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The material examined in the present study was a Zr–1.8Nb (wt.%) alloy recently developed 

as the fuel cladding tubes of pressurized water reactors. Such kind of Zr-based alloys are 

widely reported to exhibit remarkable hardening/strengthening due to the irradiation, 

typically ~100 MPa increase in the yield strength (YS) at room temperature1,2). The 

irradiation defects in Zr-based alloys (i.e. dislocation loops) are divided into two groups: the 

<a>-type loop formed on the prismatic planes and the <c>-type loop on the basal plane. The 

<a>-type loop is either vacancy or interstitial nature; in both cases the Burgers vector (b) is 

1/3 〈112 ̅0〉. This type of dislocation loop is produced with low doses less than 5×1025 n/m2 
3). The size is typically 5–20 nm and the number density is 1021–1022 /m3 primarily depending 

on the irradiation temperature. At high doses greater than ~5×1025 n/m2 the <c>-type 

dislocation loops start to appear. They are mainly vacancy-type in nature and the Burgers 

vector is either 1⁄2 〈0001〉 or 1⁄6 〈202 ̅3〉4-6). The <c>-type loop is in many cases larger than 

the <a>-type loop in terms of size and lower in number density. The <c>-type dislocation 

loops are extensively believed to be closely related to performance degradations such as 

irradiation growth and the ductility loss induced by irradiation7-10). Therefore, the aim of the 

present study is to examine the irradiation resistance in the new developed Zr-1.8Nb alloy in 

terms of mechanical property change and irradiation defects evolution. 

The tube shaped Zr-1.8 Nb (wt.%) alloy was used as the start materials. The tube was 

firstly cut in half, and the half piece was subsequently cold-rolled into a flat sheet. The 

thickness was reduced from 0.55 to 0.38 mm. The rolling direction was parallel to the axial 

direction of the tube. Finally, the cold-rolled sheets were annealed at 853 K for 24 h in 

vacuum (<5×10-4 Pa) and followed by cooling, so as to recrystallize the Zr matrix.  

The small size tensile specimens (gauge section: 5 mm in length and 1.2 mm in width) 
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were punched out from the cold-rolled and annealed sheets with the length direction being 

perpendicular to the rolling direction. Both sides of tensile specimens were mechanically 

grinded and finished with mechano-chemical polishing in a suspension of 0.05 μm silica 

particles. The final thickness of tensile specimens was 180±5 μm. 

140 MeV-C4+ ion beam was employed to irradiate the tensile specimens mounted on 

a sample stage equipped with a heating/cooling temperature-control system in the Cyclotron 

and Radioisotope Center, Tohoku University11). The temperature was continuously monitored 

and recorded by a thermocouple fixed in the vicinity of specimen throughout the irradiation. 

The irradiation temperature was carefully controlled at 573±10 K. Displacement damage was 

determined from the fraction of vacancies calculated by Kinchin-Pease option in SRIM 

code12), with the displacement threshold energies of 40 MeV for Zr. Penetration depth of the 

140 MeV-C4+ in Zr is ~180 μm, comparable to the thickness of tensile specimens. In order to 

create spatially homogeneous irradiation defects, a variable energy degrader was used. It is a 

rotating wheel system consisting of a set of Al foils with the thickness ranging from 0 to 284 

μm, which enables to produce the roughly homogeneous distribution of irradiation defects 

throughout the specimen thickness. The beam current density was 3.4×10-3 A/m2, Tensile 

specimens with displacement damages of roughly 0.2, 1.7, 3.1 and 5.3 dpa (displacement per 

atoms) were achieved in the present study. Additionally, the amount of implantation C atoms 

was estimated as 230 at. ppm for 3.1 dpa specimen. 

Tensile tests were carried out at room temperature and the strain rate was set to 10-3 

/s with a high-accuracy laser displacement measurer. Microstructure characterization was 

performed using 200 keV transmission electron microscopes (TEM). The TEM specimen 

was lifted out from the unstrained tensile specimens via a focused ion beam (FIB) technique.  

The stress-strain (σ-ε) curves for unirradiated and irradiated specimens are shown in 

Fig. 1. The total elongation of unirradiated specimen was 25%, which was decreased 

evidently due to irradiation. Note that the uniform elongation was nearly zero for the highly 

irradiated specimens (3.1 and 5.3 dpa); this is probably an indication of the occurrence of the 

dislocation channeling. Both the yield strength (YS) and ultimate tensile strength (UTS) 

drastically increased at low doses below 1 dpa, and increased moderately beyond that point. 

The YS for the 3.1 and 5.3 dpa specimens was 137% and 145% of that of unirradiated 

specimen, whereas the uniform/total elongation for the 3.1 and 5.3 dpa specimens was less 

than a half of unirradiated specimen. A comparison of these two indicates that the rate of 

embrittlement is fairly faster than the rate of strengthening. 

In the analysis of irradiation defect clusters, observation of the <c>-type loops were 
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performed from a direction close to the [11 ̅00] zone axis, where the <c>-type loops are in 

edge-on view parallel to the basal plane regardless of the Burgers vector. This aligned array 

of linear contract was typical feature of <c>-type loops observed in irradiated Zr and its alloys 
7,13,14). The diameter of the <c>-type loops was determined by the length of line segments 

visualized on TEM images. The diameter was in a range from 3 to 50 nm, and the mean 

diameter was 15.4±7.4 nm. The number density of <c>-type loops was 6.5×1020 /m3. 

Observation of the <a>-type loops was performed near the [0001] zone axis. Seen from this 

direction, the <a>-type loops are in edge-on view parallel to the prismatic planes. The <c>-

type loops are invisible in the case of b=1⁄2 〈0001〉 but visible in the case of b=1⁄6 〈202 ̅3〉; 

however, those visible <c>-type loops are distinguishable from the <a>-type loops by shape 

on the TEM image. The diameter of <a>-type loops was in a range from ~3 to 30 nm, and the 

mean diameter was 7.2±3.6 nm. The number density of <a>-type loops was 1.2×1021 /m3. 

In conclusion, 140 MeV-C4+ irradiation at 573 K up to 5.3 dpa was successfully 

conducted on a Zr–1.8Nb alloy to evaluate its mechanical properties change. The yield 

strength and the total elongation of 3.1 dpa irradiated specimens were >137% and <50% of 

unirradiated specimen, indicating that the rate of embrittlement is fairly faster than the rate 

of strengthening. TEM observation on the 3.1 dpa specimen revealed that the size and number 

density of dislocation loops were 7.2 nm and 1.2×1021 /m3 for the <a>-loops, 15.4 nm and 

6.5×1020 /m3 for the <c>-type loops, respectively. 

This research was supported by JST Innovative Nuclear Research and Development 

Project. 
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Figure 1.  Stress-strain curves of irradiated and unirradiated Zr-1.8Nb alloy. 


