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Abstract
Characterization of irradiation defects is of great importanceto mitigate irradiation damage, reduce irradiation growth and 
tune mechanical properties in Zr alloys. Here, we describe a practical method to characterize the dislocation loops in irradi-
ated Zr using conventional transmission electron microscopy (TEM). Vacancy or interstitial nature of dislocation loops is 
determined using the inside and outside contrast method. The habit plane of dislocation loops is determined by tilting the 
sample to multiple zone axes and judged based on the projected loop shape. The size of ⟨a⟩ loops is measured by tilting the 
sample to an edge-on position and the loop number is counted under a weak-beam dark-field TEM condition. ⟨c⟩ loops have 
a line contrast under viewing direction of a-axis and a circular shape under viewing direction of c-axis. In addition, a large 
number of triangle-shaped vacancy platelets (TVPs) were formed on the basal plane. With increasing the irradiation damage 
from 0.5 to 1.5 dpa, the number density of ⟨a⟩ loops keeps constant, while the number density of TVPs increased significantly, 
owing to the anisotropic diffusion and accumulation of point defects within basal plane. The methods introduced here are 
easy to follow and extend into other related investigations.
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1 Introduction

Zirconium (Zr) and its alloys are widely used as cladding 
tubes and structural materials in nuclear reactors. The degra-
dation of mechanical properties and damage after irradiation 
have a strong relationship with the generation of irradia-
tion defects. Dislocation loops of ⟨a⟩ and ⟨c⟩ types are well 
known as the main defect structures in Zr after high energy 
particle irradiation [1–14]. The ⟨a⟩ loops, no matter inter-
stitial or vacancy type, were found forming on the primary 
and secondary prismatic plane with the same Burgers vector 
1∕3

⟨
112̄0

⟩
 [1, 4]. The ⟨c⟩ loops are always in vacancy type, 

formed on the basal plane with Burgers vector 1∕6
⟨
22̄03

⟩
 

or 1/2[0001] [15].
The anisotropic irradiation growth of cladding tubes is a 

common issue in nuclear reactor. Irradiation growth shows 

three stages characteristics, stage I—initial transient with 
rapid irradiation growth, stage II—steady-state with a con-
stant growth strain and stage III—breakthrough growth with 
high growth rate [16]. The various stages are related to the 
evolution and distribution of irradiation defects, such as ⟨a⟩ 
and ⟨c⟩ dislocation loops [17, 18]. ⟨a⟩ type loops are gener-
ated in the first two stages, while ⟨c⟩ type loops are always 
observed after reaching a critical level of radiation damage 
at stage III [17–21].

The evolution of ⟨a⟩ loops as a function of irradiation dose 
in Zr alloys has been characterized [11, 20–24]. With the accu-
mulation of point defects, the size of ⟨a⟩ type loops increases 
gradually. Sometimes the inverse trend was observed, which 
was attributed to the effect of alloy elements [20, 21]. The den-
sity of ⟨a⟩ dislocation loops rises at low dose and tends to reach 
a saturation after 0.2 displacement per atom (dpa) [15–19]. 
However, the relationship between the first two stages of irra-
diation growth and the characteristics of ⟨a⟩ loops was not well 
established. The change of the vacancy- and interstitial-type 
defects with enhancing irradiation dose has not been analyzed 
in detail. Therefore, the accumulation of point defects with 
increasing irradiation dose can be understood by analyzing the 
number density and nature of dislocation loops.
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Dislocation loops include both interstitial-type and vacancy-
type, which are outcomes of the agglomerating of interstitials 
or vacancies. The nature of dislocation loops can be identified 
using transmission electron microscope (TEM). Techniques 
developed by “Groves and Kelly”, “Edmondson and William-
son” and “Maher and Eyre” were used to determine the nature 
of the dislocation loops in early studies [25–27]. The inside 
and outside contrast method modified by Föll et al. [28] is 
more effective and widely used to analyze dislocation loops in 
past decades. In this method, four steps are required to deter-
mine the characteristics of a non-edge dislocation loop:

 (i) Using conventional right-hand /finish-start (RH/FS) 
method or invisible criterion [26] g⃗·b⃗ = 0 to deter-
mine the Burgers vector roughly.

