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A B S T R A C T

Annealing is a traditional pathway to mitigate irradiation hardening in metals, while an anomalous annealing 
hardening is widely observed in neutron-irradiated zirconium (Zr), which is counterintuitive and intriguing, and 
affects the performance of Zr components in nuclear reactors. Here, we report that the anomalous annealing 
hardening in irradiated Zr originates from thermally activated formation of three-dimensional kinked 〈c〉
dislocation loops. Through concurrent in-situ heating experiments inside a transmission electron microscope, we 
demonstrate that irradiation-induced planar 〈c〉 dislocation loops progressively merge into zigzag-shape kinked 
configurations between 400 ◦C -500 ◦C. Atomistic simulations reveal that partial dislocations generated by the 
dissociation of 1/6 <2203> loops glide on pyramidal planes driven by the inter-loop attraction forces, ultimately 
forming kinked steps. These three-dimensional kinked 〈c〉 loops act as strong obstacles for prismatic 〈a〉 dislo
cations, leading to a pronounced hardening. This discovery provides a universal framework for understanding 
the annealing-induced hardening in hexagonal close-packed metals.

1. Introduction

Structural materials for nuclear applications face persistent degra
dation due to prolonged exposure to high-energy particle bombardment, 
which generates a high density of vacancies and interstitials. At elevated 
temperatures, the migration and aggregation of these point defects lead 
to the formation of extended defects, including dislocation loops, 
stacking fault tetrahedra (SFTs), vacancy platelets, voids, and gas bub
bles [1–6]. These defects interact with dislocations, driving critical 
property changes in nuclear reactor components—such as irradiation 
hardening [7–9], strain localization [10,11], and irradiation-induced 
dimensional instabilities (e.g. irradiation growth and creep) [12–14]. 
While irradiation hardening exacerbates material embrittlement, 
post-irradiation annealing can partially mitigate this by defect annihi
lation [15]. Intriguingly, neutron-irradiated hexagonal close-packed 
(HCP) metals like zirconium (Zr) alloys exhibit an anomalous hardness 
increase upon annealing [16–20], a phenomenon that defies conven
tional understanding and demands mechanistic elucidation. The 
annealing occurs during the dry-out stage of Zr alloy cladding tubes after 

service in nuclear reactors [20]. The resulting temperature rise can alter 
the mechanical properties of tubes that were already hardened by irra
diation defects, and crucially, the anomalous annealing hardening poses 
challenges for the subsequent long-term storage of spent nuclear fuel. 
Therefore, understanding the underlying mechanisms of anomalous 
annealing-hardening in Zr alloys is not only academically intriguing but 
also important for predicting component behavior during reactor tran
sients and ensuring the safe, long-term storage of nuclear waste.

Zr alloys develop irradiation-induced 〈a〉 and 〈c〉 dislocation loops. 
〈a〉 loops (interstitial/vacancy type), with Burgers vectors of 1/3 
<1120> on the prismatic plane undergo coarsening and annihilation at 
higher temperatures, marginally reducing yield strength and hardness of 
Zircaloy [21,22]. In contrast, faulted 〈c〉 loops (vacancy type), with 
Burgers vector of 1/6 <2023> on the basal plane remain thermal stable 
at service temperatures (300 ◦C-400 ◦C) [23–26]. Strikingly, annealing 
above 400 ◦C triggers pronounced hardening in irradiated Zr alloys 
[17–20]. Since 〈a〉 loops are conventionally linked to irradiation hard
ening [7,8], three hypotheses have been proposed for this anomaly: (1)
Growth of nano-sized 〈a〉 loops or voids during the short annealing stage 
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above 400 ◦C [27,28]; (2) Segregation of Fe, Sn, and Cr solutes at 〈a〉
loops [28]; and (3) Impurity-defect interactions (e.g., oxygen/hydrogen 
with 〈a〉 loops) [19]. However, these mechanisms remain elusive owing 
to the difficulty in identifying the detailed characteristics of irradiation 
defects and clarifying the role of alloying elements in post-radiation 
annealing hardening.

In this contribution, we isolate the intrinsic defect dynamics in Zr by 
employing high-purity samples, eliminating confounding effects from 
alloy elements, and unveil the critical role of kinked 〈c〉 dislocation loops 
in annealing hardening. In-situ high-temperature nanoindentation re
veals significant annealing hardening above 400 ◦C. Complementary in- 
situ transmission electron microscopy (TEM) annealing experiments 
uncover a structural transition: two-dimensional flat 〈c〉 loops evolve 
into three-dimensional kinked configurations between 400 ◦C-500 ◦C. 
Atomistic simulations further validated that these kinked 〈c〉 loops 
impose potent barriers to 〈a〉 dislocation glide, directly linking defect 
morphology evolution to the anomalous hardening.

