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The usage and long-term storage of nuclear fuel cladding motivate efforts to understand the effect of
external stress on hydride precipitation. Here, by using in situ bending device in electrolytic hydrogen
charging, the nucleation and precipitation behaviors of subsurface hydrides under different degrees of
tensile stress were obtained. The number density of surface hydride bumps increases with the elastic
tensile stress and reaches a peak before plastic yielding. This is related to the statistical result that the

Keywords: reorientation of hydride bumps reaches maximum at the end of elastic stage. Morphologies of hydride
Zirconium bumps varies from needle- or circular-shape to faceted, indicating hydride reorientation. The faceted hy-
Hydride drides have special crystallographic characteristics. Under tensile stress, the habit planes of faceted hy-
External stress drides gradually transform from {0001} to {101i} (i = 1-7), even to the {1010} planes. Because of the
lli[aac;tt plane local compressive stress, faceted hydrides growing along one <1120~ direction are suppressed. Exter-

nal stress-stimulated tensile or compressive lattice stress on specific crystallographic planes impacts the
choice of faceted/habit planes in hydride precipitation, which plays an important role in the long-term

performance of Zr cladding tubes.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Zirconium (Zr) alloys are widely used in nuclear reactors as
pressure vessels and cladding tubes [1,2]. Due to low solid solu-
bility of hydrogen in Zr [3], brittle hydrides are easy to form, lead-
ing to hydride embrittlement [4-8]. Besides, Zr cladding tubes ex-
perience multi-axial stress in service [2], among which the hoop
stress in a range of 122-130 MPa is the largest. Even in the long-
term storage for spent nuclear fuel cladding [9-11], residual ten-
sile stress still exists. The external stress has a marked effect on
the nucleation and precipitation of hydrides, causing hydride re-
orientation, which becomes the predominant culprit for the catas-
trophic reduction in the mechanical performance and the failure
of Zr cladding tubes via delayed hydride cracking [12]. Therefore,
the influence of external stress on hydride precipitation arises as
an urgent issue in understanding the hydrogen embrittlement of
Zr [13-17].

The effect of stress on hydride nucleation and characteristics
has been explored [17-19]. Tensile stress increases the nucleation
density of hydrides, whereas compressive stress suppresses it [17].
Notably, the external stress also causes hydride reorientation [12].
The threshold stress of hydride reorientation has been studied in
details [20,21]. It was reported that hydrogen content [22], grain
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size, degree of cold work [23] and stress state [24] are key fac-
tors affecting the threshold stress of hydride reorientation. Inter-
estingly, hydride spacing also impacts on the threshold stress of
hydride reorientation [25]. A threshold stress in the range of 75
and 80 MPa was reported for hydride reorientation in recrystal-
lized Zr-2 and Zr-4 alloys [26,27]. Moreover, the reoriented hy-
drides significantly reduce the ductility and fracture toughness of
Zr alloy [28-31].

Under external stress, hydrides show three different character-
istics. First, external tensile stress alters the preferential nucleation
sites of hydrides. With external tensile stress, the terminal solid
solubility of hydrogen for hydride precipitation is significantly re-
duced at the sites where grain boundary (GB) planes and the basal
planes of grains are near perpendicular to the tensile stress [32-
37]. Thus, intergranular hydrides usually precipitate on the GBs
that are perpendicular to the tensile axis [32]. Similarly, intragran-
ular hydrides prefer to form in grains with a circumferential basal
pole in cladding tubes [32]. Second, external tensile stress alters
the alignment of hydrides. Mesoscale reoriented hydrides are re-
lated to the vertically stacking of microscale hydrides [12,27]. With
external tensile stress, the precipitation sites of new hydrides shift
from the diagonal corners of a pre-forming hydride to the mid-
dle point [38]. These hydrides still align along basal planes, but
become thicker and shorter with the increase of external ten-
sile stress. Third, external tensile stress alters the chosen of hy-
dride variants and their habit planes. Under external stress, hy-
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Fig. 1. Schematic showing the device for in-situ bending during hydrogen charging.

dride variants perpendicular to the normal of tensile stress are
popular, while the formation of other hydride variants are sup-
pressed [39-41]. Two out of three variants of hydrides form under
tensile stress in simulation, and their staggered alignment turns
the final mesoscale hydride near perpendicular to the tensile stress
[41]. In addition, with external tensile stress, the habit plane of hy-
drides alters from original (0001) basal plane to {1011} pyramidal
plane [42-44]. Reoriented hydrides with habit planes of {1012},
{1013}, {1017}, and {1010} were also reported [42,44]. Although
the effect of external stress on hydrides reorientation has been ex-
plored in some aspects, how stress affects the crystallographic fea-
tures of reoriented hydrides is still lacking a precise explanation.
Therefore, revealing the detailed characteristics of microscale reori-
ented hydrides and their relationship with the external stress are
needed [12].

