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Abstract 
 

A nano-grained microstructure of an α-Zr alloy (Zircaloy-4) was produced by high-pressure 

torsion, which shows evidence of a metastable ω-Zr phase, rather than -Zr, determined by 
combining synchrotron X-ray diffraction and detailed electron microscopy observations. The ω-Zr 
phase is retained at ambient conditions and shows a new orientation relationship of [1̅011]α // 

[1̅100]ω and (1̅011̅)α // (1̅1̅20)ω with the α-Zr matrix but is thermally unstable, fully reverting back 
to α-Zr phase upon heating above 350 °C. 
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The development of advanced fission and fusion based energy-generation systems is largely 

hindered by the availability of materials capable of withstanding a combination of challenging 

conditions of high-radiation dose, high-temperature, and corrosive environments [1-3]. Current 

nuclear fuel cladding and in-reactor structural components are primarily made of zirconium (Zr) 

alloys, due to their combination of a low neutron absorption cross-section, reasonably high strength 

and creep resistance, and slow corrosion kinetics in 300 °C water [4]. One strategy to improve the 

mechanical properties and radiation tolerance of alloys, without sacrificing their neutronic and 

chemical performance, is through microstructural engineering to achieve refined microstructure 

down to the nanometre regime. The high density of grain boundaries (GBs) in nano-grained alloys 

leads to increased strength and strain hardening due to their obstruction to dislocation motion [1]. 

The GBs are also known to act as strong sinks for radiation-induced point defects, which results in 

increased tolerance to radiation damage [2, 5-9]. 

High-pressure torsion (HPT) is a severe plastic deformation technique that refines the grain sizes 

of metallic materials [10]. Applied to commercially pure Zr and Zr alloys, HPT has been shown to 

induce grain refinement down to average grain sizes of ~100 nm with a stable microstructure in 

ambient conditions [11-16]. However, some studies also report the formation of metastable phases 

of Zr, including ω-Zr and β-Zr [11-13, 17-20]. When evaluating the potential applications of nano-

grained materials, the thermal stability of the microstructure is paramount for the reactor 

operational conditions. The thermal exposure together with the large number of GBs present in 
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nano-grained materials can destabilise the microstructure by providing a thermodynamic driving 

force for the grain growth and/or recrystallisation [21]. Additionally, irradiation can further enhance 

the destabilisation for a metastable microstructure through irradiation-enhanced grain growth [22, 

23].  

The present study elucidates the microstructural development and the thermal stability of 

nano-grained HPT-processed Zircaloy-4, a common Zr alloy, using a combination of in-situ 

synchrotron X-ray diffraction during heating and advanced microscopy. 

A hot-rolled and annealed (as-received) plate of Zircaloy-4, with a chemical composition of Zr-

1.56Sn-0.22Fe-0.11Cr (wt.%), was machined into disks of 10 mm diameter and 0.8 mm thickness 

with the samples’ normal parallel to the rolling direction (RD). HPT-processing on the machined disks 

was then carried out at room temperature under an applied pressure of 6.0 GPa, with 2, 5, and 10 

revolutions at a rotational speed of 1 rpm. The HPT-processed samples are named hereinafter N2, 

N5, and N10, respectively. 

Electron Backscatter Diffraction (EBSD) observations on the as-received and HPT-processed 

Zircaloy-4 samples were conducted using a Zeiss® UltraPlus™ Scanning Electron Microscope (SEM) 

equipped with an AZtec™ EBSD system. Transmission Electron Microscopy (TEM) observations were 

made on the N10 sample using a JEM 2200FS TEM instrument equipped with Energy Dispersive X-ray 

Spectroscopy (EDS), with the TEM thin-foil sample extracted by focused ion beam (FIB) milling. A 

simulated selected area electron diffraction (SAED) pattern was obtained using the SingleCrystal™ 

program [24]. Both EBSD and TEM samples were taken from the middle-radius of the HPT disks thus 

avoiding regions of microstructural inhomogeneities along the disk radius [25]. 

