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Dislocation-Mediated Hydride Precipitation in Zirconium

Si-Mian Liu, Akio Ishii, Shao-Bo Mi, Shigenobu Ogata,* Ju Li,* and Wei-Zhong Han*

The formation of hydrides challenges the integrity of zirconium (Zr) fuel clad-
ding in nuclear reactors. The dynamics of hydride precipitation are complex.
Especially, the formation of the butterfly or bird-nest configurations of disloca-
tion structures around hydride is rather intriguing. By in-situ transmission
electron microscopy experiments and density functional theory simulations, it
is discovered that hydride growth is a hybrid displacive-diffusive process, which
is regulated by intermittent dislocation emissions. A strong tensile stress field
around the hydride tip increases the solubility of hydrogen in Zr matrix, which
prevents hydride growth. Punching-out dislocations reduces the tensile stress
surrounding the hydride, decreases hydrogen solubility, reboots the hydride
precipitation and accelerates the growth of the hydride. The emission of disloca-
tions mediates hydride growth, and finally, the consecutively emitted disloca-
tions evolve into a butterfly or bird-nest configuration around the hydride.

1. Introduction

Controlling the precipitation of second phases is essential for
optimizing the properties of metals.?l The kinetics and ther-
modynamics of precipitation have been attracted abroad atten-
tion.’ Zirconium (Zr) and titanium are widely used in the
nuclear and aerospace industries. Owing to their strong affinity
to hydrogen, precipitation of hydrides is perceived to be easy.l®’]
Stress-induced hydride reorientation, hydride blistering and
delayed hydride cracking threaten the service life of these mate-
rials.B1 Revealing the mechanism for hydride precipitation is
instructive for the development of mitigation strategies.
Different from the pure shear controlled martensitic trans-
formation, the growth of the hydride is reckoned as 1/3[0110]
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partial dislocation shear on the basal plane
accompanied by hydrogen diffusion.?""
At the crack notch, diffusion-controlled
hydride growth is affected by stress gra-
dients and temperature.>'® While in
the interior of a recrystallized grain, the
growth of the hydride depends on the dif-
fusion rate and the concentration of the
hydrogen, which are related to the micro-
structures and stress states.”®] Although
the in-situ X-ray diffraction (XRD) test
revealed some aspects of the precipita-
tion and growth processes of hydrides,!’]
detailed processes of hydride precipitation
at the micro- and nano-scale are unclear.
It is frequently observed that hydrides are
surrounded by bird-nest or butterfly-like
dislocation structures.?>2 The appear-
ance of these dislocations is connected to the release of strain
energy generated by hydride volume expansion.”>*l Disloca-
tions not only coordinate the elastoplastic deformation, but also
serve as hydrogen traps and hydride nucleation sites.[?8! The dis-
locations accumulated at the hydride tip can remain stable even
at high temperatures.?>3% However, it is difficult to identify
the role of dislocations, especially at the early stages of hydride
nucleation and growth. Phase-field and molecular dynamics
simulations reveal the evolution of hydride morphologies and
the formation of dislocation loops.3'*4 However, owing to the
lack of in-situ observations, the mechanism of hydride precipi-
tation and their relationship with the complex dislocation struc-
tures remain elusive.

Herein, we study the nucleation and growth dynamics of
yhydride using an in-situ transmission electron microscopy
(TEM) technique. The growth of needle-shaped hydrides shows
a discontinuous behavior, such as hydride growth-dislocation
emission-hydride regrowth. The shear and normal stress field
around the needle-shaped hydride during precipitation was cal-
culated using density functional theory. Combining with the
thermodynamics and kinetics analysis, we proposed that the
stress field induced by the hydride prevents its further growth.
Dislocation emission releases stress and decreases the chemical
potential of hydrogen at the hydride tip, and further promotes
hydride precipitation.