2. Methods

2.1. Sample preparation

High-purity Zr (99.9 %) was used in this study. Detailed information 
on the material composition can be found in Table S1 in the Supple
mentary Materials. The high-purity Zr sample was annealed prior to 
irradiation to eliminate existing defects. The annealing process was 
conducted in a high vacuum tube furnace with a vacuum better than 
10− 5 Pa for 3 h. The annealed sample exhibited an average grain size of 
approximately 100 μm. The sample was then punched into TEM thin foil 
with a diameter of 3 mm and subsequently electropolished using a so
lution of 90 % methanol and 10 % perchloric acid at − 30 ◦C. To exclude 
the potential impact of different irradiated ions on the formation of 
kinked 〈c〉 loops, both Kr and Fe ions were employed for irradiation 
experiments. Kr2+ ions (800 keV) irradiation was performed at 400 ◦C to 
a fluence of 5 × 1015 ions m− 2 with a flux rate of 4.6 × 1012 ions m− 2s− 1 

in the NEC 400 kV Implanter. Fe2+ ions (2.8 MeV) irradiation was 
conducted at about 307 ◦C with a fluence rate of 1.76×1012 ions m− 2s− 1 

in the High Fluence Irradiation Facility (HIT) at the University of Tokyo 
[29]. The irradiation damage and implanted ions concentration were 
calculated using SRIM with full damage cascades mode with displace
ment energy of 40 eV for Zr [30,31]. Fig. 1 shows that the damage is 
about 33 dpa for Kr2+ irradiation and 5 dpa for Fe2+ irradiation at the 
depth of 200 nm. Radiation defects were characterized using a con
ventional TEM diffraction contrast technique inside a JEOL 2100F. 
Notably, no voids nor bubbles were observed in samples irradiated with 
either Kr2+ or Fe2+ ions.

2.2. High-temperature nanoindentation test

Quantitative nanoindentation tests were performed on post- 
irradiated bulk Zr using an FT-NMT04 In-Situ Nanoindenter integrated 
within a dual beam SEM/FIB (ZEISS Crossbeam 550). A Kr2+ irradiated 
Zr sample with a thickness of 0.2 mm was mounted on the heating 
sample holder using screw fasteners, as shown in Fig. 2(a). The equipped 
diamond Berkovich tip was calibrated using a standard fused quartz. 
Nanoindentation experiments were carried out in continuous stiffness 
measurement (CSM) to analyze the hardness change in the damaged 
area of the material. Tests were performed to a maximum depth of 500 
nm and a constant loading rate of 100 nm/s at 25 ◦C, 400 ◦C, and 500 ◦C. 
The temperature stabilization period required 30–35 min for heating 
and 180–200 min for cooling. Hardness values corresponding to an 
indentation depth of 200 nm were analyzed, representing the peak 
damage region as determined by SRIM calculation (Fig. 1). For each 
temperature condition, average hardness values were determined from a 
minimum of 20 replicate tests, with adjacent indentation sites spaced 
approximately 5 μm apart, as shown in the insert in Fig. 2(a). All in
dentations were performed within a single grain exhibiting the orien
tation of [3361] (see Fig. S1), which was determined by Electron 
Backscattered Diffraction (EBSD). Load-displacement curves were sys
tematically analyzed, and the hardness values were calculated via the 
load/contact area relationship.

2.3. In-situ annealing inside a TEM

In-situ annealing was carried out using a double-tilt Gatan heating 
holder in a JEOL-2000EX TEM operated at 200 kV. The maximum 
annealing temperature is 498 ◦C with a heating rate of 1.5~1.7 ◦C/min. 
Samples were sequentially maintained at 300 ◦C, 400 ◦C, and 498 ◦C for 
1 h each to systematically characterize dislocation loop evolution. Post- 
annealing microstructural analysis was conducted using a JEOL-2100F 
TEM equipped with two-beam bright-field (BF) and weak-beam dark- 
field (WBDF) imaging modes. The Burgers vectors of 〈c〉 loops were 

determined through the g→→⋅ b
→→=0 invisibility criterion. After anneal

ing, samples were cooled to room temperature at a controlled rate of 4 
◦C/min. Real-time microstructural evolution during thermal processing 
was documented via a charge-coupled device (CCD) camera, capturing 
both high-resolution TEM images and time-lapse videos.