In this study, we adopted subsurface hydrides as a model to
investigate the nucleation, growth, distribution, and reorientation
characteristics of hydrides in Zr under external stress. An in-situ
bending device is used to apply elastic and plastic strain on pure
Zr thin foils during electrochemical hydrogen charging, which fa-
vors the observations of hydride reorientation at room tempera-
ture. The influence of stress on the hydride nucleation and charac-
teristics with different degrees of elastic or plastic deformation is
revealed. Under external tensile stress, faceted subsurface hydrides
form and their habit planes gradually transform from {0001} to
{101i} (i = 1-7) and finally to {1010}. External stress-stimulated
tensile or compressive local lattice stress on specific crystallo-
graphic planes impacts the choice of faceted/habit planes in hy-
dride precipitation.

2. Experimental methods
2.1. In-situ bending under hydrogen charging

High-purity fully recrystallized Zr was used as a model mate-
rial. Samples for hydrogen charging were ground and then pickled
using a mixture of 3 vol.% hydrofluoric acid, 40 vol.% nitric acid
and 57 vol.% distilled water. Fig. 1(a) shows the schematic of the

in-situ bending device. Two ends of thin foil samples were fixed
at one side and movable at the other side for flexible bending.
Central bending angle scale is marked on the outside of the de-
vice. The top view of the device and the approach to determine
the bending angle are shown in Fig. 1(b). A hole is punched-out
on the bottom of the device to allow the flow of electrolyte. The
shape of thin foil samples used for hydrogen charging is shown in
Fig. 1(c). To achieve a large elastic bending range, the final thick-
ness of Zr samples was only 170 xm. The L-shaped sample geome-
try was designed to connect the left part to an electrode. Hydrogen
electrochemical charging was conducted in a solution of 0.5 mol/L
sulfuric acid using a current density of 0.2 A/cm? at 30 °C for 1 h.
Different bending angles of 0°, 5°, 10°, 15°, 20°, 25° and 30° were
selected to achieve different degree of elastic and plastic deforma-
tion in thin Zr foils. During charging, the screws on both sides of
the device were flexible, which enable the central part of the sam-
ples experiencing maximum stress.

2.2. Microstructural characterization

During charging, surface hydride bumps form. After taking the
foil from the device, the surface hydride bumps were character-
ized using scanning electron microscope (SEM, SU6600). To survey
the hydride bump number density inside grains or at GBs, more
than two hundred 500 x SEM micrographs were taken and in-
volved in statistics. High-resolution micrographs of the central area
(1 mm x 5 mm) of each sample with different bending angles
were obtained. All GBs and hydriding GB segments in the central
area (1 mm x5 mm) were highlighted by Photoshop software, then
the GB hydriding fraction of samples with different bending angles
was calculated by Image-] software. To analyze the area fraction of
hydriding in the central area (1 mm x1 mm), Photoshop software
was used to increase the contrast between hydride bumps and Zr
matrix, which partially decreases the hydriding area fraction. Thus,
only a general trend can be obtained with this approach. Besides,
to display the intragranular hydriding area fraction, a manual an-
notation method was used with less loss of the hydride area frac-
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Fig. 2. Characteristics of surface hydride bumps in pure Zr after 1 h electrolytic hydrogen charging with different bending angles. (a) to (f) Morphologies of subsurface
hydrides in Zr formed under different bending angles. The scale bar is 20 pum for all figures.
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Fig. 3. Variation of area fraction of hydriding with bending angle. (a) GB hydriding fraction vs. bending angle within the center of sample (1 mm x 1 mm and 1 mm x 5
mm) and area fraction of hydriding vs. bending angle within the center of sample (1 mm x 1 mm). (b) Central Mises stress vs. bending angle obtained according to ABAQUS
simulation. The inset is the Mises stress field in the tensile side of the sample with the bending angle of 15°.

tion. Then, the area fraction of hydriding and the intragranular hy-
driding area fraction were calculated by Image-] software.