2. Results
2.1. Dynamic Hydride Precipitation
High purity Zr (>99.99%, see composition in Table S1, Sup-

porting Information) with an average grain size of 100 um
was used. Disc Zr foils prepared by twin jet electro-polishing
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Figure 1. In-situ observation of hydride precipitation. a-g) In-situ video snapshots of the hydride growth at different times; A strong asymmetrical
stress field is produced around the hydride during growth; the observation axis is near to [2201]. See Movie S1, Supporting Information for details.
h) Some dislocations were found on the tips and sides of the hydrides after growth. The observation direction is near to [1100].

were used to study hydride precipitation inside TEM at room
temperature. After a few seconds of electron beam exposure,
hydrides start to nucleate in the interior of hexagonal close
packed (HCP) Zr grains and grow up rapidly, as shown in
Movie S1, Supporting Information. A series of bright-field
TEM images extracted from the in-situ video are shown in
Figures 1(a—g). A curved contour with black contrast accompa-
nied the hydride growth, which shows the stress field around
a hydride. Under viewing direction of [2201], no dislocation
activity was observed. When turning the zone axis to [1100],
a few dislocations appear at the tips and sides of the hydride,
as marked by the blue arrows in Figure 1h. Figure Sla, Sup-
porting Information shows a low magnification bright-field
TEM image of this region. All hydrides grow parallel to [1120]

200 nm

direction according to the diffraction pattern in Figure Sib,
Supporting Information. The hydrides have a lath shape, with
thicknesses ranging from 10 to 34 nm (Figure Slc,d, Sup-
porting Information).

Zr thin foil absorbs hydrogen during electro-polishing, and
hydride forms under the electron beam irradiation inside TEM.
This provides us a chance to monitor the hydride nucleation
and precipitation. A few larger hydrides formed during electro-
polishing because of excessive hydrogen up-taking, as shown
in Figure Sle, Supporting Information. A strong stress contour
was also observed at the tip of the hydride, and a complex dislo-
cation network wrapped around the hydrides.

Figure 2 shows the real-time observation (at room tem-
perature) of dislocation emissions from tips of a hydride
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Figure 2. Dislocation emission mediated hydride growth. a,d) Dislocation emission from the hydride tip during the hydride growth at room tempera-
ture; e,f) Dislocation reactions occur in the front of hydride tip; g) The length of hydride along the long axis as a function of the time with view direction
along [1210] zone axis; A hydride growth-dislocation emission-hydride growth sequence is captured. The letters in (g) correspond to the figures (a) to

(f). See Movies S2 and S3, Supporting Information for details.
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with a viewing direction of [1210], which is nucleated on a
pre-existing dislocation (see Movies S2 and S3, Supporting
Information for details). Without an extra source of hydrogen,
the hydride displays a dislocation emission-hydride precipita-
tion-dislocation remission-hydride regrowth sequence. At the
recording time of 95 s, the hydride first emits a dislocation
at the front tip along its growth direction (Figure 2a). Fol-
lowing that, the hydride grows gradually along the track of
the emitted dislocation. After growth for 156 nm, the hydride
precipitation rate gradually decreases and finally stops. After
dislocation emission from the front of the hydride tip again
(Figure 2b), the hydride precipitation reboots. Figures 2c¢—f
record the dislocation emission processes before the hydride
regrowth. The two emitted dislocations react with each other
in the front of the hydride tip, as shown in Figure 2e,f. The
product of the dislocation reaction continues to slip forward;
see Movie S3, Supporting Information for more details. The
length of the hydride versus the observation time is plotted
in Figure 2g. Since the observation direction is along [1210],
the measured length of hydrides in Figures 2a-f needs to be
corrected (by dividing cos(r/6)). According to Figure 2g, the
dislocation emission occurs immediately at the point of the
hydride stopping growth, and once dislocation is reemitted,
the hydride regrows in a parabolic kinetics manner (see
below). The emission of dislocation is a precursor for hydride
precipitation. This is rather similar to the process of lithia-
tion of SnO, crystal in lithium-ion batteries, where a diffusive
phase transformation is preceded by a tangle of dislocations
driving displacive plasticity.(’]

A similar dislocation guided hydride growth characteristic is
also captured under the viewing direction of [0001], as shown
in Figure 3 and Movie S4, Supporting Information. Figure 3a—c
shows the snapshot of the morphologies of hydride and disloca-
tions during precipitation. The emitted dislocation slips along
the a-direction according to the image contrast difference (c-a),
where D1 represents the position of the emitted dislocation
in Figure 3a, and D1’ represents the position of the launched
dislocation in Figure 3c. The dislocation trace shows that the
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emitted dislocation at the tip of the hydride glides along the
prismatic slip plane, consistent with previous reports.222 After
the hydride stops growth, we tune the zone axis to a two-beam
condition with g=1120, as shown in Figure 3d. Before fur-
ther growth of the hydride, two dislocations (D1 and D2) are
launched, which slip along [1210] direction on the (1010)
plane. Figure 3e illustrates the geometric relationship between
the hydride and the emitted dislocation under [0001] observa-
tion direction.