2.4. Atomistic simulations

Atomistic simulations were performed using the Large-scale Atomic/ 
Molecular Massively Parallel Simulator (LAMMPS) code [32]. The 
embedded atom method (EAM) potential for Zr developed by Mendelev 
and Ackland [33] was employed, which has been extensively validated 
for studying the vacancy and interstitial dislocation loops in pure Zr 

Fig. 1. Variation of radiation damage and concentration of implanted ions with irradiation depth. (a) krypton ion irradiated Zr (b) iron ion irradiated Zr. The SRIM 
calculation was conducted with a total number of 9999 krypton and iron ions with a full damage cascade method. The red curves are the radiation damage dis
tribution and the blue ones show the implanted ion concentration.
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[34–37]. A simulation cell with dimensions of 3.2 nm (X), 10 nm (Y), 
and 40 nm (Z) was constructed, containing a straight dislocation with 
Burgers vector of 1/6 <2203>. Initial energy minimization was per
formed to optimize the dislocation configuration. The critical resolved 
shear stress (CRSS) for partial 1/6[1102] dislocation slip on the {1011} 
plane was determined using nudged elastic band (NEB) analysis [38]. To 
investigate the dislocation-dissociation-mediated formation of 
three-dimensional 〈c〉 loop, simulations were performed in the NVT 
ensemble at 1200 K. This elevated temperature, significantly higher 
than the experimental condition of 500 ◦C (773 K), was selected to 
overcome the inherent timescale limitations of atomic simulations while 
accelerating the physical processes of 〈c〉 loop formation. The atomic 
configurations of the dislocation loops were analyzed and visualized 

with the common neighbor analysis (CNA) [39] and the dislocation 
extraction algorithm (DXA) [40] implemented in the OVITO program 
[41].

3. Results

3.1. Annealing hardening in irradiated Zr

Fig. 2b illustrates the temperature-dependent nanoindentation 
hardness of pure Zr. At RT, irradiated Zr exhibits a hardness of 1.78 ±
0.14 GPa. A distinct softening was observed when annealing at 400 ◦C. 
Upon cooling from 400 ◦C to RT, the hardness decreased to 1.63 ± 0.29 
GPa, which is related to the recovery of those easy glide irradiation 

Fig. 2. Hardness of Zr after irradiation and annealing. (a) Schematic diagram of the hardness test method using in-situ nanoindentation in a high-vacuum chamber. 
Insert in the lower left corner is the SEM image of the irradiated pure Zr after nanoindentation. (b) Hardness of pure Zr after krypton irradiation, before and after 
annealing at 400 ◦C and 500 ◦C for 30 mins.

Fig. 3. Detailed characterization of flat and kinked 〈c〉 loops. (a-d) TEM images of the faulted flat 〈c〉 loops in the same region with different diffraction vectors (a) 
g→=0002; (b) g→=0111; (c) g→=0110; and (d) g→=1120. The red and yellow arrows mark the same variant of dislocation loops under different diffraction vectors, 
respectively. (e) TEM image of the kinked and faulted 〈c〉 loop viewed with diffraction vector of g→=0002. (f) Bright-field TEM image showing the same 〈c〉 loop under 
g→=0110 diffraction vector. (g) Weak-beam dark-field TEM image showing the same region in (f). (h) High-resolution TEM image showing the step height of the 
kinked 〈c〉 loop. The insert in the lower right corner is the inverse Fourier transformation image of the region.
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defects, such as 〈a〉 loops. Remarkably, after annealing at 500 ◦C for 30 
mins and cooling back to RT, the hardness of the sample increases to 
2.08 GPa—a 25 % enhancement (0.45 GPa) compared to the 400 ◦C 
case, as shown in Fig. 2b This anomalous hardening aligns with neutron- 
irradiated Zircaloy alloys [18–20], suggesting a universal phenomenon 
in HCP metals.

