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A B S T R A C T

Protons are increasingly used as a surrogate for neutrons to study radiation damage of engineering alloys used in 
the core of a nuclear reactor, enabling high fluences in comparatively short times. However, the accelerated 
damage rate of protons is usually compensated by an increased irradiation temperature to assist diffusion. To 
better understand dose rate effects on microstructure evolution during radiation damage, recrystallized Low-Sn 
ZIRLO and Zircaloy-2 were proton-irradiated to 0.15 dpa at 320 ◦C using nominal dose rates of 1.3, 2.5, and 5.2 
× 10− 5 dpa/s. Depth profiling using microbeam synchrotron XRD was conducted across the 30 µm deep irra
diated regions for line profile analysis, enabling dislocation line density determination. We found no significant 
difference in dislocation density among the different dose rates for Zircaloy-2 while Low-Sn ZIRLO displayed 
dose rate sensitive microstructural evolution. However, Low-Sn ZIRLO exhibited a significantly lower overall 
dislocation density compared to Zircaloy-2 samples at all dose rates. (S)TEM analysis of the samples showed clear 
〈a〉 loop alignment in Zircaloy-2, while this was less pronounced in Low-Sn ZIRLO. APT analysis conducted on 
Low-Sn ZIRLO specimens showed the early onset of irradiation induced nanoclusters of Nb, where the clusters 
were observed to be comparatively smaller in the sample exposed to high dose rate irradiation. Overall, the 
integration of different techniques has provided a more comprehensive understanding of the early-stage damage 
evolution under differing damage accumulation rates.

1. Introduction

The microstructure of materials used in the core of nuclear reactors 
undergoes significant changes due to constant neutron bombardment at 
elevated temperature, resulting in irradiation hardening and embrittle
ment. The most prominent feature of irradiation-induced microstruc
tural evolution is the introduction of vacancy and interstitial point 
defects through the displacement of atoms due to collision cascades 
initiated by neutron flux [1,2]. A large proportion of point defects tend 
to recombine and annihilate at different sinks, depending on sink 
strengths [1,3]. In zirconium alloys the remaining defects tend to form 
〈a〉 and 〈c〉 type dislocation loops, characterised by their Burgers vectors. 
While 〈a〉 loops are observed at the early stages of irradiation in 
recrystallized material, 〈c〉 loops are only observed at later stages after 

an incubation dose is reached, typically > 4–5 dpa [3–6]. Importantly, 
zirconium alloys with typical crystallographic textures exhibit an 
irradiation-induced volume-conserving shape change, commonly 
referred to as irradiation induced growth (IIG) [7,8]. An accelerated 
growth regime is observed at later stages of irradiation and is associated 
with the onset of 〈c〉 loop formation although dislocation loops of 〈a〉
type start to form early on [9–11]. Interestingly, it has been observed 
that the addition of Nb to zirconium alloys results in improved IIG 
behaviour characterized by a delayed breakaway regime and lower 
overall growth rates compared to Nb-free alloys such as Zircaloy-2 [7,
12]. This growth behaviour in Nb containing alloys has initially been 
associated with the delayed 〈c〉 loop formation [13]. However, Francis 
et al. [5] showed this was not necessarily the case for proton irradiated 
Low-Sn ZIRLO. Additionally, Nb-containing alloys, such as Low-Sn 
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ZIRLO, develop irradiation-induced Nb clusters and nano-precipitates 
that have been postulated to reduce irradiation-induced growth by 
reducing point defect mobility [14,15]. However, a comprehensive 
understanding of how Nb nanoclusters influence the development of 
dislocation structures, and the resulting breakaway growth has remains 
elusive.

Emulating neutron damage through use of ion irradiation has 
become a preferred method by many researchers owing to several 
benefits; such as shorter times necessary to reach comparable dose 
levels, the easy handling of samples after irradiation and the far lower 
costs of doing such studies compared to neutron irradiation campaigns 
[4,16,17]. This is desirable for zirconium research, especially when 
investigating the irradiation induced growth behaviour and associated 
〈c〉 loop formation at high doses. Among ion irradiations, protons have a 
relatively large penetration depth at a given energy (≥ 1 MeV), which 
produces a reasonably flat damage region over several 10 s of microns 
when working with zirconium alloys. It has been reported that proton 
irradiated zirconium alloys exhibit similar microstructural features to 
those observed in neutron irradiated materials, although this behaviour 
is strongly influenced by irradiation dose, temperature, and dose rate [4,
18]. Specifically, both types of irradiations produce comparable dislo
cation loop densities, types, and distributions, as well as 
irradiation-induced chemical redistribution and segregation [4,19]. 
Additionally, similar levels of irradiation hardening have been observed 
in both types of materials [20–22]. However, the difference in damage 
dose rates from different species results in irradiating material for 
hours/days for protons versus months/years for neutrons, which high
lights the need to fully understand the effect of dose rate on micro
structural evolution. To account for dose rate difference, an increase in 
temperature is often applied based on theoretical calculations [4,23]. 
These calculations for temperature shift assume two types of point defect 
loss mechanisms are active, namely recombination and sink dominating 
mechanisms [23]. While this approach is widely used for heavy ion ir
radiations, its applicability specifically to proton irradiations has not 
been validated, and there is no clear evidence regarding its accuracy.

To date, studies of ion-based irradiation dose rates have focused 
mainly on materials other than zirconium suggesting a comparable 
correlation between neutron-irradiated materials and those irradiated 
with heavy ions and protons in terms of irradiation induced changes 
such as hardening and chemical segregation, requiring only a modest 
temperature increase from in-reactor temperatures [17,24,25]. Overall, 
irradiation-induced chemical redistribution and dislocation formation 
appear to follow similar trends between different dose rates [26]. When 
considering zirconium alloys, Wang et al. [27] reported a similar 
dislocation density in neutron- and proton-irradiated Zircaloy-4, even 
though the damage rate differed by two orders of magnitude. Similarly, 
findings by Saidi et al. [28] on proton-irradiated Zircaloy-4 indicate that 
there is no significant effect of dose rate on the formation of 〈a〉 type 
dislocation loops irradiated to 0.02 dpa and 1 dpa at 2.89 × 10− 6, 4.34 ×
10− 6, and 5.79 × 10− 6 dpa/s, though the dose rate range studied here 
was very narrow.