During the hydride growth, an emitted dislocation was
observed to interact with the inherent <a> dislocation in the
matrix under [1210] zone axis, as shown in Figure 4 and Movie
S5, Supporting Information. First, two dislocations (D1, D2)
have been emitted in sequence from the tip of the hydride in
the left of Figure 4a. The left hydride nucleates and grows on
a preexisting <a> dislocation line in the matrix. At t = 54 s,
another dislocation (D3) is emitted at the opposite side of the
left hydride, which touches the <a> dislocation line in the
matrix, as indicated by the arrows in Figures 4a-c. Following
that, the <a> dislocation line bows out (Figure 4b) until it
touches the surface of the sample and disappears at t = 107 s
(Figure 4c). At the same time, D4 is launched out from the left
tip of the left hydride, and D2 continues to slip forward until
it encounters D1 (Figure 4d). Finally, D1, D2, and D4 stop in
front of the hydride at t = 503 s (Figure 4f). Dislocation emis-
sion occurs at both tips of the hydride, not just on one side. As
shown in the Movie S5, Supporting Information, the inherent
<a> dislocation bypasses the right hydride rather than cutting
through it. The morphologies of hydrides and dislocations
(D1-D4) with different axes and diffraction vectors are shown
in Figure 4g—i. Although D1, D2 and D4 show a similar slip
behavior in Figure 4a—f, they slip on different prismatic planes,
as shown in Figure 4i. The slip direction of D1 and D2 is at
an angle of 60° with respect to the growth direction of hydride,
while the slip direction of D4 is parallel to the growth direction
of hydride, as illustrated in Figure 4j k. All these in situ videos
demonstrate that the emitting of dislocations is a precursor for
the hydride precipitation in Zr.
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Figure 3. In situ observation of hydride growth viewed along [0001] zone axis. a—c) Snapshots of hydride growth and dislocation emission at different
times; (c-a) Image contrast difference between (c) and (a) determine the slip system of the emitting dislocation, i.e., [1210](1010); d) Dislocation
structures produced around the hydride with g=1120; e) lllustration of the crystallographic relationship of the hydride precipitation and the disloca-

tion punched out. See Movie S4, Supporting Information for details.
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Figure 4. Punching out of series dislocations during hydride growth. a—f) Snapshots of dislocation emission and their interactions in the front of
hydride tip at a different time near [1210] zone axis; g,h) The TEM images of dislocation after emission under the [1210] and [0710] zone axis; The
yellow circle in the inserts in (g) and (h) indicate the selected area electron diffraction pattern of yhydride; i) Dislocation structures produced around
the hydride with g=1070; j,k) lllustration of crystallographic geometry of hydride growth and the punch-out of dislocations under the [1210] and
[0710] zone axis respectively. See Movie S5, Supporting Information for details.

2.2. Stress Around Hydride Tip

A nano-hydride precipitated under in situ TEM observation
was characterized by a spherical aberration-corrected electron
microscope along [1210], direction. The hydride, with a thick-
ness of 20 nm and a length of approximately 140 nm, is deter-
mined as yphase with a face-centered tetragonal (FCT) crystal
structure according to the diffraction in Figure 5a. The orienta-
tion relationship between hydride and Zr matrix is (111),.z7,4//
(0001) .7, and [110],.7,// [1210]42-"**%) A number of terrace
and riser facets are formed at the hydride tip (Figure 5b), which
are avenues for emitting dislocations. These steps correspond
to the Shockley partial dislocation with the Burgers vector of
1/3[1010], as labeled in Figure 5c. The dislocations observed
are perfect dislocation with Burgers vector of 1/3<1120>,120-23]
which means a dislocation reaction occurs at the interface
during precipitation.