3.2. Formation of kinked 〈c〉 dislocation loop

Irradiation of high-purity Zr with 800 keV Kr2+ ions produced 
abundant planar 〈c〉 dislocation loops observed under g→=0002, as 
shown in Fig. S2a. After annealing at 500 ◦C for 1 h in high vacuum 
environment, lots of kinked 〈c〉 loops appear (Fig. S2b). Fig. 3 shows a 
detailed characterization of the 〈c〉 loops in irradiated Zr before and after 
annealing, utilizing two-beam bright-field TEM imaging and weak-beam 
dark-field (WBDF) TEM imaging under specific diffracting vectors. Pre- 
annealed 〈c〉 loops displayed planar configuration under the viewing 
direction of [1100] and [2110] zone axes. Their alignment perpendic
ular to the g→→=0002 diffraction vector, indicating that they are lying on 
the basal plane (Fig. 3a). The clear fault fringes inside loops with 
g→→=0111 (Fig. 3b) and g→→=0110 (Fig. 3c) confirm the Burgers vector 
as 1/6 <2023>, distinct from 1/2[0001] [23]. The loop indicated by the 
yellow arrow lost contrast under g→→=1120 (Fig. 3d), suggesting that 
this 〈c〉 loop has a Burgers vector of 1/6[2203] or 1/6[2203]. Notably, 
following annealing at 500 ◦C, 〈c〉 loops transformed into interconnected 
linear segments with inclined steps under the g→→=0002, as shown in 
Fig. 3e. WBDF imaging shown in Fig. 3g revealed that the inclined step 
between the two faulted loops has a measurable width, suggesting that 
the 〈c〉 loop now has a three-dimensional configuration, which is named 
kinked 〈c〉 loop hereafter. High-resolution TEM images reveal that this 
step corresponds to the pyramidal plane {1101} (Fig. 3h). The height of 
the steps varies from 5 nm to 20 nm, with an interacting angle in the 
range of 30◦ to 60◦, as shown by statistics in Fig. 4a. The kinked 〈c〉 loops 
have a morphology akin to the step-shaped 〈c + a〉 dislocations in HCP 
metals [42,43], which were also observed in the experiment but with 
low number density (Fig. S3).

3.3. Evolution of irradiation defects during in-situ annealing

To investigate the dynamic evolution processes of the three- 
dimensional 〈c〉 loops, we conducted in-situ TEM annealing experi
ments on 2.8 MeV Fe2+ ions irradiated high-purity Zr. Post-irradiation 
analysis revealed a high density of both 〈a〉 and 〈c〉 dislocation loops, 
as shown in Fig. 5a and b, with respect average diameters of 3.2 ± 0.8 
nm and 61 ± 31.6 nm (see Fig. 4b). The size of flat 〈c〉 loops is smaller 
than that after Kr2+ irradiation (100 ± 25 nm) because of their 

difference in irradiation damage (5 dpa versus 33 dpa). A stepwise 
isothermal annealing process (300 ◦C/1 h → 400 ◦C/1 h → 498 ◦C/1 h) 
was implemented using a TEM foil to track the 〈a〉 and 〈c〉 loops evo
lution (Fig. 5c). Diffraction vector g→→=0002 was employed to distin
guish the 〈a〉 loops from the 〈c〉 loops. At 300 ◦C, both 〈a〉 and 〈c〉 loops 
experienced little changes in size and density, as shown in Fig. 5d. When 
the temperature increased to 400 ◦C, a significant reduction in the 
number density of 〈a〉 loops was noticed (see Fig. 5f and i), and subse
quently the contrast of 〈c〉 loops become clearer, as shown in Fig. 5e. 
Numerous dislocation lines were observed at the same time, as displayed 
in Fig. 5f. With temperature continued to increase to 448 ◦C, the 〈c〉
loops start to interconnect and form kinked structures, as shown in 
Fig. S4, with dynamic evolution process captured by Movie S1. Subse
quent annealing at 498 ◦C revealed the growth of 〈a〉 loops, and a large 
number of 〈c〉 loops with stacking fault contrast, as marked in Fig. 5 g. 
More and more 〈c〉 loops evolve from a flat configuration to a kinked 
morphology, as highlighted in Fig. 5h. The WBDF images in Fig. 6
confirmed that the kinked loops are all three-dimensional structures 
with a step connection at the middle point. In addition, several 〈a〉
dislocations are pinned at these steps (see Fig. 6), suggesting that the 
kinked 〈c〉 loops impede the gliding of 〈a〉 dislocations. With a further 
increase in the annealing temperature to 500 ◦C, the number density of 
kinked 〈c〉 dislocation loops steadily increases, while the number density 
of both 〈a〉 loops and flat 〈c〉 loops decreases, as illustrated in Fig. 5i.