The characterization of irradiation-induced microstructural evolu
tion is typically performed using transmission electron microscopy 
(TEM) [2,4,29]. However, the statistical relevance of TEM investigations 
is limited by sample size and the imaged area. In addition, as loops form 
from collapsing point defect agglomerations, the loop size distribution 
will show the highest frequency for the smallest loop size [30]. This 
renders the quantification of the smallest loops in a transmission image 
effectively impossible due to the resolution limit [31] creating signifi
cant uncertainties for loops below 2–3 nm [32,33]. On the other hand, 
diffraction line profile analysis has been used to quantify dislocation 
loop line densities in irradiated materials and is a complementary tool 
for quantitative dislocation density analysis [34–38]. Diffraction tech
niques can provide large sampling statistics and can also account for 
very small features [32]. However, TEM allows observation of loop ar
rangements and morphology within the visible size range [34,35]. 

Therefore, the most comprehensive results can be obtained by utilizing 
both techniques in conjunction.

In this study, we aim to contribute to the understanding of the 
irradiation response of Low-Sn ZIRLO and Zircaloy-2. Specifically, we 
carried out proton irradiation experiments on recrystallized Low-Sn 
ZIRLO and Zircaloy-2 samples at three different dose rates (1.3 × 10− 5 

(L), 2.5 × 10− 5 (M), and 5.2 × 10− 5 (H) dpa/s) to investigate the dose 
rate effect and compare it with previous neutron irradiation studies. We 
utilized the micro-focused beam synchrotron X-ray diffraction (SXRD) 
technique to extract information from different damage levels and dose 
rates by exploiting the proton depth-dependent dose profile. Com
plementing the SXRD findings, TEM was used to confirm the defect 
formation in terms of dislocation loops, and Atom Probe Tomography 
(APT) was used to investigate irradiation-induced changes in the spatial 
distribution of alloying elements.

2. Experimental methods

2.1. Material and proton irradiation

Recrystallized Low-Sn ZIRLO and Zircaloy-2 with average grain sizes 
of 6 µm and 15 µm, respectively, were irradiated with protons to a 
nominal dose of 0.15 dpa (at a depth of approximately 18 µm from the 
surface) using three different dose rates: 1.3 × 10− 5 (L), 2.5 × 10− 5 (M), 
and 5.2 × 10− 5 (H) dpa/s. Prior to irradiation, the samples were me
chanically polished to achieve a flat, deformation-free surface. The 
proton irradiation experiments were carried out at The University of 
Manchester Dalton Cumbrian Facility (DCF) using a 2 MeV beam energy, 
with the sample temperature maintained at 320 ± 10 ◦C, with the other 
irradiation parameters listed in Table 1 (and given in SI.1). The dose and 
dose rate calculations were performed using the SRIM (Stopping and 
Range of Ions in Matter) software package [39], assuming a 40 eV 
displacement energy for Zr [1]. The nominal 0.15 dpa dose refers to the 
60 % damage level of the Bragg peak depth, Fig. 1 together with the 
hydrogen implantation profile given in blue. Although measurements at 
the Bragg peak depth may carry greater uncertainty due to hydrogen 
implantation, the significant temperature gradient between the proton 
beam-heated surface and the cooler bottom of the sample is expected to 
drive hydrogen diffusion away from the irradiated region.

Samples for SXRD measurements were cut to a thickness of 0.5 mm 
using a SiC precision cutting wheel at a slow speed to minimize surface 
damage. The cross-section of the samples was orientated perpendicular 
to the irradiated surface to ensure accurate depth-resolved measure
ments of the damage profile, Fig. 2.

2.2. Synchrotron XRD and line profile analysis (LPA)

SXRD measurements were performed on the P21.2 beamline at the 
PETRA III synchrotron facility at DESY in Hamburg, Germany [40], with 
a beam energy of 67.5 keV. The experiment was carried out in trans
mission geometry, with a beam focussed to a height of 2 µm for adequate 
resolution in the irradiation direction, and a width of 200 µm to maxi
mise the number of grains illuminated at each depth. Depth scans were 

Table 1 
Proton irradiation parameters for Zircaloy-2 and Low Sn ZIRLO samples.

Dose 
rate 
(dpa/ 
s)

Designation Nominal 
dose (dpa)

Irradiated 
area (mm2)

Current 
(µA)

Irradiation 
duration 
(hrs)

1.3 ×
10− 5

Low dose 
rate (L)

0.15 10 × 12 22.3 3.3

2.5 ×
10− 5

Medium 
dose rate (M)

0.15 3.5 × 8.5 11 1.7

5.2 ×
10− 5

High dose 
rate (H)

0.15 3.5 × 5 13.5 0.79
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performed by translating the sample upwards in steps of 2 μm (to match 
the beam height) up to a maximum depth probed of 60 μm below the 
sample surface. This measurement was repeated for four different hor
izontal positions. Diffraction images were captured by four �Varex XRD 
4343CT detectors placed around the direct beam, at 2.8 m downstream 
of the sample. An illustration of the experiment setup is given in Fig. 2. 

Calibration of detector positions and distance were performed using a 
CeO2 calibrant and the integration of images into line profiles were 
performed using the freely available PyFAI python library [41].

In undeformed, recrystallized materials, the diffraction patterns 
exhibit narrow, symmetrical reflections however irradiation-induced 
dislocation loops cause peaks to broaden [42–44]. The broadening of 

Fig. 1. SRIM software package generated dose profile assuming 40 eV displacement damage for Zr with 2 MeV protons. The red line shows the 60 % Bragg peak 
depth where the nominal dpa values were reported from, while the green dashed line indicates the APT and TEM sample extraction depths.