Micromechanics analysis using Eigen strain (g, = 0.049,
g, = 0.173, g,, = 0.006, &, = 0.243, g, = &, = 0) and elastic
constants determined by density functional theory (DFT) is
used to compute the stress fields around the needle yhydride
in Figure 5d (see more details in the Supporting Information).
Figure S2, Supporting Information plotted the six stress com-
ponents (O, Oy, Oz Ty Ty Txz) around the hydride tip after
transformation. The shear stress 7, is much larger than the
normal stress (O, Oy, O,.) and the effects of 7, and 7, are
negligible. Figure 5f shows the von-Mises stress condition
around the hydride tip. The normal stress components and
the shear stress cancel out. The computed shear stress com-
ponent is projected onto the specific slip systems in order to
compare the level of produced shear stress with the critical
resolved shear stress (CRSS) on that slip system, as shown in
Figure 5g-i and Figure S3, Supporting Information. During
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precipitation, compressive and shear back stresses accumu-
lated inside the hydride, as shown by the blue color in Figure
S2, Supporting Information. A strong tensile and shear stress
fields accumulated in the front of the hydride in HCP Zr. The
stress projected on three prismatic planes (Figure 5g-i) is
all larger than the CRSS of the prismatic slip system (7,5 =
2.0 GPa), hence dislocations on the prismatic slip system are
easy to glide and carry out displacive plasticity. This is con-
sistent with our observation of dislocation emitting on dif-
ferent prismatic planes (Figure 4). The projections of the stress
on both the basal and pyramidal planes are shown in Figure
S3, Supporting Information. The magnitude of the stress
projection is higher than the CRSS of the basal (5, = 2.6 GPa
(DFT)) and the pyramidal (7, = 2.4 GPa (DFT)) slip systems
as well. Therefore, all possible slip systems in Zr can be acti-
vated after the hydride precipitation, providing the possibility
of producing a butterfly or bird-nest dislocation configura-
tion. We only observed the activation of prismatic slip systems
in this experiment because of the thin foil sample geometry
(Figures 2—4). The above CRSS were all computed by using
DFT-based ideal shear strength analysis.’”3¥l The ideal shear
stress can be reached at the tip of yhydride owing to the large
volumetric transformation strain of 17.7%, hence dislocations
easily nucleate at the hydride tip, and subsequently glide quite
far away. This in turn relaxes the near-tip hydrostatic tensile
stress, making the hydrogen supersaturated in the Zr matrix,
and assisting the heterogeneous hydride growth along the dis-
location cores. The actual CRSS necessary to nucleate the dis-
location should be lower than the ideal shear stress because
of the interfacial dislocations,?**) atomic-scale steps at the
interface, and finite temperature effect.*!! Therefore, the above
ideal shear stress is the sufficient condition for the dislocation
nucleation, but not the necessary requirement.

(4 of 8) © 2021 Wiley-VCH GmbH
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Figure 5. Atomic structure and stress field around the hydride tip. a—c) Atomic-scale images of interface between yhydride and o+Zr. (a) Steps are iden-
tified at the interface; (b) high-resolution TEM image of the hydride tip; (c) dislocations at the interface of yhydride and o-Zr. d-i) stress field around
the hydride. (d) The shape model of a needle-liked hydride. (e) Schematic diagram of hydride and prismatic slip system of punched-out dislocations
in Zr. (f) The von-Mises stress around a hydride tip. The normal stress and the shear stress inside the hydride cancel out. g-i) The projection of the
shear stress component 7,, around hydride tip on the three prismatic slip systems:(g) [1210] (1010); (h) [2110] (0170); (i) [1120] (1100).

3. Discussion
3.1. Effect of Electron-Beam on Hydride Precipitation

The solubility of hydrogen in HCP Zr is extremely low at room
temperature, less than 20 ppm.”) When hydrogen concentra-
tion is extremely low, in general, the nucleation of hydride is
more difficult because it requires the spontaneous aggrega-
tion of hydrogen atoms from a very large surrounding region
to achieve strong solute partitioning. Therefore, the electron
beam plays a key role in the nucleation of the hydride. The
beam with 200 keV energy is too weak to knock a Zr atom
out, but easily knocks out oxygen atoms from the oxide layer
and creates a number of O vacancies.*l These knock-outs can
also happen at the ZrO,-Zr interface region, where there is a
range of Zr valence states,*3 and it is conceivable that O vacan-
cies in the interfacial region can be converted into Zr vacancy
in the adjacent HCP crystal, resulting in the inward diffusion
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of Zr vacancies from surface to the subsurface of the sample.
The hydrogen absorbed during electron-polishing is mainly
as interstitials in thin foil Zr. The binding energy of a vacancy
with an oxygen atom is 1 k] mol™ while with a hydrogen atom
is =22 = —17 k] mol™, which means the vacancies in HCP Zr
assist the accumulation of hydrogens via trapping.* The
binding energy of a vacancy with four hydrogen atoms is
—87 kJ mol™,*! which means once hydrogens are captured by
vacancy, they prefer to form a stable hydrogen-vacancy com-
plex in HCP Zr. Furthermore, the vacancy carrying hydro-
gens can even move faster and is therefore easier to gather
together.”] This facilitates the nucleation of hydride embryos,
which requires a large number of highly concentrated hydrogen.
Figure S4, Supporting Information, shows one example of a nano
hydride nucleation at the subsurface of the sample and inward
growth into the Zr matrix (see Movie S6, Supporting Informa-
tion). An oxide layer with a thickness of 16 nm is covering the Zr
thin foil. After exposure to an electron beam for 147 s, the hydride