Electron backscatter diffraction (EBSD) was used to measure
the orientation of grains. EBSD scans were conducted with a volt-
age of 20 kV and a probe current of 2.7 nA using a step size of
0.5 um. The EBSD data was further analyzed using MTEX software
[45]. Transmission electron microscope (TEM, JEOL 2100F) was em-
ployed to characterize the microstructures of subsurface hydrides.
TEM thin foils with the dimensions of 12 um x 6 um x 100 nm
were cut by focus ion beam (FIB) on specific hydride bumps. To
mitigate the ion-beam damage, an 8 um Pt layer was deposited
on the top of chosen hydride bumps before cutting. The raw TEM
foils were further polished using a gentle Ga™ beam with a voltage
of 5 kV and a beam current of 48 pA to reduce hydride formation
during FIB thinning.

2.3. Estimation of bending stress

To estimate the value and distribution of tensile stress in each
sample with different bending angles, a model of three-point

bending was created by using ABAQUS software. The deflection
used in each calculation was fitted with the corresponding experi-
ment. Tensile tests were performed on the pure Zr to obtain input
data for simulation [46]. One average stress-strain curve was cho-
sen with E = 116 GPa and oy = 146 MPa for plastic yielding
(ep1 = 0). The yield stress-plastic strain curve was inputted as the
plastic deformation data of Zr in ABAQUS. Considering the appli-
cability of the simulation model, the ABAQUS/Standard solver was
chosen and an eight-node brick element (C3D8) was used. After
calculation, the central Misses stress and the corresponding strain
of each bending test were extracted.

3. Results

3.1. Effect of bending angle on the number density of subsurface
hydride bumps

Fig. 2 shows the morphology of hydride bumps formed on Zr
thin foil with different bending angles after hydrogen charging for
1 h. For the sample without bending, hydride bumps are sparse, as
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Fig. 4. Faceted hydride bumps. (a) Morphologies of needle and circular hydride bumps formed under stress-free hydrogen charging. (b) and (e) Faceted hydride bumps
formed in grain with basal plane bearing a tensile stress. (c) and (f) Faceted hydride bumps formed in grain with basal plane bearing a compressive stress. (d) Intragranular

area fraction of faceted hydride bumps and needle hydride bumps vs. bending angle average over five grains with grain size of 80 um. The unit cell in each image marks
the orientation of the grain.
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Fig. 5. Characteristics of faceted planes in surface hydride bumps for grains with basal plane bearing a tensile stress. (a) to (c) SEM images of faceted hydrides. The faceted

planes are highlighted by colored dash lines. (d) to (f) are pole figures for (a) to (c), respectively. Facet planes of {101i} (i = 1, 2, 3, 4, 5, 6, 7) can be determined according
to the pole figures.
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Fig. 6. Faceted hydrides in Zr grains with ba§al plane bearing a compressive stress. Th_e bending angle of each case is labeled in the right top corner of the image. Faceted
hydride bumps are along two preferred <1120> directions and shrunken in one <1120> direction in (a), (c), (e), (g) according to the pole figures in (b), (d), (f) and (h),

respectively.

displayed in Fig. 2(a). With bending deformation, the number den-
sity of hydride bumps generally increases as shown in Fig. 2(b) to
(f). Thin foil Zr can be fully recovered after deformation within the
bending angle of 20°, thus the sample only has elastic deformation
in this case. For the elastic bending range, both the area density
of intergranular and intragranular subsurface hydride bumps in-
creases with bending angle, as shown in Fig. 2(b) to (d). Once the
bending angle is larger than 20°, the Zr thin foil undergoes plastic
deformation. For the plastic bent samples, the area density of hy-
drides decreases with further increase of bending angle from 25°
to 30°, as shown in Fig. 2(e) and (f). Morphologies of hydrides are
similar for samples with and without bending, both circular-like
and needle-like hydrides are observed.