 (ii) Taking bright field images under a pair of diffrac-
tion vector “+g⃗ ” and “−g⃗ ” with strict kinematic two-
beam imaging condition (deviation parameter Sg > 0). 
According to the criterion that the loops show “out-
side” contrast with ( ⃗g·b⃗ ) · Sg > 0 and “inside” contrast 
with ( ⃗g·b⃗ ) · Sg < 0, the sign of Burgers vector is final-
ized.

 (iii) Determining the habit plane of each dislocation loop.
 (iv) Defining the nature of a loop by the angle between 

its Burgers vector and habit plane normal, which 
always points upwards toward the electron beam 
direction. For interstitial type, b⃗ ⋅ n⃗ > 0 and vacancy 
type, b⃗ ⋅ n⃗ < 0.

Only steps (i) and (ii) are needed for a pure-edge dislocation 
loop because outside contrast indicates an interstitial loop and 
inside contrast indicates a vacancy loop. The unsafe region, 
which has been given the different definition and described in 
stereographic projection is the primary problem when char-
acterizing the non-edge dislocation loops [2, 9, 29, 30]. The 
unsafe region can be understood at some orientations, under 
which the habit plane of a dislocation loop cannot be deter-
mined accurately [4, 8]. It was proposed that 1/3 ⟨a⟩ loops were 
in an unsafe region when observing from the [12̄13] zone axis 
[8]. It is difficult to determine the habit plane normal direction 
n⃗ of these loops from this zone axis because these ⟨a⟩ loops 
have an edge-on orientation so that the loop normal direction 
is perpendicular to the electron beam direction. However, if 
the habit plane and loop normal direction of all the loops are 
known, no safe or unsafe problem exists. Therefore, it is criti-
cal to determine the habit plane of the ⟨a⟩ dislocation loops.

With above four steps, it is still very difficult to determine 
the habit plane of the individual dislocation loop. Conventional 

two-surface trace analysis is a traditional way to determine the 
habit plane [9]. According to the trace of the major axis of the 
elliptical loop image plus the angle between the normal direc-
tion and electron beam direction, the habit plane of dislocation 
loops can be determined [9]. It was found that the ⟨a⟩ loops are 
lying on or near the prismatic plane. The best way is to tilt the 
⟨a⟩ loops to an edge-on orientation and the loop plane normal 
direction n⃗ can be evaluated from the loop trace [8]. However, 
the requirement for the tilting range of the sample stage is a 
great challenge, especially when tilting it from the prismatic 
plane to the basal plane in a hexagonal close-packed (HCP) Zr.

Ion irradiation is an efficient way to replace neutron irradia-
tion to study the defects in metals [12–14]. In this study, we 
take a helium-ion-irradiated Zr as a model system to show how 
to determine the characteristics of dislocation loops, including 
Burgers vector, habit plane, interstitial or vacancy nature, loop 
size and number density. The evolution of irradiation defects 
with increasing irradiation damage and their consequence are 
further discussed. The methodology adopted in this study pro-
vide a good reference for other researchers in related field to 
analyze irradiation induced dislocation loops.

2  Experimental

Pure Zr (purity > 99.99%) samples were used as model mate-
rials, with specific orientation near [12̄10] and [0001] zone 
axis. The material composition can be found in Table 1. The 
bulk sample was annealed at 800 °C for 2 h in a high vacuum 
atmosphere (~  10–4 Pa) to remove the pre-existing defects. 
Thin foils for TEM were first mechanically ground to less than 
50 μm in thickness and then twin-jet polished to electron trans-
parency. Helium ion irradiation was conducted in a vacuum 
of ∼10−5 Pa at 400 °C using a National Electrostatic Corpo-
ration (NEC) 400 kV ion implanter. The selected irradiation 
temperature is expected to obtain a conductive loop size for 
characterization under the TEM. The ion fluence ranged from 
1 ×  1017 ions·m−2 to 3 ×  1017 ions·m−2 with an invariant dose 
rate of 1.67 ×  1013 ions·m−2·s−1.