© 2021 Wiley-VCH GmbH
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Figure 6. Gibbs free energy curves of hydride precipitation and growth law. a) The variations of Gibbs free energy per Zr atom AG with respect to
hydrogen concentration and stress for o-Zr (HCP) and FCT structures. s represents the degree of transformation strain along the transformation path
(see Supporting Information 3). b) The effect of dislocation emission dislocations on the Gibbs free energy curve in hydride precipitation. The red
curve is the Gibbs free energy curve of o+Zr."¥l When the hydride growth, the Gibbs free energy curve decreases (from solid to dash line) due to the
accumulation of normal (tensile) and shear stresses in o-Zr at the front of hydride, which increases the solubility of hydrogen in o-Zr. The dislocation
emission releases the stress concentration, which reduces the solubility of hydrogen in Zr in front of hydride, thus promoting the migration of the
hydride-o-Zr interface. c) The variation of the length of hydride in Figure 2g with time and its growth rate curve (purple lines). The fitting curve follows
the parabola law of diffusion-controlled growth. d) The hydrogen concentration and its gradient at interface before and after dislocation emission.

embryo started to form at the interface and then grow inward
(Figure S4b, Supporting Information). Therefore, the electron
beam irradiation-induced vacancies assist hydride nucleation.

3.2. Dislocation Emission and Hydrogen Solubility

The growth of hydrides requires a continuous supply of
hydrogen and a concentration gradient near the interface. It is
well known that the distribution of hydrogen can be affected by
stress.32734 The variation of Gibbs free energy for one Zr atom
with hydrogen concentration and stress for HCP (o+Zr with H)
and FCT (hydride) structures were computed (see more details
inthe Supporting Information) and plotted in Figure 6a. The
solution of the elasticity problem leads to stresses between 2
and 5 GPa at the hydride/Zr interface. Therefore, dislocation
emission happens to relieve the shear and normal stresses.
Figure 6b analyzes the variation of Gibbs free energy curves
before and after the release of dislocations assuming that the dis-
locations fully release the stress field at the hydride tip. The red
and blue solid lines represent the stress-free state of the Gibbs

Small 2021, 2105881

2105881 (6 of 8)

free energy curve of Zr and yhydride, respectively. Because the
precipitation of the hydride causes the matrix to bear the tensile
and shear stresses, and the compressive and shear back stresses
inside the hydride (Figure S2, Supporting Information), the Gibbs
free energy of the matrix decreases and the Gibbs free energy of
the hydride increases, as shown by the red and blue dotted lines
in Figure 6¢. Hence, the equilibrium condition of hydride pre-
cipitation is altered, which decreases the chemical potential and
increases the hydrogen solubility of the Zr matrix. Without fur-
ther hydrogen supply, the increase of hydrogen solubility in Zr
and the stress around the hydride tip stop hydride precipitation.

In order to reduce the total free energy, hydrides start to emit
dislocations to release the accumulated stress, which reduces
the equilibrium hydrogen solubility in HCP Zr in front of the
hydride tip, then the hydride restart to grow. This is the origin
of the regrowth of hydride and the release of dislocations alter-
nately in experiments (Figures 2 and 3). When the hydrogen
source is depleted, even if the dislocations are released, there is
no further hydride precipitation. A similar phenomenon of pre-
cipitate growth catalyzed by dislocations has also been observed
in steel.8l