Fig. 3(a) displays the evolution of GB hydriding fraction and the
area fraction of hydriding at the central area of samples with in-
creasing of bending angle. The area density of both intergranular
and intragranular hydrides is continuously increasing in the elas-
tic bending stage, whereas a turning point appears slightly before
the plastic yielding; once the sample bent into the plastic stage,
the area density of hydrides decreases with the further increase of
bending angle. The highest area density of hydrides appears in the
range of 15° to 20°. A variation of the statistics area does not alter
this trend, as shown in the statistics for the central area of 1 mm
x1 mm and 1 mm x5 mm in Fig. 3(a). Fig. 3(b) plots the increase
of central Misses stress with bending angle. The stress distribution
on Zr thin foil with the bending angle of 15° is also displayed in
Fig. 3(b) as an inset. The central stress is highest in the bent Zr thin
foil, corresponding to the maximum area density of hydrides in the
central region. Comparing the central Misses stress with the o ¢ye
(146 MPa) at e, = 0, the elastic and plastic deformation stages
of the whole Zr thin foil can be distinguished. According to this
criteria, Zr thin foil sample remains in elastic deformation for the
bending angle of 20°, then gradually transitions into plastic defor-
mation.

3.2. Faceted surface hydride bumps

3.2.1. Crystallographic features of faceted hydride bumps
Under stress-free hydrogen charging condition, the angle be-
tween basal habit plane and hydriding surface determines the

choice of two types of hydride bumps [47]. Fig. 4(a) shows that
circular bumps form in grains with basal plane near parallel to
the sample surface, whereas needle-shaped bumps precipitate in
grains with basal plane near perpendicular to the sample sur-
face. However, under stress condition, the morphology of hydride
bumps shows faceted features , indicating the altering of hydride
habit/faceted plane. Fig. 4(b), (¢), (e) and (f) display the morphol-
ogy of faceted hydride bumps formed under the bending angle of
10° in the sample central area (1 mm x 5 mm). Some circular hy-
dride bumps also form in the grains with basal plane near per-
pendicular to the sample surface in Fig. 4(b) and (c), indicating
the altering of hydride habit plane. Besides, the basal plane of the
grain in Fig. 4(b) is near perpendicular to the loading axis, indicat-
ing that the basal plane underwent tensile stress. In contrast, the
basal plane in the grain in Fig. 4(c) is near parallel to the load-
ing axis, thus the basal plane bears a compressive stress. There-
fore, all grains with faceted hydrides forming can be categorized
into these two cases. Fig. 4(d) reveals that the intragranular area
fraction of faceted hydride bumps continuously increases with the
bending angle from 0° to 15°, and then decreases with further in-
creasing of the bending angle from 20° to 30°. This trend is similar
to the variation of hydride bump number density with increasing
bending angle (Fig. 3(a)), implying that the formation of faceted
hydride is related to the external stress.

Fig. 5 displays the crystallographic characteristics of faceted hy-
dride bumps in case I with basal plane experiencing tensile stress.
Fig. 5(a) to (c) show the details of some faceted hydride bumps
formed with different bending angles. Fig. 5(d) to (f) are corre-
sponding pole figures showing their facet planes. Faceted planes
of {101i} (i = 1-7) were observed. The faceted planes have a twin
character and the twinned {101i} plane has a mirror symmetry
with the original {101i} plane. Faceted hydrides prefer to form on
the coupled {101i} planes near perpendicular to the loading axis
(Fig. 5(d), (e) and (f)). As the value of i in {101i} plane increases,
the angle between the two coupled {101i} plane increases toward
180°.

Fig. 6 reflects the relationship between <1120> directions and
the macroscopic faceted directions of faceted hydride bumps with
different bending angles in case II with basal plane experienc-
ing compressive stress. The faceted hydrides extend in two pre-
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Fig. 7. Microstructures of the subsurface hydrides in Zr thin foil with the bending angle of 15°. (a) Lift-out area chosen in the sample. (b) and (¢) Low magnification
TEM images showing the microstructures of subsurface hydrides underneath hydride bump I, Il and IIl marked in (a). The loading directions are marked in (a) to (d). (e)
The selected area diffraction pattern (SADP) of the region marked by the white dash circle in (d). (f) and (g) Dark-field TEM images of o-Zr matrix and y-ZrH hydrides,

respectively. Red dash lines mark the faceted planes of the hydrides.
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Fig. 8. Microstructures of the subsurface hydrides in Zr with the bending angle of 25°. (a) Lift-out area chosen in the sample. (b) and (c) Low magnification TEM images
showing the microstructures of subsurface hydrides underneath the hydride bump I, II and IIl marked in (a). Th(_e loading dire_ctions are marked in (a), (b) and (d). (e) SADP
of the region marked in (d). (f) and (g) Dark-field TEM images showing the twinned y-ZrH hydrides using (111), and (002), diffraction spots. Red dash lines mark the

faceted planes of hydrides.