Synchrotron X-ray diffraction (SXRD) measurements were performed on the 33-BM-C beamline 

at the Advanced Photon Source, with a monochromatic beam of energy 16 keV (λ = 0.774875 Å) and 

recorded over a 2θ range of 12° to 63°. The SXRD diffraction data were acquired from the LaB6 

standard (for the instrumental effects calibration) and HPT-processed samples at incident angles of 

1°, 4°, and 10° to probe the microstructure of HPT samples further from the free surface. In-situ 

heating SXRD measurements were then performed on the N10 sample at the fixed incident angle of 

4° in a stepwise manner from 150 °C to 550 °C, where the temperature was held at each step (every 

50 °C) for 200 s for the diffraction data collection. Diffraction data was analysed using GSAS-II 

software [26]. Quantitative phase analysis was obtained through a full-pattern Rietveld refinements, 

while temperature-dependent evolution of individual peak intensities and widths was obtained by 

fitting a pseudo-Voigt peak shape function. 

Fig. 1 shows representative EBSD-based inverse pole figure (IPF) orientation, band contrast (BC) 

maps and (0002) pole figures of the as-received and HPT-processed samples (N2, N5, and N10). It 

becomes clear that the HPT samples have a refined, heterogeneous microstructure with a majority 

of nano-sized grains and few coarser micron-scale grains. Although no significant difference was 

observable in grain sizes among the N2, N5, and N10 samples, the grain size distribution appears to 

be the most uniform in N10. Additionally, Fig. 1 shows a consistent increase in band contrast with an 

increasing number of revolutions. This corresponds to an increasing fraction of dislocations, point 

defects, and GBs being present in the material [27]. Note that the enhanced band contrast mostly 

appears in the fine-grained regions while regions containing larger grains exhibit lower band 

contrast. Such behaviour may be related to the dynamic recrystallisation initiated by the 

accumulation of lattice defects coupled with a small temperature rise (<50 °C) during the HPT-

processing as observed in other materials systems [28]. Together, these promote the formation of 

coarser, low-strain grains in the microstructure of the HPT samples.  
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The HPT-processing also leads to a significant crystallographic texture change - see the (0002) 

pole figures in Fig. 1. It is interesting to observe ~90° reorientation of the α-Zr grains. This points to 

profuse tensile twinning, which is activated by tension along the c-axis and reorients the α-Zr crystal 

lattice by 85° [29] so that the newly formed twin grains end up aligned with their c-axis along the 

direction of the applied pressure (i.e. initial RD). These results imply that the microstructure is fully 

reoriented by tensile twinning after only two HPT-revolutions (N2) suggesting that the twinning 

process contributes to the significant microstructural refinement. Additional HPT-processing (N5, 

N10) leads to spread of the texture along the shear direction, which are consistent with ongoing 

dislocation slips. This stands to reason as the tensile-twinning-reoriented microstructure is 

unfavourably oriented for further tensile twinning, while compression twinning is known to have 

considerably higher critical resolved shear stress [29]. However, we did not observe any partially 

twinned grains. Further studies are needed to understand the kinetics of the twin nucleation and 

growth during the HPT-processing. 

Fig. 2 shows the Rietveld refinement result of the studied HPT samples with the high-resolution 

SXRD data collected at an incident angle of 4°. Note that only a section of experimental and fitted 

diffraction patterns is presented in Fig. 2 for clarity, however the full patterns were used for 

refinement. Additional diffraction peaks emerged in the N5 and N10 samples, suggesting that new 

phase(s) formed in these HPT samples but not in N2. One may assume that the transformation to a 

denser phase than α-Zr (P63/mmc, density = 6.51 g/cm3 [30]) may be facilitated under the HPT 

conditions. Interestingly, it shows that the new phase was best identified as ω-Zr (P6/mmm, density 

= 6.66 g/cm3 [31]) rather than β-Zr (Im3̅m, density = 6.80 g/cm3
 [32]). This finding is in agreement 

with most previous reports of HPT-processing of pure Zr [11, 13, 17, 18, 33]. The observation can be 

visually seen by the indexing of the (202̅1), (224̅0), (213̅2), and (314̅1) ω peaks in the N5 and N10 

data, which suggests that the critical shear strain required [16, 34] for the α to ω phase 

transformation likely occurs between 2 and 5 revolutions under present HPT conditions.  

The insert in Fig. 2 shows the phase quantification by Rietveld refinements of diffraction data at 

various incident angles. It reveals that only ~1 wt.% ω-Zr had been formed in N5, while this value 

increased to ~11 wt.% in N10. This observation implies that the ω-Zr phase transformation within 

the material was promoted by the accumulation of the shear deformation applied above the critical 

shear strain required. Previous studies reported a full transformation from α-Zr to ω-Zr in pure Zr 

samples processed with 5-revolution HPT under similar conditions [11]. The discrepancy between 

this and our observations might be attributed to the -stabilisers present in Zircaloy-4, i.e. Sn and O, 

retarding the ω-Zr phase transformation [35]. Interestingly, ω-Zr was not observed in [16] in which 

Zircaloy-4 was processed under a lower applied pressure of 3.8 GPa at 5 revolutions, indicating that 

the HPT-induced ω-Zr phase transformation is dependent on the applied pressure as well as the 

number of revolutions. 