4. Discussion

4.1. Formation of kinked 〈c〉 dislocation loop

The observations above suggest that the formation of three- 
dimensional kinked structures arises from the thermally activated evo
lution of planar 〈c〉 loops. Previous studies have established that 〈c〉
dislocation loops maintain structural stability and remain sessile on the 
basal plane within 300 ◦C-400 ◦C service temperature range [23–25]. 
Our in-situ annealing experiments corroborate this thermal stability 
threshold, showing no significant 〈c〉 loop configuration changes below 
400 ◦C (Fig. 5e). Notably, progressive structural transformations emerge 
as temperature approach 500 ◦C, where initially planar 〈c〉 dislocation 
loops undergo three-dimensional morphological transitions, forming 
kinked geometries spanning multiple basal planes. Notably, in-situ TEM 
observations (Movie S1) reveal no evidence of pyramidal-plane glide 
mechanism for 〈c〉 loops. Instead, the ends of the two adjacent 〈c〉 loops 
gradually connected above 400 ◦C, ultimately generating the steps 
parallel to the {1101} plane.

To elucidate the atomistic mechanisms governing 〈c〉 loops inter
connection, we further performed Molecular Dynamics (MD) simula
tions tracking 〈c〉 loop evolution at high temperatures. A straight 

Fig. 4. Characteristics of 〈c〉 loops and 〈a〉 loops. (a) Statistics of the parameters of kinked 〈c〉 loops, such as the step height and the angle between the inclined step 
and the basal plane. (b) Variation of the size of 〈a〉 and flat 〈c〉 loops with annealing temperature.
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dislocation with Burgers vector of 1/6<2203> was modeled to repre
sent the endpoints of the 〈c〉 loops, as illustrated in Fig. 7a and f. Their 
spatial positional relationships align with the experimental geometries. 
After relaxation at 0 K, the 1/6<2203> dislocation undergoes sponta
neous dissociation: 16 [2203] = 1

6 [1102] + SF
{1101} +

1
6 [1101], which leads 

to a 1/6[1102] partial dislocation lying on the {1101} plane, the re
sidual 1/6[1101] dislocation, as well as a stacking fault on the pyra
midal (Pry.) I plane (Figs. 7b and S5a). Such dislocation dissociation has 
been widely reported and plays a critical role in the formation of 
stacking fault pyramids in Zr [34,35]. Fig. 7(b–e) and Movie S2 depict 
the evolution of two 1/6<2203> straight dislocations at 1200 K. Owing 
to the elastic interaction between them, the 1/6 [1102] partial dislo
cations with opposite Burgers vectors slip on the pyramidal plane, meet 
each other, and finally annihilate. This process leads to the formation of 
a stacking fault on the pyramidal plane. At 0.01 ns, a step parallel to the 
(1101) plane is established (Fig. 7c). After that, the angle between the 
step and the basal plane gradually increases from 61◦ to 129◦, culmi
nating in the formation of a step parallel to the (1101) plane (Fig. 7d). 
Through this mechanism, the two flat 〈c〉 loops eventually form a zig-zag 
shape, as shown in Fig. 7f. Interestingly, pre-annealed endpoints of the 

two flat 〈c〉 loops exhibit partial spatial overlap (Fig. 7a and f). However, 
this phenomenon dissipates following the formation of the step (Fig. 7e), 
exhibiting excellent consistency with TEM observations (Fig. 7 g and h). 
Structural analysis identifies the step as a stable stacking fault along the 
<1102> direction on the pyramidal plane {1101} with a normalized 
displacement of approximately 1/6, as indicated by the corresponding 
stable stacking fault (see the stacking fault energy profile in Fig. S6). 
This multistep reconfiguration pathway, governed by partial dislocation 
glide energetics and stacking fault metastability, provides a universal 
framework for predicting annealing-induced defect evolution in irradi
ated HCP metals.

4.2. Interaction force between adjacent 〈c〉 loops

Regarding the formation mechanism of the kinked 〈c〉 loop, an 
essential question emerges: at experimentally relevant scales, can the 
mutual interaction between adjacent loops generate sufficient driving 
force to induce coordinated glide of partial dislocations? To address this, 
we first calculated the stress field surrounding one 〈c〉 loop and then 
systematically evaluated the interaction force between two nano-scale 
〈c〉 loops.