The irradiation damage and helium concentration were sim-
ulated by the Stopping and Ranges of Ions in Matter (SRIM) 
with full damage cascades mode and a displacement energy of 
40 eV for Zr [31]. The irradiation damage and helium concen-
tration profiles with different irradiation dose were plotted in 
Fig. 1. The average irradiation damage is about 0.5 dpa or 1.5 
dpa for helium irradiation with fluence of 1 ×  1017 ions·m−2 or 
3 ×  1017 ions·m−2, respectively. The TEM foil was cut in half 
to conduct a thickness measurement inside a scanning electron 
microscopy (SEM). The sample thickness of TEM foils ranged 

Table 1  Impurities of Zr sample 
(wt%)

Hf Fe Si Sn Ni Cr O C

 ≤ 0.001  ≤ 0.002  ≤ 0.001  ≤ 0.0005  ≤ 0.0007  ≤ 0.0008  ≤ 0.014  ≤ 0.001
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from 60 to 200 nm. After irradiation, the helium concentra-
tion in the TEM foils is negligible. Radiation defects were 
characterized using a JEOL 2100F with a conventional TEM 
diffraction contrast technique. The irradiated side of the sam-
ple was placed facing down so that the irradiated surface can 
upwards to the electron beam due to the 180-degree inversion. 
The sample stage has a tilt angle range from − 30° to + 30° on 
both x and y axes. Bright field TEM images under different 
two-beam conditions were recorded to analyze the character-
istics of dislocation loops.

3  Burgers vector of dislocation loop

In most cases, the invisible criterion g⃗·b⃗ = 0 is used to deter-
mine the Burgers vector of the loops, requiring more than 
two diffraction vectors ( ⃗g ) under different zone axes. Turn-
ing from one zone axis to another usually requires a tilting 
angle of more than 15°. To avoid the interference of stress 
field during this process, a flat region with good contrast is 
necessary. It is better to find a marker, such as a dislocation 
line, precipitate, grain boundary or interface, to guide and 
locate the dislocation loop during tilting operation. Other-
wise, it is very easy to lose the targeted dislocation loops. 
Figure 2a shows ⟨a⟩ dislocation loops with three 

⟨
21̄1̄0

⟩
 

Burgers vector when tilting the zone axis 0.5° away from 
[42̄2̄3̄ ]. The vector g⃗ = 101̄1 , g⃗ = 11̄01 and g⃗ = 011̄0 under zone 
axis (ZA) = [21̄1̄0̄ ] were adopted to determine the Burgers 
vectors of the dislocation loops. The loops marked by green 
arrows show no contrast (Fig. 2b) under g⃗ = 101̄1 , indicat-
ing that the loop Burgers vector is ± 1

3
[1̄21̄0] . The loops 

marked by yellow arrows have a Burgers vector of ± 1

3
[1̄1̄20] 

(Fig. 2c) and the loop marked by red arrows have a Burgers 

vector of ± 1

3
[1̄1̄20] (Fig. 2d). The tilting angle was shown 

in the schematic diagram and the a-direction was specified 
in Fig. 2e as well.

Figures 2d and 3a are two bright field images taken 
with a pair of g⃗ to determine the sign of the Burgers vec-
tor. Dislocation loops labeled with A and C show outside 
contrast while loops labeled B and A’ show inside contrast 
with g⃗ = 01̄10 (Fig. 3a). This means A loops have a Burgers 
vector of − 1

3
[1̄1̄20] , B and A’ loops have a Burgers vector 

of 1
3
[1̄1̄20] and C loops have a Burgers vector of − 1

3
[1̄21̄0] . 

These parameters are listed in Table 2 for comparison.