Two previous studies have reported a HPT-induced phase transformation from α to ω+β in pure 

Zr, characterised by X-ray diffraction (XRD) [36, 37]. However, the XRD patterns of β and ω phases 

present significant overlap, leading to the conclusive characterisation of these phases being 

challenging. In the present work, we attempted to perform a Rietveld fit of N10 data using the α+β 

phase model, and the fitting yielded a quality of fit identical to that of the α+ω structural model 

presented in Fig. 2 (Rwp = 16% in both cases). Although both fittings show reasonable qualities, a 

close inspection of the fit patterns reveals that some weak peaks in the N10 data, at 2θ of 

approximately 22.5° and 34.5°, were only modelled with the α+ω structural model. The presence of 

ω-Zr, and absence of β-Zr, is further supported by the TEM analysis presented below. This result is 

also consistent with previous studies on the high pressure induced phase transformations in Zr 
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showing that the high pressure tends to stabilise the ω phase rather than the β phase. Conversely, β-

Zr is stabilised at high temperatures or by Nb, Fe and Cr alloying additions [17, 18, 38]. Zircaloy-4 

contains no Nb and only minor quantities of Fe and Cr, which are almost entirely sequestered into 

second phase particles Laves phase Zr(Fe,Cr)2 [39] as detected in our high-resolution SXRD data (Fig. 

2). Additionally, no micro-segregation of these elements was observed in the HPT samples from the 

TEM-EDS experiments. Hence, it is reasonably inferred that these elements in Zircaloy-4 likely had 

minimal impact on the phase transformation undergone by the HPT samples. 

Fig. 3 shows the TEM observation that confirms the presence of ω-Zr in the N10 sample, and no 

β phase was observed. Based on the fast Fourier transformation (FFT) of the high-resolution TEM 

(HRTEM) images in Fig. 3, an orientation relationship (OR) of [1̅011]α // [1̅100]ω and (1̅011̅)α // 

(1̅1̅20)ω was found between the α and ω phases. A 4° angle of misorientation was found to be 

present between (101̅1)α and (112̅0)ω planes. The simulated electron diffraction patterns in Fig. 3d 

also support this OR. Interestingly, this OR is different from those reported previously in the Zr alloy 

system. Under the static high pressure condition, the OR of (0001)α // (112̅0)ω, [112̅0]α // 

[0001]ω were observed [40], whereas under the shock loading conditions, the (101̅0)α // (101̅1)ω, 

[101̅0]α // [112̅3̅]ω OR was reported [41]. The different OR compared to previous reports is likely 

attributed to the severe plastic deformation process, and the accompanying formation of a large 

number of lattice defects. 

Note that the present HRTEM image in Fig. 3a was one of two instances of ω phase 
identification from the many HRTEM images obtained, indicating that the residual phase fraction of 
ω-Zr in the TEM samples was significantly lower than that detected by SXRD (~11 wt. % in the N10 
sample). It is considered that the low observation rate of ω-Zr from TEM is possibly related to the FIB 
milling for the TEM sample preparation, which may have relieved some of the elastic stresses within 
the grains. This process may play an important role in stabilising the ω phase. 

To investigate the temperature stability of refined microstructure produced by HPT, in-situ 

SXRD measurements during heating were performed on the N10 sample, and the results are shown 

in Fig. 4. While the HPT-induced ω phase was found to be metastable at ambient conditions, it is 

evident that it disappears entirely at a temperature of 350 °C (Fig. 4a). As only the dominant α-Zr 

peaks remained, it can be concluded that all ω phase reverts back to the α phase when heated. Figs. 

4b and c further show the evolution of normalised peak width and integrated intensity of selected α-

Zr and ω-Zr diffraction peaks with increasing temperature. Fig. 4b shows that the HPT-refined 

microstructure was not stable at high temperatures, as indicated by the decrease in peak width 

observed with an increase in temperature in both the α and ω phases. This peak narrowing during 

heating indicates that significant grain growth of the α-Zr grains and/or annihilation of crystal 

defects was experienced. Using the Williamson-Hall integral breadth approach [42], the average 

crystallite size of the N10 sample increased from 27 to 79 nm when heated from 25 °C to 300 °C, and 

the micro-strain slightly decreased from 0.0027 to 0.0024.  