Fig. 2. Schematic representation of the X-ray diffraction depth profiling experiment set-up used at the DESY P21.2 beamline.
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the zirconium diffraction peaks was evaluated using the freely available 
Convolutional Multiple Whole Profile (CMWP) software (version 210, 
616) to calculate the line density of irradiation-induced dislocation 
loops [45]. The background function for the SXRD profiles were 
generated using a spline, the points for which were calculated using an 
algorithm based on datapoints between the reflections (SI.3).

The CMWP method convolutes all the broadening effects using the 
calculated peak patterns and compares them to the measured diffraction 
line profile via fitting of established physical functions [46–48] to 
extract numerical data on microstructural features, such as dislocation 
density. Further details about the diffraction line profile analysis and 
CMWP fitting method can be found in [32,45,49]. Here, only the portion 
related to the strain broadening due to dislocation loops is summarised.

The Krivoglaz-Wilkens model [46] calculates the Fourier transform 
of the strain broadened profile as follows: 

FT
(
ID
hkl
)
(L) = exp

[

− ρ
(

πb
2

)2

g2CL2f(η)
]

(1) 

where ρ is the dislocation density, b is the magnitude of the Burgers 
vector, g is the absolute value of diffraction vector, C is the hkl depen
dent average contrast factor of dislocations, L is the Fourier variable and 
f(η) is the strain function derived by Wilkens [46], where η = L /Re and 
Re is the effective outer cut-off radius of dislocations. For characterizing 
dislocation arrangements or dipole characters, Wilkens introduced the 
dimension free arrangement parameter M, given as M = Re

̅̅̅ρ√ . When 
comparing systems with the same dislocation densities the different 
arrangements can be well characterized by the M parameter which 
carries the dipole character information of dislocation structures. More 
organised dislocation arrangement and strong dipole character result in 
a diffraction peak with a long tail and gives M values around 1 or smaller 
in the analysis. In contrast, a weak dipole character and loosely 
distributed dislocations results in a short diffraction tail providing M 
values much larger than 1 in the analysis [32,50,51]. The individual 
errors are calculated for each parameter during the fitting procedure by 
CMWP using the via p% (confidence interval parameter) fractions of the 
weighted sum of the square of the residuals (WSSR) produced by the 
Monte-Carlo algorithm. The estimated error values from the line profile 
analysis were determined using the confidence interval with a signifi
cance level of P = 3.5. This confidence interval provides a measure of the 
uncertainty associated with the line profile analysis results.

The averaged contrast factor Chk.l is given by the following equation 
relating to the hexagonal materials [52]: 

Chk.l = Chk.0
(
1 + q1x + q2x2), (2) 

where x=(2/3)(l/ga)2, Chk.0 is the average contrast factor for the hk.0 
(prismatic) reflections, q1and q2 are depending on slip mode and Bur
gers vectors. Furthermore, q1, q2, and Chk.0 are dependent on the elastic 
constant of the materials as well as the dislocation types present [52]. 
Theoretical contrast factors for irradiation-induced 〈a〉 and 〈c〉 type 
dislocation loops are given in [18,50].

2.3. Electron microscopy

TEM foils were extracted from the samples and thinned using an FEI 
Helios plasma focused ion beam (p)FIB microscope with the samples 
held at − 130 ◦C using a cryo-stage to minimise hydride formation and 
FIB damage [53]. TEM foils were lifted out from the cross-section of the 
samples to characterize the same regions as those measured using XRD. 
The bulk of the thinning process was conducted at a 30 kV accelerating 
voltage and beam currents of 0.23 nA and 74 pA. Final thinning and 
cleaning were performed at 2 kV with 19 pA until transparency was 
achieved under 5 kV electron beam imaging. Electron microscopy in
vestigations were carried out using a Thermo Fisher Scientific Talos 
F200X field-emission TEM at 200 kV. Bright-field (S)TEM images of 〈a〉

loops were captured on the <1120> zone axis and loop alignment was 
confirmed with 1–2 grains from each condition.

2.4. Atom probe tomography (APT)

Initial lift out and welding steps were carried out at ambient tem
peratures using an FEI Helios plasma (p)FIB microscope while further 
thinning of the tips were performed at cryo temperatures (− 130 ◦C) with 
the same microscope. To prevent large dpa variations throughout the 
analysis volumes and to maintain microstructural consistency, lift outs 
for APT tips were performed from 15 to 20 µm depth of the samples at 
which SRIM predicted dpa is calculated to be ~0.2 dpa. APT tip 
sharpening started using a circular milling pattern with 5 µm outer and 
1.2 µm inner diameter with 0.23 nA 30 kV using Xe+. This was followed 
by smaller circular pattern milling of 2 µm outer and 0.35 µm inner 
diameter with 74 pA 30 kV Xe+. After achieving around 100 nm tip 
diameter, final cleaning with 19 pA 2 kV Xe+ were performed. More 
details are given in [54,55].

APT analyses were conducted on a Cameca LEAP-5000 XR instru
ment at the University of Oxford. Analyses were performed at 60 K using 
laser-pulsing mode, with a laser energy of 20 or 40 pJ and a pulse fre
quency of either 125 or 200 kHz. Detection rates of between 0.003 and 
0.005 ions per pulse were used. APT reconstructions and data analyses 
were performed using IVAS 3.8.16, whilst peak overlaps were solved 
and compositional analyses were performed using AtomProbeLab v0.2.4 
[56]. Nb-rich nanoclusters were identified and extracted from the 
experimental data using isosurfaces [57], with threshold values selected 
to ensure that individual Nb-rich features were identified and not 
merged together. A threshold value of 2.0 at % Nb was applied to each of 
the experimental datasets such that direct comparisons could be made. 
Number densities, volume fractions, and cluster radii were calculated 
using the equations in Ref. [58] modified for HCP-Zr instead of BCC-Fe. 
In total, 2–3 tips were analysed from each condition.

3. Results

3.1. XRD line profile analysis

For examination of the diffraction line profiles, the first 20 α-Zr 
diffraction peaks were utilized. Fig. 3 presents a qualitative comparison 
of the prismatic 1120 peaks from three different depths of the samples 
corresponding to different dpa levels for Low-Sn ZIRLO and Zircaloy-2. 
In addition, the prismatic 1120 peaks are shown for three different dose 
rates with the dose rate corresponding to a depth of approximately 18 
µm from the surface.