4  Dislocation loop habit plane

Next, we introduce some tips to determine the habit plane 
of ⟨a⟩ loops. First, the non-edge prismatic ⟨a⟩ loops mean 
the Burgers vector cannot be parallel or perpendicular to the 
habit plane [8–10, 32]. For the A loops with b⃗ = −

1

3
[1̄1̄20] 

indicated by yellow arrows in Figs. 2c and 3, their habit 
planes are not parallel to the (11̄00) nor ( ̄11̄20 ). Second, uti-
lize the projected change of ⟨a⟩ loops to determine the loop 
plane. Figure 4 displays the morphology of ⟨a⟩ loops from 
various loop planes projecting on the (101̄ 0) and (21̄1̄3). For 
the loops projecting on the {101̄0}, most of them have an 
elliptical shape with different aspect ratio (Fig. 4a). Here, 
we use the aspect ratio to describe the shape of an elliptical 
loop. If the axis aligned to the basal plane is represented by 
a and the axis aligned to the [0001] direction is represented 
by b, the aspect ratio of the loop projection is b′/a′. Fig-
ure 4b shows the loops lying on the (011̄ 0) and (11̄00) have 
the largest projection aspect ratio. Therefore, the elliptical 
loops with a large aspect ratio, indicated by the blue arrows 
in Fig. 4a, are on the (011̄ 0) or (11̄00) plane. The loops lying 
on the ( ̄121̄ 0) can also be separated out, owing to their edge-
on contrast (Fig. 4b). Different from the projection on the 
(101̄0), the ⟨a⟩ loops projected on the (21̄1̄ 3) have a near 
circular shape, as indicated by green arrows in Fig. 4c. The 
loop in red arrow in Fig. 4c is on the (011̄0), because only 
the loops on the (011̄ 0) show a line contrast when observed 
from [21̄1̄ 3] (Fig. 4d).

When turning from [21̄1̄3̄ ] to [21̄1̄0], the A loops always 
show a coffee bean-like contrast and gradually becomes 
longer (means aspect ratio increasing), indicating they are 
lying on the (01̄10) plane (Fig. 3a–d). Figure 3e shows the 
configuration of ⟨a⟩ loops projecting on the different planes 
by tilting the sample stage from [21̄1̄3̄ ] to [101̄0], along the 
(01̄10) and (0002) Kikuchi line with little change of devia-
tion factor Sg. For B loops with b⃗ = −

1

3
[1̄1̄20] , the contrast is 

near a circle during tilting process, which indicate that they 
are not belong to (11̄00), (01̄10), ( ̄11̄20 ) nor ( ̄121̄0 ) planes. 
The aspect ratio of B loops becomes smaller when the stage 

Fig. 1  Radiation damage (red curves) and helium concentration (blue 
curves) with depth in the thin foil Zr within 200 nm. The maximum 
radiation damage is less than 3 dpa for irradiation fluence of 3 ×  1017 
ions·cm−2 and 1 dpa for irradiation fluence of 1 ×  1017 ions·cm−2
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was tilted from [21̄1̄ 0] to [101̄0]. Therefore, the B loops are 
lying on the {21̄1̄ 0} instead of (101̄0). Even though both A 
and B loops meet the same extinction conditions and have 
the same Burgers vector, they are not on the same habit 
plane. The habit planes of A and C loops can be determined 
using the same method and are listed in Table 2.

5  Dislocation loop nature

The direction of the plane normal n⃗ is upwards to the beam 
direction, whose relationship with the Burgers vector was 
drawn in Fig. 4a. Using b⃗ ⋅ n⃗ < 0, those A’ loops with ellipti-
cal shape are vacancy-type, and since b⃗ ⋅ n⃗ > 0, B loops with 
near-circular shape are of interstitial type. We analyzed 126 
dislocation loops, which are from different zones and under 
the same diffraction conditions. A total of 60 vacancy- and 
66 interstitial-type loops were found in this region. The 
ratio of vacancy loops to the interstitial loops equals 1.1 for 
Zr foil with radiation damage of 1.5 dpa. The statistics have 
errors because dislocation loops with size less than 4 nm are 
difficult to be analyzed by the inside and outside method.