ferred <1120> directions and shrink in one <1120~ direction, as
shown in Fig. 6(a), (c), (e) and (g). The angle between the shrunken
<1120> direction and the loading axis is near 90°, much larger
than the others, as illustrated in Fig. 6(b), (d), (f) and (h). There-
fore, the angle between the special crystallographic directions and
the loading axis also affects the morphology of hydride bumps un-
der stress condition.

3.2.2. Microstructures of faceted subsurface hydrides

To further investigate the effect of elastic and plastic stress on
the chosen of hydride faceted planes for case I, TEM characteriza-
tion was performed on hydrogen charged samples with the bend-
ing angles of 15° and 25°, as shown in Figs. 7(a) and 8(a), respec-
tively. Because of all {107i} (i = 1-7) planes are likely faceted/habit
planes of hydrides formed under external stress, EBSD was used

to find the unique <1120>, zone axes as an edge-on viewing
direction to characterize those hydride facet planes. The stacking
structure of hydrides is hard to be determined underneath the
surface bumps, thus here we focused on the variation of hydride
faceted/habit plane.

Fig. 7 shows the microstructures of subsurface hydrides with
bending angle of 15°. One side of three faceted hydride bumps is
selected (Fig. 7(a)), and the typical TEM microstructures of subsur-
face hydrides underneath these bumps are shown in Fig. 7(b) and
(c). The depth of subsurface hydride region under hydride bumps is
proportional to the width of surface hydride bumps. Fig. 7(d) to (g)
display the detailed morphologies of subsurface hydrides under-
neath bump I. Fig. 7(e) shows the selected area diffraction pattern
(SADP) taken from the region marked with (e) in Fig. 7(d). Since
the appearance of {110} spot, the subsurface hydrides are typical y
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hydrides, and the orientation relationship (OR) between Zr matrix
and y hydrides is (0001)[|(001), and [ZﬁO]aH[llO]y. Fig. 7(f) and
(g) are dark field images of Zr matrix and y hydrides by select-
ing (0001), and (2§O)y spots, respectively. Fig. 7(f) displays some
smaller lenticular-shaped hydrides beneath the major subsurface
hydrides precipitate along the typical {0001} faceted/habit plane,
as highlighted by red dash lines. For convenience, these hydrides
are named basal hydrides. Fig. 7(g) shows that several down-
ward triangle shape hydrides compose a major subsurface hy-
dride region. The closer to the sample surface, the wider the hy-
drides, because of the tensile stress gradient from sample sur-
face to sample interior. As marked by the red dash lines in
Fig. 7(g), several {101i} (i = 0, 1, 4, 5) faceted planes are observed
around the hydrides. These hydrides are named pyramidal hy-
drides. Thus, a surface faceted hydride bump is a gathering of sev-
eral subsurface pyramidal hydrides formed under external elastic
bending.

Fig. 8 shows the microstructures of subsurface hydrides in the
sample with bending angle of 25°. The chosen bumps are shown in
Fig. 8(a). Fig. 8(b) shows the typical morphology of subsurface hy-
drides. The ratio of width-depth for current subsurface hydride re-
gion is nearly same as the sample under the bending angle of 15°.
According to the SADP in Fig. 8(c), the subsurface hydride under-
neath bump II is also a y hydride with the OR of (0001)[|(001),
and [2110]¢||[110],. Since the hydride having a {1011} faceted
plane, it is also a pyramidal hydride. Detailed characterization of
the subsurface hydrides underneath bump I is shown in Fig. 8(d)
to (g). Different from the y hydride mentioned above, twinned
y hydrides form with OR of (0001 )o,||(ill)y and [2110]4|[110];,,
according to the SADP in Fig. 8(e). The dark filed TEM images
of twinned hydrides using diffraction spots of (111), and (002),
are shown in Fig. 8(f) and (g). The stacking of twinned hydrides
forms a subsurface hydride cluster. These twinned hydrides have a
lath shape rather than a downward triangle shape, indicating the
decrease of hydride nucleation density with further increasing of
bending angle from 20° to 25° (Fig. 3(a)). Nevertheless, the exter-
nal tensile stress also alters hydride faceted planes from {0001} to
{101i} (i = 1, 3, 7), as marked with red dash lines in Fig. 8(f) and
(g). These hydrides are pyramidal hydrides as well. Therefore, the
faceted hydride bump is a result of stacking of several subsurface
pyramidal hydrides.