Fig. 3 shows a progressive broadening in the 1120 peak profiles of 
both alloys with dpa. It is noticeable that the broadening of the peak tails 
is far more pronounced than broadening at full width half maximum 
(FWHM). In contrast to Zircaloy-2, the Low-Sn ZIRLO exhibits less peak 
broadening. A closer inspection of Fig. 3 also shows that both alloys 
display greater broadening of the tails towards the lower 2θ side, i.e., 
larger d-spacing, resulting in slightly asymmetric peak shape, which 
may imply a dominance of one loop nature over the other as vacancy or 
interstitial. Zirconium alloys neutron and proton irradiated to higher 
dpa levels than studied here have previously shown to display satellite 
peaks within the tail regions [34,59], which cannot be seen here.

Fig. 4 plots the dislocation line density profiles based on CMWP 
calculations as a function of depth for Low-Sn ZIRLO and Zircaloy-2 for 
the low, medium and high dose rates. The shaded blue region represents 
the SRIM calculated damage profile. Fig. 4a highlights that dislocation 
density at pre-Bragg peak depths, i.e., in the plateau, is only marginally 
higher than in the non-irradiated state. In contrast, Zircaloy-2 (Fig. 4b) 
exhibits an increase of dislocation line density up to 30 µm, followed by 
a drop to non-irradiated levels that coincides with the overall predicted 
depth of the proton penetration. These two alloys exhibit different 
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dislocation densities at the Bragg peak after exposure to the low and 
medium dose rates, with Low-Sn ZIRLO samples displaying lower 
dislocation line densities than Zircaloy-2. For the Low-Sn ZIRLO exposed 
to the highest dose rate, the dislocation line density at the Bragg peak is 
comparable to that of Zircaloy-2.

Fig. 5a and b illustrate the M parameter as a function of depth for 
both alloys at all three dose rates. Notably, when the dislocation line 
density is very low, the M arrangement parameter is large, surpassing 
the upper limit of the y-axis on the graphs (in the range between 15 and 
250). When the M value is on the order of 10 and larger this indicates 
very weak dipole character of dislocation loops, ie. few randomly 
distributed dislocations without having dipole character and can be 
treated equally [60]. This large M value indicates very high uncertainty 
and is no longer a useful parameter. Therefore, the upper limit is 
introduced for better presentation of the overall data especially around 

Bragg peak depth where the strong dipole character is observed char
acterised by very small M values. This is particularly apparent in the 
non-irradiated areas of all samples and in the plateau region of Low-Sn 
ZIRLO. Fig. 5c and d show M values excluding data points for dislocation 
density lower than 0.3 × 1014 m− 2 which is the dislocation density value 
representing the non-irradiated state that was collected beyond 35 µm 
depth of the samples. This shows that for Low-Sn ZIRLO, except for the 
high dose rate sample within the vicinity of the Bragg peak region, the 
dislocation loops are not only of low line density but also have an 
extremely weak dipole character.

Fig. 6 illustrates the dislocation density evolution of the two alloys 
with respect to dose. It is important to remind the reader at this stage 
that while the data are separated into low, medium and high dose rate, 
the dose rates vary substantially within a sample when going from low to 
high dpa, as shown in Fig. 7. In case of Low-Sn ZIRLO, an early increase 

Fig. 3. <1120> XRD peaks show the damage dependent broadening as a function of dose and dose rate (proton penetration depth) for a), c), and e) Low-Sn ZIRLO 
(L), (M), and (H) respectively, b), d), and f) Zircaloy-2 (L), (M), and (H) respectively. The peak centres have been aligned with the 0 dpa peak (which is from the non- 
irradiated state that was collected beyond 35 µm depth of the samples) for easy comparison of peak shape and breadth change.
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in dislocation line density is observed for the high dose rate. For the low 
and medium dose rate Low-Sn ZIRLO samples, almost no change of line 
density is seen up to about 0.4 dpa after which the values start to rise. In 
contrast, Zircaloy-2 shows a very steep increase in dislocation line 
density for all dose rates from the lowest dpa level and tends to plateau 
between 0.3 and 0.4 dpa. Additionally, no significant difference can be 
observed in the samples for the three different dose rates in Zircaloy-2. 
Fig. 8 illustrates the dislocation densities from Low-Sn ZIRLO samples 
with the corresponding dose rate from each location indicating a clear 
dose rate dependence specifically at higher doses.

3.2. STEM dislocation loop imaging

STEM images of Zircaloy-2 (L) are presented in Fig. 9, which were 
extracted at about 15 μm from the surface, as indicated in Fig. 1. Fig. 9a 
was obtained by using g = 0002 diffraction condition demonstrating 
that the sample does not contain dislocation loops with a c-component 
according to the g.b = 0 invisibility criterion (see SI.4 for Low-Sn 
ZIRLO). Fig. 9b is an image down the <1120> zone axis, which shows 
〈a〉 loops with a 13 〈1120〉 type Burgers vector [4,5]. Fig. 10 and Fig. 11
display STEM images captured from Low-Sn ZIRLO and Zircaloy-2 
samples, respectively, for each dose rate condition. Although there is a 
strong alignment of 〈a〉 loops in all three instances of Zircaloy-2 samples, 
the 〈a〉 loop alignment is not pronounced in Low-Sn ZIRLO, which agrees 
with findings in [5] for higher dose. The level of alignment was quan
tified to some extent by measuring the separation distances between the 
rows of 〈a〉 loops which is 88 nm, 83 nm, and 75 nm for Zircaloy-2 (L), 
Zircaloy-2 (M), and Zircaloy-2 (H) respectively. However, spacing of the 
rows of <a>-loops is not periodic, and the rows themselves are 
discontinuous making the quantification challenging and less repre
sentative, especially in Low-Sn ZIRLO. Hence the same quantification 

could not be performed for Low-Sn ZIRLO.