A similar operation was carried out near the [ 101̄1 ] zone 
axis in Zr foil with 0.5 dpa in Fig. 5. The vectors g⃗ = [011̄1̄ ] 
near the [21̄1̄ 0] zone axis and ⃗g = [1̄101 ] and ⃗g = [11̄01̄ ] near the 
[ 101̄1 ] zone axis are used to analyze the nature of the disloca-
tion loops. After specifying the ⟨a⟩ type loops under ⃗g = [0002] 
with ZA = [21̄1̄0], the zone axis was tilt to the [ 101̄1 ] zone axis 
along (011̄1̄ ) Kikuchi line (Fig. 5e). The tilting angle and the 
procedures are illustrated in Fig. 5d, e. The loops labeled with 
arrows in red, yellow and green have three different 

⟨
21̄1̄0

⟩
 

Burgers vectors, respectively. According to the aspect ratio 
of projection and Fig. 4, the plane normal of the dislocation 
loop was inferred and marked in Fig. 5d. The detailed analysis 
results are listed in Table 3. We analyzed 98 dislocation loops 
in the Zr foil with 0.5 dpa. The ratio of the vacancy loops to the 
interstitial loops is 55:33, which is approximately 1.3.

6  Size of dislocation loop

The loop size is another indicator to measure the radia-
tion damage. The size distribution of ⟨a⟩ dislocation loops 
produced after different irradiation conditions is discrete 

Fig. 2  Determination of the Burgers vector of ⟨a⟩ dislocation loops in 
pure Zr after helium irradiation to a fluence of 3 × 10 17 ions·cm−2 at 
400 °C. a All three types of ⟨a⟩ loops showing contrast under [42̄2̄3̄ ] 
zone axis, as marked by the colored arrows. b Loop contrast with 

g⃗ = [101̄ 1] under 
[
21̄1̄3

]
 zone axis. c Loop contrast with g⃗ = [11̄01] 

under 
[
21̄1̄3

]
 zone axis. d Loop contrast with g⃗ = [011̄ 0] under 

[
21̄1̄3

]
 

zone axis. e A schematic diagram showing the tilting angle between 
the [42̄2̄3̄ ] and 

[
21̄1̄3

]
 zone axis
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[8–13, 20–24] because dislocation loops are measured via 
the projection of the dislocation loops on various planes, 
and most likely this size deviates from their real size. The 

accurate way to measure the loops is when the electron 
beam is parallel to the loop habit plane. But it is difficult 
to guarantee that all ⟨a⟩ loops lie on their habit plane under 

Fig. 3  Procedures of determining the habit plane of ⟨a⟩ loops via 
titling the sample to different crystallographic orientations. a–d 
Bright field TEM images of ⟨a⟩ loops with Burgers vectors of ± 1

3
[1̄1̄

20] (yellow arrow) and ± 1

3
[1̄21̄ 0] (green arrow). e Schematic of HCP 

model and its corresponding diffraction pattern under different view-
ing orientations. The direction of electron beam points inward. Rela-
tionship between the plane normal and Burgers vector of the A, A’, B 
and C loops are labeled
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a single zone axis. In this study, we selected the [0001] 
zone axis to measure the size of ⟨a⟩ loops (Fig. 6). From 
this orientation, all ⟨a⟩ loops with prismatic habit plane 

have an edge-on position and show a coffee bean-like 
contrast, as displayed in Fig. 6a. The colored arrows in 
Fig. 6a mark the loops on three different prismatic planes 
{101̄ 0} according to the diffraction pattern in Fig. 6b. The 
loops marked with 1, 2 and 3 are on the planes between 
the {101̄ 0} and {112̄0}, which deviate from the normal 
habit plane of ⟨a⟩ loops. Figure 6c shows the schematic 
diagram of different loops and their projection on the basal 
plane. A similar result was also found in the pure Zr with 
irradiation damage of 1.5 dpa (Fig. 6d, e). The pink and 
blue lines are projection of ⟨a⟩ loops lying on {101̄ 0} and 
{112̄0}, respectively [1, 30]. Some calculations indicated 
that ⟨a⟩ loops prefer to rotate onto the secondary prismatic 
plane to reduce energy after forming on the primary pris-
matic plane [33]. Supposing that the ⟨a⟩ loops are all in 

Table 2  Characteristics of ⟨a⟩ dislocation loops formed under helium 
irradiation to 1.5 dpa in Figs. 2 and 3