In addition, the effect of tensile stress on the formation of
single hydride is obtained. Beneath the subsurface hydride re-
gion, some single hydrides aligned perpendicular to the basal
hydrides are observed, as shown in Fig. 9(a). According to the
SADP in Fig. 9(b), it is a y-ZrH with the OR of (0001)||(001),
and [2110]«[|[110],.. Notably, the faceted/habit plane is {1010} ac-
cording to Fig. 9(c), which is different from the common basal
habit plane [48], thus this type of hydride is called prismatic
hydride. Statistics in Fig. 9(d) demonstrates that the area frac-
tion of single pyramidal and prismatic hydride increases with
the increasing of central stress according to Fig. 3(b). These ob-
servations indicate that the external stress alters the hydride
faceted/habit planes from {0001} to {101i} and even to {1010}.

4. Discussion
4.1. Effect of external tensile stress on hydride nucleation density

According to Fig. 3(a), tensile stress can increase the nucleation
density of hydrides. However, the maximum hydride nucleation
achieves just before the plastic yielding. Such observation was ex-
plained by the strain most-matching theory for single hydride re-
orientation in Gd[18], which means the nucleation density of hy-
drides reaches maximum as the tensile strain of matrix matching
the dilatation misfit between matrix and the single hydride. By
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Table 1
Central Misses stress and true strain in the bent samples with different
bending angles.

Bending angle  Misses Stress in central area (MPa)  True Strain (%)

0° 0 0

5° 70.56 0.07479
10° 85.29 0.08746
15° 114.7 0.1189
20° 145 0.2592
25° 164.1 0.4035
30° 172.2 0.4894

comparing the central strain in Table 1 and the dilatational mis-
fit strain in Table 2 for single Zr hydrides, it can be found that
these two types of strain have huge difference. The dilatational
misfit strain is almost 25 times of the central strain achieved in
the thin foil sample with the bending angle of 20°. Therefore, the
strain compatibly theory cannot explain the hydride clusters reori-
entation observed in this study.

Fig. 10 shows variation of the area fraction of needle/circular-
shaped bumps (without reorientation) and the faceted bumps
(with reorientation) with the bending angle. The area fraction of
faceted bumps drastically increases before plastic yielding and de-
creases with plastic deformation, however, the area fraction of nee-
dle/circular hydrides only has a gentle variation with the bend-
ing angle (Fig. 10). Thus, the formation of faceted hydride bumps
causes the marked increase of hydride bump area fraction before
plastic yielding in Fig. 3(a). The decreasing of needle/circular hy-
dride bump area fraction within the plastic bent stage is related
to the plastic deformation-induced dislocations, which enhance hy-
drogen solubility and suppress hydride precipitation [50-52].

According to Figs. 4 to 6, the formation of faceted hydride bump
is a cluster of reoriented hydrides. Microscale hydride clusters can
stack and combine to elongate perpendicular to the loading axis
[25,38,41], thus it requires a lower threshold stress. The thresh-
old stress for hydride cluster reorientation is usually smaller than
the yield stress of Zr alloys [24,53]. As a results, the appearance
of faceted hydrides occurs under the bending angle of 5°, and the
peak density of faceted hydride bumps achieves at the bending
angle between 15° and 20° (before plastic yielding), as shown in
Fig. 10. According to the calculated stress in Fig. 3, the critical
threshold stress for hydride clusters reorientation locates between
114 and 145 MPa. For such a tensile stress, the produced matrix
strain is likely just meeting the misfit between Zr matrix and the
reoriented hydride clusters. Therefore, the threshold stress best-
matching is a relatively reasonable explanation for the achieving
peak area fraction of faceted hydride bumps before plastic yield-
ing [12]. Besides, some experiments demonstrated that once the
applied stress is higher than the threshold stress for hydride clus-
ter reorientation, the number of reoriented hydrides continues to
increases under a constant hydrogen concentration [24], which is
different from the current continuous hydrogen charging.