3.3. Nb nanoclustering findings by APT

The APT examination of Zircaloy-2 samples did not reveal any sig
nificant clustering of Fe or Sn, nor did it indicate the presence of anti- 
correlative banding (which was previously observed on the length 
scales of 15–20 nm [19]) in the vicinity of aligned 〈a〉 loops, Fig. 12. This 
finding contrasts with the typically reported observations in irradiated 
Zircaloy-2 samples at higher doses after proton and neutron irradiations 
[4,19]. An analysis of these findings, as demonstrated in Fig. 12, pertains 
specifically to the sample subjected to high-dose-rate irradiation.

The APT measurements for Low-Sn ZIRLO samples, carried out at a 
similar distance from the surface as the TEM foils, confirmed the pres
ence of irradiation-induced nanoclustering of Nb, Fig. 13. The cluster 
measurement statistics are provided in Table 2. The results confirm the 
irradiation induced chemical evolution in the samples, even at this early 
damage level (0.15–0.2 dpa). Nanoscale clustering of Nb was observed 
for all three different dose rates, along with some enrichment of Sn and 
Fe in these clusters (see Table 2) compared to the matrix composition. 
Notably, despite the comparable number density of these clusters, the 
mean cluster radius in the high dose rate irradiated sample was observed 
to be smaller in contrast to the low and medium dose rate irradiated 
samples. Fig. 14 displays histogram plots of the cluster sizes after 
different dose rate irradiations. In addition, the Nb content within the 
clusters decreases slightly with increasing dose rate. The Nb content in 
the Low-Sn ZIRLO matrix was determined to be approximately 0.45 at.% 
from non-irradiated tip measurements, which falls within the range 
(0.29–0.49 wt.%) reported for the solubility of Nb in binary Zr-Nb alloys 
[61,62] while this number averages to slightly <0.1 at.% when nano
clusters were excluded in the irradiated condition. Table 3 presents the 
matrix composition of the Low-Sn ZIRLO alloys at different dose rates 

Fig. 4. Dislocation density versus distance from the irradiated sample surface at different dose rates for a) Low-Sn ZIRLO (including magnified version for better 
visualisation of the plateau region), and b) Zircaloy-2. Blue shaded areas show SRIM calculated dose profiles with the corresponding dpa on the right Y axis.

Ö. Koç et al.                                                                                                                                                                                                                                     



Journal of Nuclear Materials 608 (2025) 155721

7

excluding nanoclusters.

4. Discussion

4.1. Dislocation density difference between Low-Sn ZIRLO and Zircaloy-2

A significant difference in dislocation density was observed between 
Low-Sn ZIRLO and Zircaloy-2 at all three nominal dose rates within the 
plateau region before the Bragg peak, corresponding to dpa levels below 
0.4 dpa. This observed difference provides insight into the distinct 
irradiation response and microstructural evolution of Zircaloy-2 and 
Low-Sn ZIRLO during the very early stage of irradiation. Specifically, 

even at pre-breakaway doses, Low-Sn ZIRLO exhibits lower irradiation- 
induced growth compared to Zircaloy-2, as reported by Yagnik et al. 
[12], in a neutron irradiation campaign. Additionally, at higher doses, 
Low-Sn ZIRLO appears to have inhibited 〈c〉 loop formation, as docu
mented in previous studies [12,63,64]. These investigations focused on 
dpa levels above 2 dpa of proton and neutron irradiations [5,65]. In our 
study, although the dislocation density of Low-Sn ZIRLO is significantly 
lower than that of Zircaloy-2 below around 0.2 dpa, it increases rapidly 
at the Bragg peak depth corresponding to ~1 dpa, as shown in Fig. 6, 
which demonstrates an increasing dislocation density trend as a function 
of dpa and dose rate. The difference in the early stages of damage might 
be related to the early formation of irradiation induced Nb nanoclusters 

Fig. 5. Arrangement parameter M versus proton irradiation depth at different dose rates for a) Low-Sn ZIRLO, b) Zircaloy-2 and in c) Low-Sn ZIRLO and d) Zircaloy-2 
data points excluded for dislocation density values below 0.3 × 10 14 m− 2. The error bars represent a measure of the uncertainty associated with the line profile 
analysis results relating to the dipole character of dislocation loops.

Fig. 6. Dislocation density versus dose plots of a) Low-Sn ZIRLO, and b) Zircaloy-2 for different dose rates.
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observed in Low-Sn ZIRLO samples, which is thought to be the main 
factor in the improved IIG and corrosion properties of these alloys at 
higher dpa [5,66].

The dislocation density difference between Low-Sn ZIRLO and 
Zircaloy-2 can be primarily attributed to the presence of Nb and the 

former alloy’s smaller grain size, both of which are influenced by Nb 
content. This is consistent with the findings of Yang et al. [22], who 
reported variations in dislocation density in Nb-containing alloys with 
differing Nb content and attributed these effects to the formation of Nb 
precipitates and the reduced grain sizes associated with Nb addition.

There is a difference in the grain sizes of Low-Sn ZIRLO and Zircaloy- 
2 which are 6 µm and 15 µm respectively. Nb plays a multifaceted role in 
the microstructural evolution of Low-Sn ZIRLO. First, it contributes to 
grain refinement, which in turn enhances the sink strength by increasing 
the grain boundary area. This elevated sink strength enhances point 
defect annihilation, especially at grain boundaries, promoting the for
mation of smaller dislocation loops. Second, during irradiation, Nb 
forms nanoclusters from the initial stages as shown in the present study, 
which serve as sinks for point defects and allow the nucleation of smaller 
loops while inhibiting their growth. Consequently, point defects in Low- 
Sn ZIRLO are more frequently intercepted both by grain boundaries and 
by Nb nanoclusters, leading to more efficient defect annihilation and 
stabilization of smaller dislocation loop structures [14]. However, Nb 
nanoclusters form at very low doses (0.15dpa) with the irradiation 
which is thought to be the dominant effect compared to grain size.