The intensity variations for most fitted α peaks (Fig. 4c), including the increase of (112̅0)α and 

(202̅2)α peak intensities and decrease of other α peak intensities, were observed to start ~200 °C. 

These variations are associated with the α-Zr grain growth and potential recrystallisation during 

heating. The intensities of most fitted ω peaks were shown to decrease gradually as the temperature 

increased. The only exception was the (224̅0)ω peak, where an increase in normalised intensity was 

observed between 150 and 200 °C, possibly suggesting a change in its texture prior to 

transformation into α-Zr. 

The results of in-situ SXRD suggest that the heat treatment of the HPT-processed Zircaloy-4 was 

unable to eliminate the more brittle ω phase [43, 44] whilst retaining the refined microstructure of 
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the material. Additionally, since substantial grain growth occurred below the operating temperature 

of water-cooled reactors (300 °C), it appears that severe deformation processes alone may not be a 

viable pathway for introducing a high concertation of defect sinks in Zr alloys for practical reactor 

applications. The current findings emphasis that the poor thermal stability of fine-grained Zr alloys 

produced by the severe plastic deformation needs to be addressed to achieve the enhanced 

radiation tolerance by the grain boundary sink effects at the reactor operational conditions. 

However, HPT may be a suitable method to achieve materials of refined microstructure for 

fundamental studies of ion irradiation damage in Zr alloys with grain sizes down to nanoscales. 

In summary, the HPT-processing of Zircaloy-4 resulted in the formation of a heterogeneous 

nano-grained microstructure. SXRD analysis revealed the formation of approximately 1 wt.% and 11 

wt.% ω-Zr after 5 and 10 HPT revolutions respectively, with the new phase retained under ambient 

conditions. A significantly lower occurrences of ω phase were observed from TEM compared to 

SXRD, suggesting that some ω-Zr grains may have reverted to α-Zr during the TEM sample 

preparation process. Additionally, a new OR of [1̅011]α // [1̅100]ω and (1̅011̅)α // (1̅1̅20)ω was 

observed between ω-Zr and α-Zr. Using in-situ SXRD, the ω phase was observed to fully revert back 

to the α phase upon heating above 350 °C, and the substantial grain coarsening of α-Zr occurs 

around the same temperature range. In addition, our findings caution against the identification of β 

phase in HPT Zr alloy samples based on XRD without complementary characterisation. 
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Figures and Captions 

 

 

Fig. 1. EBSD-based inverse pole figure (IPF) orientation maps, band contrast (BC) maps and (0002) 

pole figures of the as-received and HPT-processed (N2, N5 and N10) Zircaloy-4 samples, measured 

from the middle-radius region of each sample. TD, ND and RD in the pole figures indicate the 

transverse direction, normal direction and rolling direction of the as-received plate, respectively. The 

centre of pole figures for the HPT disks represents the samples’ normal direction which is parallel to 

the initial RD. 
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Fig. 2. SXRD patterns over a selected 2 range of 14° to 41° collected at an incident angle of 4°, 

showing the development of the ω phase in the N10 sample. The graph shows the observed data 

points (black circles) and the Rietveld fit lines. The vertical markers show the peak positions of the 

corresponding phase (ω, α and Laves). Insert: ω phase fractions in the N2, N5 and N10 HPT samples, 

from Rietveld fittings of diffraction data measured at different incident angles (1°, 4° and 10°). 
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Fig. 3. Formation of the ω phase in the N10 HPT sample and its orientation relationship with the α-Zr 
phase. (a, b) HRTEM images, (c) the fast-Fourier transform (FFT) of Fig. b, and (d) simulated electron 
diffraction patterns of the ω and α phases along the [1̅011]𝛼  and [1̅100]𝜔 zone axes, respectively, 
showing a slight misorientation of ~4° between the (1̅011̅)𝛼  and (1̅1̅20)𝜔 crystallographic planes. 
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Fig. 4. High temperature SXRD data of N10 HPT sample. (a) Contour plot of in-situ SXRD data, and 
normalised (b) peak widths as well as (c) peak intensities of selected α and ω peaks as a function of 
temperature. 
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