Fig. 5. Evolution of defects in Fe2+ irradiated pure Zr during in-situ annealing inside a TEM. (a) Irradiation induced 〈a〉 dislocation loops and (b) 〈c〉 dislocation 
loops. (c) In-situ annealing set up for pure Zr inside a TEM. The features of irradiation loops were characterized at the holding stages (60 mins) at each temperature, 
such as at (d) 300 ◦C, (f) 400 ◦C, and (g) 498 ◦C, respectively. (e) and (h) show the morphologies of 〈c〉 dislocation loops under g→=0002 diffraction condition at 400 
◦C and 498 ◦C. The red star is an anchor point to ensure the same observation area. (i) Variation of the number density of 〈a〉 loops, flat 〈c〉 loops and kinked 〈c〉 loops 
with increasing of the annealing temperature.
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The stress field surrounding the dislocation loop was determined by 
solving the Peach-Koehler equation for the self-stresses of any curved 
closed dislocation loop [44]: 

σαβ = −
G
8π
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β −
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8π
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)
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where bi is the ith component of the Burgers vector, ∈ is the permutation 
symbol, G is the shear modulus and ν is Poisson’s ratio. The results of the 
stress field surrounding a vacancy loop with the Burgers vector of 1 /6 <
2023 > and a diameter of 6.7 nm determined by solving Eq. (1) are 
shown in Fig. 8. The results determined via molecular statics (MS) 
simulation are also shown for comparison (see Fig. 8b and c). In the MS 
simulation, a model of 29.0 nm × 30.1 nm × 29.3 nm was constructed, 
where a dislocation loop with the Burgers vector b = 1/6 < 2023 > and 
a diameter of 6.7 nm was inserted. This structure was then relaxed by the 
conjugate gradient algorithm employing the LAMMPS code [32] and the 
EAM potentials developed by Mendelev and Ackland [33], and the stress 
components of each atom divided by Voronoi volume [45] were deter
mined. It is seen that the stress fields surrounding the dislocation loop 
determined by these two methods agree well with each other.

Taking into account the stress field generated by loop1, the interac
tion force Floop(d) exerted by loop1 on the bowing partial dislocation at 
Point A in loop2 can be determined. Here, Point A is identified as the 
nearest point in loop2 to loop1, and d denotes the distance between the 
bowing partial dislocations (here denotes Point A to loop1), as indicated 
in Figs. 7f and 8. According to the Peach-Koehler (PK) formula [45], the 
force per unit length FPK at an arbitrary point along a (possibly curved) 
dislocation line is 

FPK = (b⋅σ) × ζ (2) 

where b is the Burgers vector of the partial dislocation at Point A in 
loop2, σ is the tensor of the stress field generated by loop1, which is 
calculated according to Eq. (1), and ζ is the local line tangent direction at 

Point A of loop2. The cross product with ζ ensures that the FPK is always 
perpendicular to the dislocation line itself. The glide component of the 
PK force acting on the dislocation in the Pry. I plane is 

Fg = FPK⋅lg (3) 

where lg is the glide direction vector of the partial dislocation on the Pry. 
I plane. The interaction force Floop(d) was defined to be Fg as a function 
of d.

For experimentally observed 60 nm loops (TEM-measured), we 
calculate the interaction force Floop(d). Key parameter values required in 
Eqs. (1–3) are listed in Table 1. As shown in Fig. 8e, the interaction force 
at points A and A’ as a function of d are positive, which means that the 
direction of the interaction force is the same as the vector of glide di
rection lg and the two partial dislocations from two 〈c〉 loops will be in 
close proximity under the action of this force. We compare the inter
action force Floop(d) exerted by one loop on the bowing partial dislo
cation from the other loop against (i) the drag force fdrag, which arises 
from the frictional stress of the partial dislocation and the requirement 
to create a stacking fault, and (ii) the line tension force f lt(d) associated 
with dislocation curvature. Here, fdrag per unit length of the partial 
dislocation was estimated as τCRSSb, where τCRSS is the critical resolved 
shear stress of the partial dislocation slipping on the pyramidal plane 
along the growth direction of stacking fault.

As d→0, Floop(d) increases steadily, whereas fdrag remains nearly 
constant. Meanwhile, f lt(d) increases initially but then likely decreases, 
providing an activation energy for kinking rather than a significant 
thermodynamic driving force when d is comparable to or smaller than 
the loop size; in such cases, the overall dislocation line length before 
bowing out and after kink formation does not change substantially. 
Consequently, if Floop(d) exceeds the drag force fdrag right after the 
partial dislocations bow out, the partials can progress toward the other 
partial, while necessary to overcome an activation barrier. Our estimates 
at 0 K show that Floop(d) > fdrag when the initial loop separation d sat
isfies d<10 nm or d<21 nm, depending on the initial positions of the 
loops (see Fig. 8e). This critical separation d is comparable to the 
average distance of 17 nm between loops in the experiment based on the 