Furthermore, the investigated dose rate regime spans from 
0.79×10− 5 dpa/s to 44.9 × 10− 5 dpa/s covering a broad range which 
was enabled by the micro beam SXRD depth profiling across the damage 
profile. This large dose rate range allowed the observation of the rela
tionship between dose rate, dose, and dislocation density after irradia
tion. The large variation in dose rates at different irradiation depths 
resulted in differing dpa levels for similar dose rates, as shown in Fig. 8. 
Within the investigated dose rate range, no significant difference in 
dislocation density was observed for Zircaloy-2 while there was a 
distinct difference for Low-Sn ZIRLO when comparing the medium and 
highest dose rate, Fig. 6 and Fig. 8. When considering Fig. 6, it is 
important to keep in mind that with increasing dpa level, the dose rate 
also increases as highlighted in Fig. 7. Additionally, Fig. 8 employs a 
colour heat map to depict dose rate variation with proton penetration 
depth in correlation with dislocation density versus dpa plots. The vi
sualizations offer a clear representation of the relationship between 
proton dose rates and dislocation density at different penetration depths 
for Low-Sn Zirlo while Zircaloy-2 doesn’t show such a clear dose rate 
dependent behaviour. Hence, for Low-Sn ZIRLO, there seems to be a 
threshold dose rate of about 2.5 × 10− 5 dpa/s (annotated in the Fig. 8a) 
below which slower dose rates do not produce any observable disloca
tion line density regardless of the dpa level. Going beyond such a dose 
rate, the dislocation line density increases with dose. It does so most 
dramatically for the high dose rate sample where the dose rate increase 
is also most dramatic as shown in Fig. 7. Hence it seems that the po
tential point sink effect of Nb clusters stops working when a critical dose 
rate is exceeded, which might be related to altered Nb clustering kinetics 
due to ballistic mixing. In the phase-field modelling study by Kharch
enko et al. [67], neutron irradiation induced Nb nanoprecipitation in the 
2 % Nb-Zr system was investigated. The model predicted that at elevated 
dose rates, the number density of precipitates increased after an initial 
incubation period (~0.8 dpa). However, the precipitates formed under 
these conditions were smaller compared to those formed at lower dose 
rates, consistent with the observations in the present study which is 
thought to be the main factor in the different dislocation density 
observation. This behaviour suggests that while high dose rates enhance 
nucleation, they concurrently suppress growth due to enhanced ballistic 
mixing. Notably, the dose rate range investigated in Kharchenko et al. 
[67].’s study was two orders of magnitude smaller than the proton 
irradiation dose rate range explored in the current work. This significant 
difference may contribute to the discrepancies observed, particularly 
regarding the presence of an incubation period prior to Nb cluster 
formation.

Another notable finding from their simulations was the existence of a 
dose rate threshold for precipitate stability. Below this threshold, pre
cipitation progressed with irradiation, leading to an increase in average 

Fig. 7. Dose rate vs dpa plot for 2 MeV proton irradiated zirconium with three 
different nominal dose rates, irradiated to the same nominal dpa as predicted by 
SRIM calculations.

Fig. 8. Plot of dislocation density versus dose for proton-irradiated a) Low-Sn 
ZIRLO, and b) Zircaloy-2 samples, where marker colour indicates the dose 
rate. Arrows indicate the lowest dose rate (2.5 × 10− 5 dpa/s) at which the 
dislocation density formation is observed in Low-Sn ZIRLO samples.
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precipitate size. However, exceeding the threshold caused precipitate 
dissolution, driven by the dominant effect of ballistic mixing. This 
behaviour aligns well with the findings of the present study. Moreover, 
there are other systems, such as Fe-Cr alloys, where the increasing dose 
rate was found to delay the precipitation of α′ particles, both 

experimentally and through computational modelling [68,69]. These 
studies demonstrated that an increase in dose rate leads to the disap
pearance of Cr-rich α′ phases that typically form during irradiation, 
analogous to the observation of smaller Nb nanoclusters in the current 
study. In particular, high dose rate irradiation resulted in smaller Nb 

Fig. 9. BF-STEM images obtained from 0.15 dpa proton irradiated Zircaloy-2 (L) sample where a) and b) shows the same region with crystal aligned with the g =
0002 systematic row of reflections and down the <1120> zone axis respectively.

Fig. 10. BF-STEM images from 3 different dose rate 0.15 dpa proton irradiated Low-Sn ZIRLO taken down the <1120> zone axis, a) ZIRLO-L, b) ZIRLO-M, and c) 
ZIRLO-H.

Fig. 11. BF-STEM images from 3 different dose rate 0.15 dpa proton irradiated Zircaloy-2 taken down the <1120> zone axis, a) Zry2-L, b) Zry2-M, and c) Zry2-H.
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nanoclusters similar to the observations in Fe-Cr system which may be 
linked to higher dose rates limiting the time for diffusion. Additionally, 
other mechanisms including ballistic mixing may be contributing as 
well. Neutron irradiations in these alloys which have very low dose rates 
were found to result in larger and more Cr-rich clusters compared to ion 
irradiations at higher dose rates [68]. This suggests that ballistic mixing 
plays a lesser role at lower dose rate irradiations such as neutron irra
diation. Similarly, Harrison et al. [70] irradiated Fe14Cr alloy with He, 
Ne, and Kr ions with different energies and found that α′ precipitation 
was hindered when the primary effect is increased ballistic mixing at 
higher energy and dose rates. Based on these findings, the interplay 
between the production rate of point defects, their recombination, bal
listic mixing, and dissolution emerges as a critical relationship in 
affecting Nb nanocluster formation during irradiation. At sufficiently 
high dose rates, with less time for nucleation and growth, Nb dissolution 
is expected to dominate the process, potentially preventing the forma
tion of Nb nanoclusters up to a certain damage level (dpa) which would 
enhance dislocation loop formation. Additionally, Table 1 shows that 
the Nb-content within the clusters decreases for the samples with 
increasing dose rate. It might also be the case that with increasing dose 
rate the production rate of point defects simply exceeds the absorption 

Fig. 12. APT data from high dose rate (5.2 × 10− 5 dpa/s) 0.2 dpa proton irradiated Zircaloy-2 with homogeneous distribution of alloying elements. Zr is not 
displayed for better visibility.