Number Con-
trast for 
g⃗ = 011̄0

Burgers vector Habit plane Type in nature

A Inside 1

3
[1̄1̄20] 011̄0 Vacancy

A’ Outside −
1

3
[1̄1̄20] 011̄0 Interstitial

B Inside 1

3
[1̄1̄20] 21̄1̄0 Interstitial

C Inside −
1

3
[1̄21̄0] 11̄00 Vacancy

Fig. 4  Morphologies of the projection of the ⟨a⟩ loops. a An ellipti-
cal shape of the most ⟨a⟩ loops under viewing direction of [101̄0]. b 
Schematic showing the morphology of ⟨a⟩ loops on the various habit 
planes and their projection on the (101̄0). c A near circular shape ⟨a⟩ 
loops with axis of [21̄1̄3]. d Schematic of projection of ⟨a⟩ loops from 

{101̄ 0} and {21̄1̄ 0} onto the plane (21̄1̄3). The solid lines in b and d 
represent the real position of ⟨a⟩ loops and the dashed lines represent 
the projected shape of the loops. a represents the minor axis of the 
dislocation loop, and b represents the major axis, which are parallel to 
the basal plane and c-axis, respectively
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elliptical shape because of the crystal anisotropy, the 
length of the minor axis of ⟨a⟩ loops was measured from 
[0001] zone axis. Totally 233 dislocation loops in the area 
of 1.6 ×  10−13  m2 were obtained for the foil with 0.5 dpa, 
and thus the average size of ⟨a⟩ loops in this region was 
10.4 nm. In the case of foil with damage of 1.5 dpa, 183 
dislocation loops were measured and the average size was 
7.8 nm. The size distribution of the dislocation loops was 
plotted in Fig. 6f.

7  Number density of dislocation loops

The number density of ⟨a⟩ dislocation loops was counted 
in a TEM foil, considering the surface effect [34]. No 
loops were observed at the edge of the thin foil in this 
work because the sample thickness in this region is only 
60 nm. The diameter of interstitial loops near the surface 
is smaller than that in the center of the foil because of the 
fast movement of interstitials toward the sample surface 
[35]. We found only when the foil thickness is thicker than 
100 nm, the sample has sufficient dislocation loops and 
the surface sink effect is negligible [34]. For TEM foil 
with a thickness higher than 150 nm, many dislocation 
loops are likely to stack over together, and their contrast is 
weak, which would cause difficulty in analysis and meas-
urement. Therefore, a TEM foil with thickness in the range 
of 100–150 nm is the right condition for detailed disloca-
tion loop characterization (Fig. 7a). Weak-beam dark-field 
(WBDF) images have previously been used to study the 
geometry and structural information of loops with sizes 
larger than 10 nm [26]. Because of its better contrast, 
WBDF was used to image the ⟨a⟩ dislocation loops. Fig-
ure 7b shows the small-sized dislocation loops and dis-
location lines with strong bright contrast, compared with 
the conventional dark-field image in Fig. 7c. Thus the ⟨a⟩ 
dislocation loops can be easily counted. The density of dis-
location loops in the samples with irradiation damage of 
0.5 dpa and 1.5 dpa is 2.26 ×  1024  m−3 and 4.5 ×  1024  m−3, 
respectively. The results are similar to dislocation loop 
density measured by X-ray line profile analysis [5, 13, 36].

8  Defects on basal plane

A few ⟨c⟩ loops were observed in pure Zr with irradiation 
damage of 1.5 dpa (Fig. 8). ⟨c⟩ loops have line contrast 
when viewed along 

⟨
1̄21̄0

⟩
 and 

⟨
101̄0

⟩
 zone axis under 

g⃗ = [0002]; their sizes range from 40 to 50 nm. When view-
ing along the [0001] zone axis, it is hard to separate ⟨a⟩ 
loops and ⟨c⟩ loops because of a strong stress field interfer-
ence, as shown in Fig. 8b. From the dark field with g⃗ = [1̄
21̄ 0] in Fig. 8c, two white circles indicated by the yellow 
arrows are ⟨c⟩ loops, with Burgers vector of 1

6
[22̄03] or 

1

6
[022̄3] . No further determination of vacancy or intersti-

tial type is conducted because of the foil quality. Apart 
from loops, a large number of triangular-vacancy platelets 
(TVPs) were also observed on the basal plane with an 
under-focus imaging condition, as indicated by the yel-
low arrows in Fig. 9a, b. The vacancy properties can be 
determined according to Fresnel fringes [3], with an under 
focused imaging condition, most of vacancy defects have 

