.01 monolayers. The I's, for the

as-received sample was 0.52 + 0.04 monolayers, which is much higher than for the HPT-processed

sample, suggesting redistribution of Fe during the severe plastic deformation.
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Figure 5. (a) 1D concentration profiles of elements across the ROI normal to the grain boundaries shown in Figure
5 for Fe, Sn, Cr, and Al. The shaded regions around the lines represent uncertainties of the analysis; (b) Cumulative
profiles of Fe atoms detected across the grain boundaries (GB 1, 2 and 3) in the HPT-processed sample. Cuboid
regions with equal length crossed both grains perpendicular to the interfaces.

The alloying element Sn in Zircaloy-4 can dissolve in the Zr matrix, while Fe and Cr are predominantly
found in the Zr(Cr,Fe), Laves precipitates [20]. The low concentration of Fe observed in the matrix
(0.022 at%) in the as-received sample is consistent with the Zr-Fe phase diagram [21],. This alloy has
undergone hot rolling and stress-relief annealing, resulting in an exceptionally low content of Fe in a-
Zr [22]. Fe has previously been detected at grain boundaries in Zr alloys [20, 23-26]. Similarly, our
results indicate that Fe can segregate to the grain boundaries at concentrations higher than the
equilibrium Fe solubility (120 wt ppm at 800 °C and less than 50 wt ppm <300°C [21]) in the a-Zr
matrix without forming precipitates (Figures 3 and 5). However, the HPT-processed sample contains
less Fe segregation at grain boundaries than the as-received sample. The Fe at the newly-generated grain
boundaries can only originate from the original grain boundaries or from second phase particles (mostly
Laves phase). A previous synchrotron X-ray diffraction study [7] of Zircaloy-4 showed no significant

changes in the peak intensities of second phase particles (SPPs) after the HPT processing, suggesting



that the dissolution of SPPs does not occur during HPT. The decrease in concentration of Fe at the grain
boundaries following HPT is therefore attributed to the redistribution of Fe from the original boundaries

throughout the newly formed interfaces and dislocation sites.

As a qualitative approximation, in dilute alloy systems, high angle grain boundaries have been shown
to have greater levels of solute segregation than low angel boundaries [27, 28], though the temperature
and presence of other solutes in a multicomponent system strongly affect the solute enrichment factor
at the grain boundaries [27]. The three grain boundaries we analysed in the HPT-processed sample
exhibit differing concentrations of solutes (Figure 5(a)) and the differences are most dramatic for Fe.
HPT processing has increased the surface area of grain boundaries significantly (Figure 1). Several high
and low-angle grain boundaries are observed within 200 nm of the atom probe tip prepared from the
HPT-processed sample (Figure 2(f) to (h)). The much higher concentration of Fe at GBI relative to
GB2 and GB3 is thought to be due to differences in the nature of the boundaries, where GBI is likely

to be a high-angle boundary and the other two boundaries are thought to be low angle boundaries.

Despite a low concentration of Cr in both the matrix and the grain boundaries, Cr enrichment was visible
in both samples (Figures 3(c) and 5(c)). This alloy nominally contains 0.11 wt% Cr, half of the nominal
composition of Fe. The tendency of solute segregation is inversely related to its bulk solubility [27].
Segregation of Cr to grain boundaries is reported in quenched sample of binary Zr—0.15 wt% Cr alloy
[26] and Zr-Fe-Cr alloys [29]. The Cr concentration is too low for a meaningful segregation
quantification, as the measured difference is within the range of uncertainty. Previous work [26] also
noted the formation of spherical particles by Cr at the grain boundaries of a quenched sample (referred
to as segregation); these might be nuclei of precipitates if the sample was further annealed. The regions
we analysed contained much more Fe than Cr (much more than double), suggesting that the Cr in this

alloy is mostly consumed by Cr-rich precipitates, such as the Zr(Fe,Cr), Laves phase [30].

Interestingly, Sn clearly segregates to the grain boundaries of the as-received Zircaloy-4 but appears
homogenously distributed in the HPT-processed sample. Lower Sn segregation at the grain boundaries

benefits the strength of the alloy [31], so Sn segregation to grain boundaries in Zr alloys has been



extensively studied [20, 24, 31-33], but findings are inconsistent. Some studies argue that Sn segregation
observed at grain boundaries is related to the known artefacts linked to the field-enhanced migration of
Sn [17, 18]. We do not believe that is the case here, as the boundary lies at an angle to the long axis of
the reconstruction and can be observed separately to the field induced migration. Sn segregation has not
been observed in ZIRLO [25], however, studies report Sn segregation at the grain boundaries of
Zircaloy-2 [32], Zircaloy-4 [20], and CZ1 [24]. Grain boundary segregation of Sn was not evident in
the HPT sample, but variations in the Sn concentration can be seen across the dataset (Figure 5), so
field induced migration may be clouding the observations. The very small grain sizes and highly
distorted structure of the matrix from severe deformation probably also affect the migration of Sn during
field evaporation. So, while we observe that severe deformation reduces Sn segregation (potentially

advantageous for mechanical properties), further work is required to confirm this effect.

In summary, Zircaloy-4 forms ultra-fine grains after the HPT processing. Fe, Cr, and Al segregate at
the grain boundaries in both as-received and HPT-processed samples. Sn is segregated to the grain
boundary in the as-received sample, but we did not find such clear evidence of segregation in HPT-
processed samples. Cr segregates at boundaries but is only observed at very low concentrations. This
element has extremely low solubility in Zr alloys and is thought to be consumed to form precipitates.
Residual elements of Si and Cu were detected in some grains and grain boundaries. The concentration
of Fe at grain boundaries of the as-received sample is much higher than that of HPT-processed sample
due to the increase in available grain boundary area in the HPT sample to accommodate Fe atoms. Fe
concentration varies considerably between grain boundaries in the HPT-processed sample, most likely

due to different grain boundary structures (low angle vs higher angle boundaries).
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