Fig. 13. APT data from low, medium, and high dose rate irradiated Low-Sn ZIRLO samples displaying Nb nanoclusters with the 2.0 at % Nb isosurfaces and Fe atoms 
without any nanoclustering.

Table 2 
APT irradiation-induced cluster analysis for Low-Sn ZIRLO specimens subjected 
to three different dose rates. The analyses were conducted on tips (2–3 tips were 
analysed from each condition) extracted from the plateau regions of the samples 
corresponding to around 0.2 dpa, with the reported compositions specifically 
originating from nano clusters. N.B. The uncertainty in the size measurements is 
the standard error of the measured cluster sizes for each condition.

Name Dose 
rate 
(dpa/s)

Size 
(nm)

Number 
density 
(m− 3)

Elements (at. %)

Zr Nb Fe Sn

L 1.3 ×
10− 5 

dpa/s

2.37 
±

0.11

4.4 ± 0.7 
× 1023

92.75 
± 0.29

6.06 
±

0.12

0.24 
±

0.03

0.96 
±

0.08
M 2.5 ×

10− 5 

dpa/s

2.75 
±

0.11

3.8 ± 0.8 x 
1023

92.61 
± 0.32

5.56 
±

0.11

0.08 
±

0.06

1.05 
±

0.06
H 5.2 ×

10− 5 

dpa/s

1.69 
±

0.05

4.8 ± 0.5 x 
1023

92.47 
± 0.2

4.92 
±

0.07

0.01 
±

0.02

0.84 
±

0.04
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rate of the Nb clusters regardless of their composition. Furthermore, this 
phenomenon can be elucidated by the observed decrease in Nb nano
cluster size in Low-Sn ZIRLO (H) sample. For each dose rate, the Nb 
nanocluster number density in irradiated Low-Sn ZIRLO samples is very 
similar. However, nanocluster size is noticeably smaller in the high dose 
rate irradiated sample. Consequently, the smaller nanoclusters, despite 
similar quantities, create fewer defect sink regions within a given area. 

This likely promotes dislocation loop formation in the nanocluster-free 
matrix regions of the high dose rate irradiated sample.

Fig. 15 presents a comparative analysis of nanocluster size and 
number density derived from the current study and the literature, 
combining both ion and neutron irradiations. Our hypothesis suggests 
that the overall reduction trend in nanocluster number density with 
increasing dose in all samples presented in Fig. 15, coupled with the 
increase in their size, can be attributed to the coalescence of Nb nano
clusters. This coalescence leads to larger clusters, subsequently dimin
ishing their overall number density and resulting in increased distances 
between clusters. The greater distance between defect sinks facilitates 
the formation and growth of dislocation loops, like the effect of higher 
dose rates as discussed earlier. This effect is particularly pronounced in 
our study, where the observed trends align with those illustrated in 
Fig. 15. Specifically, Figs. 6 and 13, along with Table 2, demonstrate that 
the high-dose-rate irradiated samples exhibit smaller nanocluster sizes 
and greater spacing between nanoclusters. This structural configuration 
corresponds to an increased dislocation density, as highlighted in Fig. 6
(and is presented in SI.5).

The predominantly smaller nanocluster sizes observed in ion- 
irradiated materials, as compared to their neutron-irradiated counter
parts, are primarily attributed to differences in dose rates (data in Fig. 15
suggests that neutron irradiation promotes larger cluster sizes compared 
to ion irradiation, which results in smaller clusters). This hypothesis 
aligns with findings from Yu et al. [71], who observed a similar influ
ence of dose rate in their neutron irradiation study on a ZrNb alloy. 
Beyond this, fundamental distinctions exist between the irradiating 
species. For instance, ions, being charged particles, interact with target 
atoms through distinct mechanisms [72]. One critical difference is the 
resulting damage morphology, particularly in terms of cascades and 
isolated Frenkel pairs [1]. In proton irradiation, smaller and more 
widely separated cascades are produced, contrasting with the damage 
evolution during neutron irradiation [1]. Nevertheless, protons effec
tively generate point defects and have been shown to replicate the 
microstructural features observed in neutron-irradiated Zr alloys [4,5,
27]. However, limitations arise when considering phenomena that are 
highly dependent on dose rate.

4.2. Early-stage irradiation induced alignment of 〈a〉 loops

The alignment of 〈a〉 loops in zirconium alloys after irradiation is a 
well-documented phenomenon in the literature [4,29,76]. The rafting of 
dislocation loops has also been observed in other metals such as Cu, Ni, 
and Fe after ion and neutron irradiations [77–79]. Harte et al. [4] pro
posed that the alignment of loops is a gradual process with increasing 
dpa after proton irradiation. However, the present study shows that 〈a〉
loop alignment can be observed as early as 0.15 dpa in Zircaloy-2, for all 
three dose rates, but to a far lesser extent in Low-Sn ZIRLO. Interestingly, 
Sn segregation has been observed in higher dose samples to anticorrelate 
with loop alignment and it has been unclear if this segregation in fact 
drives the alignment [4,19]. In the present study, the relatively short 
irradiation times did not lead to Sn segregation suggesting that the 
anticorrelation observed in previous work is not a driver but an eventual 
consequence of 〈a〉 loop alignment. It was previously argued that ob
servations of loop and void alignment in irradiated nickel is related to 
the minimization of strain energy [79]. Molecular dynamic simulation 
studies on zirconium by Dai et al. [80] found that the total energy of 
loops is higher when they are aligned. It has been suggested previously 
that the observed differences in loop alignment between Zircaloy-2 and 
Low-Sn ZIRLO can be attributed to the effects of Nb nanoclustering in 
Low-Sn ZIRLO samples [5,81].

The present study reveals that Nb nanoclusters begin to form at an 
early stage, potentially suppressing 〈a〉 loop alignment by encouraging 
defect recombination and delaying their alignment process [15]. The 
mechanism behind the less pronounced 〈a〉 loop alignment and reduced 
dislocation loop formation can be attributed to the restricted mobility of 

Fig. 14. Histogram plots of irradiation induced nanocluster sizes from low (a), 
medium (b), and high (c) dose rate irradiated Low-Sn ZIRLO specimens.