Fig. 5  Determination of the nature of ⟨a⟩ loops in pure Zr after 
helium irradiation to a fluence of 1 ×  1017 ions·cm−2 at 400  °C. a 
Loops marked with red arrows showing no contrast under g⃗ = [011̄1̄ ] 
and ZA = 

[
101̄1

]
 ; b Loops labeled with yellow arrows showing no 

contrast under g⃗ = [1̄101 ] and ZA = 
[
101̄1

]
 ; c Bright-filed TEM image 

under g⃗ = [11̄01̄ ] and ZA = 
[
101̄1

]
 . d Schematic HCP unit cell and their 

diffraction patterns in a and b. e Simplified diagram of the Kikuchi 
map showing the zone axis tilting from 

[
21̄1̄0

]
 to 

[
101̄1

]
 along the 

(011̄1̄ ) Kikuchi line
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a white contrast. These defects were considered to be the 
precursor of ⟨c⟩ loops [3]. The density of TVPs was cal-
culated using the area of TVPs divided by the volume of 
the observed region. It is clear that the density of TVPs 

increase with the radiation damage, indicating the gradual 
accumulation of point defects.

9  Irradiation dose‑dependent defect 
characteristics

Our studies focus on the characteristic of interstitial and 
vacancy defects in pure Zr in the early stage of the irradia-
tion with 0.5 dpa and 1.5 dpa. All the defects size distribu-
tion and number density were concluded in Table 4. With 
the irradiation dose increasing, no significant changes of the 
⟨a⟩ loop density were observed, which indicate that the num-
ber of dislocation loops reached a saturation immediately. 
The average size of the dislocation loops decreases slightly 
(Fig. 6c). The ratio of vacancy loops to interstitial loops 

Table 3  Characteristics of ⟨a⟩ dislocation loops formed in pure Zr 
after helium irradiation to 0.5 dpa in Fig. 5

Number Con-
trast for 
g⃗ = 1̄101

Burgers vector Habit plane Type in nature

A Outside 1

3
[1̄21̄0] 01̄10 Interstitial

B Inside −
1

3
[1̄21̄0] 011̄0 Vacancy

C Inside −
1

3
[1̄21̄0] 11̄00 Interstitial

D Outside −
1

3
[21̄1̄0] 11̄00/101̄0 Vacancy

Fig. 6  Morphologies of ⟨a⟩ dislocation loops under viewing axis of 
[0001]. a ⟨a⟩ loops with a “coffee bean” contrast after helium irradia-
tion to 0.5 dpa. The inserted image illustrates the shape of the coffee 
beans. The three dashed lines in b represent the habit plane of Nos. 
1, 2 and 3 loops. The habit plane of Nos. 1–3 loops rotates from the 
primary prismatic plane to the secondary prismatic plane. c Sche-
matic showing the viewing direction and the projection of ⟨a⟩ loops 
on the basal plane. Loops with dashed line are the real loops and the 

solid lines are the projected loops. d The formation of the smaller and 
denser ⟨a⟩ loops with increasing of average irradiation damage to 1.5 
dpa. Blue lines mark ⟨a⟩ loops lying near the {112̄ 0} plane and pink 
lines indicate those on the {101̄ 0} plane. e Diffraction pattern of the 
irradiated-Zr in d. f Size distribution of ⟨a⟩ loops with average irra-
diation damage of 0.5 dpa and 1.5 dpa. 233 loops for 0.5 dpa and 183 
loops for 1.5 dpa were involved in the statistics. The difference in foil 
thickness between a and d is less than that 20 nm
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changes from 1.3 (0.5 dpa) to 1.1 (1.5 dpa), which shows 
that the number of vacancy-type ⟨a⟩ loops decreases slightly 
as radiation damage increases.