Fig. 6. Dark-field images of kinked 〈c〉 loops and their interaction with 〈a〉 loops in post-irradiation annealed Zr. (a) Weak-beam dark-field low-magnification TEM 
image of a kinked 〈c〉 dislocation loop after annealing under g→=0110 diffraction vector. (b-e) show the enlarged TEM image of three-dimensional 〈c〉 loops 
obstructing 〈a〉 loops. The red arrows indicate the pinned 〈a〉 dislocation lines at the steps.
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TEM images (see Fig. 4), suggesting that the partial dislocations from 
each loop could be capable of gliding toward each other owing to the 
interaction between two loops, with this phenomenon being more 
probable at higher temperatures. Complementary MD simulations at 
1200 K demonstrate that spontaneous energy reduction during the 
transition from two planar 〈c〉 loops to kinked configurations (Fig. S7a). 
Strikingly, adjacent loops coalesce into larger defect structures through 
step-mediated interactions (see Fig. S7b), revealing a novel coarsening 
pathway for 〈c〉 dislocation loops.

A few hydrides were also observed in the irradiated samples, and 
they completely dissolved when the temperature increased to 400 ◦C 
during in-situ annealing within the TEM. Hydrogen may influence defect 
dynamics at ambient temperatures through vacancy trapping [6]. Thus, 
the influence of hydrogen on the evolution of 〈c〉 loops was also exam
ined using the BMD19.2 EAM potential for the Zr-H system [46], 
coupled with hybrid MD/Grand Canonical Monte Carlo (GCMC) simu
lations [47]. This potential well-reproduces the interactions of H with 
Zr. For example, the binding energy of interstitial H and the trapping 
energy of H in vacancy were estimated as Ebind=− 0.435 eV and Evac, 

trap=− 0.173 eV, which agree well with the ab-initio determined values of 
Ebind=− 0.459 eV and Evac, trap=− 0.189 eV [46]. Fig. S8 shows that the 
hydrogen atoms are distributed homogeneously above 700 K, which 
minimizes impact on the three-dimensional kinking process during 

annealing.

4.3. Kinked-basal 〈c〉 loops for hardening

Both neutron-irradiated Zircaloys [17–20,28] and ion-irradiated 
pure Zr in this study exhibited anomalous hardening upon annealing 
above 400 ◦C. While solute redistribution and precipitate formation may 
contribute to hardening in alloy systems [28], these mechanisms are 
explicitly excluded in our high-purity Zr model material. In-situ 
annealing experiments reveal a temperature-dependent microstruc
tural evolution. At 400 ◦C, numerous 〈a〉 dislocation loops undergo 
significant annihilation and coalescence (Fig. 5), correlating with the 
measured hardness reduction (Fig. 2). Upon reaching 500 ◦C, only 
sparse <a> loops and dislocation lines left. Notably, we observe a 
structural transformation where two-dimensional 〈c〉 dislocation loops 
evolve into three-dimensional kinked configurations through 
pyramidal-plane step formation, effectively immobilizing the defects 
[48].

The hardening contributed by these sensile kinked loops could be 
estimated by the dispersed barrier hardening (DBH) model [49]: 
Δσloop = αμb

̅̅̅̅̅̅
Nd

√
, where α is typically referred to as a barrier strength 

coefficient, and here takes on the value of 0.3 for 〈c〉 loops [49], the 
shear modulus μ is 33 GPa, Burgers vector b of the faulted 〈c〉 loop is 2.94 

Fig. 7. Formation process of three-dimensional kinked 〈c〉 loop. (a-e) The interaction of two adjacent dislocation segments of 〈c〉 loop, leading to the formation of 
kinked 〈c〉 loop, derived from MD simulations. Atoms are color-coded based on the structure types analyzed via the Common Neighbor Analysis (CNA) and 
Dislocation Extraction Algorithm (DXA). (f) The evolution process of the kinked 〈c〉 loop. In fact, the Burgers vectors of the two 〈c〉 loops are identical. In order for the 
two dislocation lines at the endpoint to be congruent, the direction of the dislocation loops must be one clockwise and one counterclockwise, so that the Burgers 
vectors are labelled as opposite. (g) High magnification TEM images of flat 〈c〉 loops at 400 ◦C. After annealing at 448 ◦C, these flat 〈c〉 loops evolve into kinked 〈c〉
loops (h).
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nm, the number density of kinked 〈c〉 loops is about N=2.5 × 1020 m− 3 

in Kr2+ irradiated Zr (Fig. S2), the average diameter of dislocation loops 
is d=100 nm. Thus, the increase in critical resolved shear stress by 
kinked loops alone is 145 MPa. Considiering the hardness and strength 
obey the three-time relationship [50], the increment of the hardness is 
approximately 435 MPa, which is in agreement with the hardening 
measured by the nanoindentation measurements. This confirms 
three-dimensional kinked 〈c〉 loops as the dominant source of 
post-irradiation annealing hardening.