Table 3 
APT matrix composition results for the Low-Sn ZIRLO specimens from three 
different dose rates excluding nanoclusters. Additionally, baseline, non- 
irradiated sample APT data is given as comparison which doesn’t contain Nb 
nanoclusters.

Name Dose rate (dpa/s) Elements (at. %)

Nb Fe Sn

L 1.3 × 10− 5 dpa/s 0.052 ± 0.008 0.029 ± 0.005 0.549 ± 0.011
M 2.5 × 10− 5 dpa/s 0.085 ± 0.012 0.027 ± 0.004 0.639 ± 0.012
H 5.2 × 10− 5 dpa/s 0.078 ± 0.008 0.056 ± 0.005 0.511 ± 0.007
Baseline – 0.45 ± 0.07 0 ± 0.01 0.51 ± 0.02
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〈a〉 loops caused by Nb nanoclusters. These clusters, present in high 
concentrations, act as significant barriers, effectively immobilizing the 
〈a〉 loops and preventing them from achieving their most energetically 
favourable configuration, alignment [5]. Similarly, the work by Gur
ovich et al. [82] reports limited 〈a〉 loop alignment in Zr-1 % Nb alloy 
subjected to 1.5 dpa neutron irradiation, with the alignment intensity 
increasing with higher irradiation doses. Their findings also indicate the 
formation of Nb nanoclusters, which become more prominent at doses of 
5.6 and 9.1 dpa, where nanocluster alignment intensifies. Additionally, 
the dislocation density in their study is observed to saturate at approx
imately 1.5 dpa, closely aligning with the peak damage levels (~1.2–1.3 
dpa) observed in the present study.

For non-Nb-containing alloys, such as Zircaloy-2 and Zircaloy-4, 〈a〉
loop density saturation has been reported to occur at doses of 0.15–1 dpa 
[36,83], while for pure zirconium, theoretical calculations suggest 
saturation occurs between 5 and 10 dpa [84]. In a related study, Shishov 
et al. [85] investigated the effects of Fe and Sn in Nb-containing alloys 
and demonstrated a higher degree of 〈a〉 loop alignment after neutron 
irradiation compared to Nb-only alloys, alongside a delay in Nb nano
cluster formation. With the significant differences between Zircaloy-2 
and Low-Sn ZIRLO at early damage levels, it would be valuable to 
examine their dose rate-dependent behaviours at higher dpa levels 
(>4–5 dpa), where <c>-loop formation typically occurs and is associ
ated with the onset of breakaway growth during irradiation [7]. Low-Sn 
ZIRLO demonstrates superior performance under irradiation, associated 
with its Nb content and the formation of nanoclusters, which may 
interact with 〈c〉 loops in a dose rate-dependent manner [5]. Addition
ally, studying a broader range of dose rates spanning several orders of 
magnitude would be valuable.

5. Conclusions

Zircaloy-2 and Low-Sn ZIRLO were proton irradiated to a nominal 
dose of 0.15 dpa with three different nominal dose rates of 1.3, 2.5, and 
5.2 × 10− 5 dpa/s at 320 ◦C. 

• At the early stages of proton irradiation, a significant lower dislo
cation density was found for Low-Sn ZIRLO irradiated at low and 
medium dose rate compared to Zircaloy-2 irradiated at any dose rate. 
It is suggested that the very early Nb nanocluster formation in Low- 
Sn ZIRLO creates very effective point defect sinks at the early stage of 
irradiation.

• At high dose rates, Low-Sn ZIRLO shows a much faster rise in 
dislocation density as a function of dose and dose rate than at low 
and medium dose rates though it is still slower compared to Zircaloy- 
2. It is suggested that at the highest dose rate the formation of Nb 
nanoclusters becomes less apparent due to several factors such as 
limited diffusion time.

• Low-Sn ZIRLO was found to be much more irradiation dose rate 
sensitive under the investigated conditions (dose rate, irradiation 
temperature, and the proton irradiation) compared to Zircaloy-2 in 
terms of dislocation density and nanocluster formation.

• Strong 〈a〉 loop alignment was observed in Zircaloy-2 at an early 
stage of 0.15 dpa with no evidence of chemical segregation and Sn 
banding suggesting that chemical segregation is not the cause for 〈a〉
loop alignment.

• <a> loop alignment was found to be far less pronounced in Low-Sn 
ZIRLO which may be attributed to the early formation of small Nb 
nanoclusters.

• Similar Nb nanocluster formation was observed in Low-Sn ZIRLO at 
all three dose rates though the cluster size decreases and the Nb 
content within the clusters decreases with increasing dose rate.

In summary, proton irradiation emerges as a valuable methodology 
for emulating the consequences of neutron irradiation on chemical 
segregation, specifically with regard to the formation of Nb nanoclusters 
in Low-Sn ZIRLO and their influence on dislocation formation. This 
technique serves as a suitable surrogate for investigating material 
behaviour in conditions similar to neutron irradiation, thereby 
providing crucial insights into the underlying mechanisms governing 
chemical segregation and dislocation dynamics in Zr alloys. Neverthe
less, in consideration of the outcomes presented in this study, careful 
planning of proton irradiation experiments is imperative. This is 
particularly crucial to ensure an accurate representation of neutron- 
induced damage in Low-Sn ZIRLO, specifically with respect to disloca
tion loop formation and Nb nanocluster development given the signifi
cantly faster dose rates, compared to neutron irradiations, achieved 
through this technique.
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[32] T. Ungár, P. Frankel, G. Ribárik, C.P. Race, M. Preuss, Size-distribution of 
irradiation-induced dislocation-loops in materials used in the nuclear industry, 
J. Nucl. Mater. 550 (2021), https://doi.org/10.1016/j.jnucmat.2021.152945.

[33] M. Kirk, X. Yi, M. Jenkins, Characterization of irradiation defect structures and 
densities by transmission electron microscopy, J. Mater. Res. 30 (2015) 
1195–1201, https://doi.org/10.1557/jmr.2015.19.

[34] T. Seymour, P. Frankel, L. Balogh, T. Ungár, S.P. Thompson, D. Jädernäs, 
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