The cascade induced point defects annihilate at the sinks 
or form into dislocation loops. The density of ⟨a⟩ loops 
reaches saturation quickly at a lower radiation damage (0.2 
dpa) [15–19]. As more and more point defects are introduced 
into the foils, the existing dislocation loops served as sinks 
for interstitials and vacancies. Compared with a vacancy, 
dislocation loops prefer to capture interstitial atoms [18, 
37]. With the absorption of interstitials, interstitial loops 
grow and the vacancy loops shrink. Vacancies prefer to be 
absorbed by a former formed vacancy loop on the prismatic 

plane or accumulate on the basal plane to evolve into ⟨c⟩ 
loops. However, the number of vacancies required to enlarge 
⟨a⟩ loops is much more than that for a ⟨c⟩ loop [38]. In addi-
tion, the vacancies diffuse slower along the ⟨a⟩ direction than 
that along ⟨c⟩ direction [39]. Thus, excess vacancies are more 
likely to gather on the basal plane to form vacancy-type 
defects (like TVPs) rather than to be absorbed by an already 
formed vacancy ⟨a⟩ loop, as shown in Fig. 9. The formed ⟨a⟩ 
interstitial loops and their collapse cause expansion along 
a-direction, which is the opposite of vacancy loops. At the 
initial stage of irradiation, the earlier formation of interstitial 
⟨a⟩ loops cause a fast growth rate along a-direction, corre-
sponding to the rapid irradiation growth. The appearance of 

Fig. 7  Queue of ⟨a⟩ loops. a Bright-field and b WBDF image (g,3 g) 
of ⟨a⟩ loops with g⃗ = [01̄10]. c Dark-field TEM image of ⟨a⟩ loops 
arranged in a row along the basal plane, in the same position as in 

b. The thickness of sample in this region (130 ± 10 nm). d Schematic 
showing the queue of ⟨a⟩ loops in these regions. e Diffraction pattern 
of WBDF image in b 
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vacancy loops alleviates this phenomenon. With increasing 
irradiation damage, the total number density of dislocation 
loops remains constant because interstitial atoms are likely 
consumed by the existing vacancy loops, reaching a steady 
state. The density of TVPs increases exponentially with 

irradiation dose (Fig. 9c), which could cause a significant 
contraction along the c-axis. The evolution of these defects 
with irradiation damage is consistent with the second stage 
of irradiation growth [4, 17].

Fig. 8  Morphologies of ⟨c⟩ loops under a-axis and c-axis. a ⟨c⟩ loops 
with a line contrast parallel to the basal plane under viewing direction 
of a-axis. b ⟨c⟩ loops with a near spherical shape on the basal plane 

with viewing direction of c-axis. c Dark-field TEM image of ⟨c⟩ loops 
with a circular shape. The image was taken under double beam condi-
tion with g⃗ = [21̄1̄0]

Fig. 9  Vacancy type defects on the basal plane. a, b Triangle-shaped vacancy platelets produced after helium irradiation to different dose level. c 
The increasing number density of triangle-shaped vacancy platelets with irradiation damage from 0.5 to 1.5 dpa [3]

Table 4  Size distribution and 
number density of a-loop, 
c-loop and TVP

Defects a-loop c-loop TVP

Damage (dpa) 0.5 1.5 0.5 1.5 0.5 1.5

Size distribution (nm) 2–30 3–18 – 40–50 2–12 3–13
Average size (nm) 10.4 7.8 – 43 4.6 6.6
Number density  (m−3) 2.26 ×  1024 4.5 ×  1024 – 5 ×  1020 2.5 ×  1021 6.8 ×  1021

Area density  (m−1) – 4.74 ×  104 2.1 ×  105
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10  Conclusions

In summary, we performed detailed characterization and 
analysis on the dislocation loops in helium irradiated pure Zr 
TEM foil. Via such an example, our aim was to show a sim-
ple procedure to analyze dislocation loops in an HCP crystal. 
The habit plane of ⟨a⟩ loops was determined by tilting the 
sample to different zone axis and judging based on their 
projection aspect ratio. The dislocation loop size can be eas-
ily measured from [0001] direction. The number density of 
dislocation loops can be accurately counted under a WBDF 
imaging condition. With increasing the irradiation dose, the 
density of ⟨a⟩ dislocation loops kept constant, while a few ⟨c⟩ 
loops formed on the basal plane in addition to a high number 
density of TVPs. The variation of vacancy-type defects with 
increasing irradiation dose agrees well with the irradiation 
growth curve.
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