In contrast to the hydride clusters, the area fraction of single
pyramidal and prismatic hydride continuously increases with bend-
ing angle, as shown in Fig. 9(d), which manifests that the thresh-
old stress for a single hydride reorientation is much higher than
the yield stress. This observation consistent with a recent multi-
phase filed modeling [25], in which the threshold stress of a sin-
gle hydride reorientation is 28 times larger than that of a hydride
cluster.

4.2. Preferential formation of y hydride under tensile stress
The preferential formation of y hydride under tensile stress is

obvious, as shown in Figs. 7 to 9. It is interesting that all the hy-
drides formed at crack-tip in pure Zr and Zr-2.5Nb alloy are y hy-
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Fig. 9. Hydrides with orientation relationship of (0001),||(001), and [2ﬁ0],,||[110]r (a) TEM image showing hydrides interacting an angle of 90°, which are the prismatic
hydrides. The loading direction is marked in (a). (b) SADP of the region marked with circle in (a). (c) Dark-field images displaying the y-ZrH hydrides using diffraction spots
in (b). (d) The area fraction of single pyramidal and prismatic hydride vs. bending angle.

Table 2

Dilatational misfit of hydride in Zr with two different orientation relationships.

The misfit between y and The misfit between § and

Orientation relationship [uvtw]y [uvW ] ydride o (%) o (%)
{0001}|[{111} [0001] [111] 5.69 7.25
<1120>||<110> [1120] [110] 0.54 4.60
[1700] [112] 5.64 [49] 4,58 [49]
{0001}|/{001} [0001] [001] -3.48 -7.09
<1120>||<110> [1120] [110] 0.54 4.60
[1100] [101] 20.58 20.82

drides as well [54]. Similarly, under a tensile creep test on a Zr
single crystals with 10 ppm hydrogen, all observed hydrides are y
phases either [55]. On the contrary, the formation of § hydrides is
preferred in a stress-free sample under a slow cooling rate [56].
The preferential formation of y hydride under external stress is
likely due to the increasing of heterogeneous nucleation density
[57]. For both elastic and plastic bending, the nucleation density
of surface bumps increases markedly than that of samples with a
stress-free charging condition (Fig. 3(a)), which promotes the for-
mation of dispersed subsurface hydrides. Therefore, under external
stress, the heterogeneous nucleation site for hydride increases and
the hydrogen diffusion distance decreases, thus the allocated hy-
drogen concentration for each hydride decreases, which favor the
formation of y hydride. This phenomenon is similar to the prefer-

ential formation of y hydride in quenched samples [56,57,48] and
cold-worked Zircaloy-2 [58].

4.3. Stress-stimulated hydride reorientation

Clarifying the mechanism of hydride reorientation requires a
deep understanding of the effect of external stress on the prefer-
ential formation condition of basal hydride, pyramidal hydride and
prismatic hydride. Notably, the applied external stress plays a key
role to promote the reorientation of hydride during precipitation,
which is also similar for hydride reorientation in Zr alloy during
slow cooling [20,42].

Figs. 4 to 9 show that the formation of pyramidal and pris-
matic hydride increases compared with the stress-free charging
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Fig. 11. Effect of stress on hydride characteristics. Pole figures of grains where the faceted hydride forms. (a) to (d) shows grains with basal plane near perpendicular to the
loading axis. (e) to (h) shows grains with basal plane near parallel to the loading axis. The symbols in (b) to (d) and (e) to (h) indicate the different crystallographic planes

bearing a compressive or tensile local stress.

[47], no matter which types of ORs, {0001}||{111} or {0001}||{001}.
The preferential formation of pyramidal hydride is also observed in
Zircaloy-4 cladding under hoop tensile stress [42] and in Zr-2 al-
loy with pre-deformation [43]. Similarly, prismatic hydride was fre-
quently formed at the crack-tip and under high-temperature ten-
sile creep test condition [54,55]. On the contrary, basal hydride was
usually observed in a stress-free sample after annealing [56,48]. To
unveil the influence of external stress, pole figures with the projec-
tions of {0001}, {1010}, {1011}, {1120} poles and the loading axis
are plotted in Fig. 11. A dash line is plotted at an interacting angle

of 45° between the pole and the loading axis in each pole figure
to mark the type of external stress, such as tensile (red region) or
compressive stress (blue region) on the specific planes.