Atomistic simulations were also conducted to elucidate the under
lying strengthening mechanism. A model containing two 〈c〉 loops with 

the Burgers vector b = 1/6 < 2023 > was generated using the Babel 
package [51]. This was achieved by introducing a platelet of vacancies 
into the HCP Zr matrix, resulting in an ABABCBCB stacking sequences 
along the [0001] direction [36]. The model was then simulated at 1400 
K in an NPT ensemble until step formation was observed. Subsequently, 
a 1/3〈1120〉 screw dislocation was introduced on various prismatic 
planes. Dislocation motion was driven by applying a constant velocity of 
0.1 Å/ps parallel to the Burgers vector in the upper region, while the 
lower region remained fixed. This enables screw dislocation slip on the 
{1100} plane at 5 K. The peak shear stress along [1120] direction cor
responds to the moment when the screw dislocation interacts with the 
loops.

When a screw 〈a〉 dislocation on the prismatic plane (0110) and 
(1010) interact with a kinked 〈c〉 loop (Fig. 9a–c), the stepped geometry 
induces repeated stress concentration during cutting events. Compared 
to planar loops, kinked configurations generate 50 % higher shear 
resistance (Fig. 9b and c). When the 〈a〉 dislocation cuts through the 
kinked loops, they are more likely to become pinned at this step and are 
dragged out after passing the loops, resulting in a dramatic hardening 
(see Movies S3-S6). This simulation is consistent with the experimental 
observation that several 〈a〉 dislocations are pinned at the steps of the 
kinked 〈c〉 loops, as marked in Fig. 9(d–f). The strengthening effect 
observed in the presence of three-dimensional kinked 〈c〉 dislocation 
loops is comparable to that of helium bubbles strengthening [52], as 
both act as a stronger barrier for the movement of the mobile 〈a〉 dis
locations, leading to an increase in hardness or strength.

Fig. 8. Interaction force between two 〈c〉 loops. (a) The stress field model of one 〈c〉 loop. The components of the stress field surrounding the 〈c〉 loop on the (1120) 
slice, determined by (b) MS calculation and (c) theoretical method of Eq. (1). (d) The schematic diagram to determine the interaction force worked on point A of 
loop2 and Point A’ of loop2’ induced by the stress field of loop1. There are two different spatial positions for loop2 (marked loop2 and loop2’ respectively) relative to 
loop1. Owing to the symmetry of the stress field of 〈c〉 loop in Fig. S10c, the stress tensor at point A and point A’ are different. (e) The interaction force Floop(d) exerted 
by loop1 on the bowing partial dislocation at Point A in loop2 owing to the stress field generated by loop1. The green dashed line shows the fdrag per unit partial 
dislocation length.

Table 1 
Value of the parameters in Eqs. (1–3) used to determine the interaction force 
Floop(d) in experimental scales. See Fig. 8 for the schematic diagrams of Loop2 

and Loop2’.

Parameters in Eqs. (1–3) Loop2 Loop2’

Burgers vector of partial 
dislocation 
b = 1/6 < 1102 > (Å)

b1 = b2 = [0, − 0.9293, + 1.7163]

Local line tangent direction 
ζ

Point A and Point A’: ζ = [1,0,0]

Vector of glide direction lg Glide direction on Pry. I 
plane of point A: 
lg = [0,0.4792, −
0.8777]

Glide direction on Pry. I 
plane of point A’: 
lg = [0,0.4792, +
0.8777]
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5. Conclusions

In summary, our experimental observations and atomistic simula
tions reveal that a multi-stage defect evolution pathway in irradiated Zr: 
Initially basal-plane-aligned two-dimensional 〈c〉 loops evolve via ther
mally activated structural transformation into three-dimensional kinked 
configurations during 400 ◦C-500 ◦C annealing. This process initiates 
through partial dislocation dissociation from planar 〈c〉 loops, followed 
by pyramidal-plane slip and stacking fault reconstruction that enables 
geometric reconfiguration. The resultant three-dimensional kinked 〈c〉
loops could effectively impede the easy glide of 〈a〉 dislocations, thereby 
inducing anomalous annealing hardening in irradiated Zr. These find
ings fundamentally advance our understanding of post-irradiation 
defect dynamics in hexagonal close-packed metals. The identified 
mechanism provides critical insights into the long-term performance 
prediction of nuclear reactor cladding materials.
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