For case I, the loading axis is near perpendicular to the basal
plane, which undergoes a tensile stress (Fig. 11(a)). However, for
the two coupled {1011} planes (Fig. 5), their interacting angles
with the loading axis are also less than 45°. In particular, at least
two of {1011} pole in Fig. 11(c) is closer to the loading axis poles,
thus tensile stress is higher on these first pyramidal planes, and
these {1011} planes become the faceted planes of hydrides. Simi-
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Fig. 12. Schematic showing the gradual transition of hydride faceted/habit plane from {0001}, to {0110}, plane under external tensile stress.

larly, for all other {101i} planes, their interacting angles with the
loading axis are also smaller than that of the {0001} and {1011}
poles (Fig. 5(d), (e) and (f)), favoring the formation of pyramidal
hydride, as shown in Figs. 5, 7 and 8.

The gradual transition of faceted/habit plane with external
stress is illustrated in Fig. 12. Under tensile stress, for the plane
nearly perpendicular to the loading axis, hydrogen diffusion be-
comes easier and the misfit between hydride and matrix reduces,
which enable the transformation of habit/faceted plane from orig-
inal basal to the “opened plane” (Fig. 12). Besides, all the three
{1010} planes are under compressive stress in case I, as shown in
Fig. 11(b). Because of the large positive misfit along [1100] accord-
ing to Table 2, the formation of {1010} faceted/habit plane is sup-
pressed, thus {101i} plane becomes the predominant habit plane
(Figs. 5, 7 and 8), similar to the formation of pyramidal hydride in
real service situation [42,59].

For case II, the loading axis is near parallel to the basal plane,
which bears a compressive stress (Fig. 11(e)). One of the three
{1010} poles in Fig. 11(f) bears tensile stress whose interacting an-
gle with loading axis is less than 45°. Thus, the formation of pris-
matic hydride increases, assisting the hydride bumps extend along
the {1010} plane. Since the projection of the chosen {1010} pole
on sample surface is near perpendicular to that of {0001} pole,
the original needle-shaped hydride bumps formed under stress-
free condition are now turn into circular hydride bumps under an
external tensile stress (Fig. 4(c)). As for Fig. 4(b) in case I, the grad-
ual shifting of “opened plane” in Fig. 12 promotes the formation
of circular hydride. Almost all {1011} poles are under compressive
stress for case II, which are unfavorable for the formation of pyra-
midal hydride, as shown in Fig. 11(g).

In contrast, the formation of faceted hydride in Fig. 6 is caused
by the effect of external stress on growth directions rather than
on habit planes. The interacting angles between one of <1120>
direction and the loading axis is near 90°, while interacting an-
gles of the other two <1120> directions with loading axis are
less than 45° according to Fig. 11(h). For the two types of ORs,
the misfit along <1120~ direction is positive according to Table 2.
Therefore, the hydride bumps extend along the two tensile <1120>
directions and shrink along the compressed <1120> direction in

10

Fig. 6. However, the effect of external stress on the transformation
of faceted/habit planes is more obvious than the choice of growth
directions [39].

5. Conclusions

In this study, the effect of external stress on hydride nucleation
density and precipitation characteristics is investigated. The follow-
ing findings can be drawn.

1 The maximum nucleation density of hydride bumps achieves
before plastic yielding, which is because of the formation of
high fraction of faceted hydrides owing to best matching be-
tween the threshold stress of hydride clusters reorientation and
the external tensile stress just before plastic yielding.

2 Under tensile stress, the heterogeneous nucleation sites in-
crease, while the hydrogen concentration for each site de-
creases, which promote the formation of y hydride.

3 Under tensile stress, faceted hydride bumps form accompa-
nied with the formation of irregular circular hydrides. The
macroscale and the microscale hydrides show faceted features
with faceted/habit planes transforming from {0001} to {107i}
(i = 1-7), or extending in two <1120> directions.

4 Tensile stress-simulated hydride reorientation is the reason for
the formation of pyramidal hydride and prismatic hydride. The
angle between the normal axis of {101i} plane and the loading
axis is the predominant factor that determines the selecting of
faceted/habit planes during hydride precipitation.
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