© 2021 Wiley-VCH GmbH
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The dislocation emission also controls the kinetic pro-
cess of hydride growth. The length of the hydrides versus the
observation time in Figure 2g follows a parabola growth law,
although each growth stage is separated by the dislocation emis-
sion. We plotted the fitted curve of each segment in Figure 6¢
again and also plotted its differentiation-the growth rate of
hydride. After punching out of dislocations from the tip of the
hydride, the growth rate of the hydride shows a sharp increase,
then decays gradually (purple line in Figure 6c). According to
the normal diffusion-controlled plate-shaped phase growth, the
moving rate (1) of the hydride front can be described by the
Zener-Hillert equation:1-

Vzﬁ(l_r_f) Copp=Ca 1)
2r r)\ C,-C,

where r is the radius of curvature of the hydride tip and r, is the
critical radius, at which the hydride stops growth. Dy is the dif-
fusion coefficient of hydrogen in HCP Zr. C,/, is the hydrogen
concentration in HCP Zr at the hydride interface, C, is the
hydrogen concentration inside the hydride and C, is the bulk
hydrogen concentration in HCP Zr far from the hydride.
During the growth of the needle-shaped hydride (Fig-
ures 1-4), the front radius r changes little. The diffusion coeffi-
cient Dy, which depends on activation energy and temperature,
is assumed to be constant. After the dislocation emission, the
sharp increase in the growth rate indicates that the concentra-
tion gradient near the hydride interface has a sudden change, as
marked in Figure 6d. Assuming C, and C, remain constant, the
reduction of the hydrogen concentration near the interface C,,
(see Figure 6d) leads to a high hydride migration rate. This is
consistent with the analysis of the Gibbs free energy curves in
Figure 6b, as in long-range transport dominated kinetics, inter-
facial reaction (hydrogen exchange between ¢ and y phases) is
assumed to be facile and so C,/, should be close to the ther-
modynamic equilibrium after the Gibbs-Thomson effect has
been taken into account (the 1-k factor), and therefore the
r

actual Cy, is controlled facilely by the disparate stresses in the
two adjacent phases. Therefore, dislocation emission from the
hydride tip mediates hydride growth and also tunes the growth
rate of the hydrides under current experimental conditions of
relatively low hydrogen concentration and at room temperature.

4. Conclusion

The precipitation of yhydride shows a dislocation emission-
hydride precipitation-dislocation remission-hydride regrowth
sequence, which is a strongly coupled displacive-diffusive pro-
cess. Hydride precipitation builds up large shear stress and ten-
sile stress around the hydride tip in Zr matrix, which increases
the solubility of hydrogen and prevents hydride growth. Dislo-
cation emission reduces the hydrostatic tensile and shear stress,
decreases the hydrogen solubility and reboots the hydride pre-
cipitation. It also decreases the hydrogen concentration at the
interface at the HCP Zr side, increases the concentration gra-
dient and leads to a marked increase in growth rate. Finally,
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the emitted dislocations produce a complex dislocation network
that wraps around the hydride in a butterfly or bird-nest-like
tangle.

5. Experimental Section

Sample Preparation: High-purity Zr (>99.99 wt.%) with low levels
of trace elements (Table S1, Supporting Information) was used in this
experiment. The sample was annealed in an argon atmosphere for 72 h
at 800 °C in order to obtain homogeneous microstructures with a large
grain size (>100 um) and a low dislocation density. The TEM sample
was prepared by mechanically ground to a thickness of 50 um and
subsequently electro-polished using a solution of 10% perchloric acid in
ethanol at —30 °C. After electronic polishing, the sample was used for
in-situ observation immediately.

In-Situ  Observation in TEM: The characterization and in-situ
observation experiments were carried out with a double tilting holder
inside a JEOL 2100F at room temperature. The sample was irradiated
by the 200 keV electron beam during characterization. The observation
used a beam density of 20 pA cm™. Real-time observation was recorded
by a charge-coupled device camera (ORIUS 833 SC200D, Gatan
Inc., Pleasanton, CA) at 10 frames per second. The FEI Titan 80-300
microscope (operated at 300 kV) with an aberration corrector for the
objective lens was used to characterize the atomic-resolution interface
structure of hydride/o+Zr.

Stress Field Simulations: Based on atomic structure optimization
analysis using VASP code,*0 the Eigen strain &fCT2H) generated
by the Zr-ZrH transformation (transformation strain) was computed
by density functional theory (DFT). Once transformation strain &
(FCT-ZH) is calculated, the internal stress field around the FCT yhydride
needle precipitation in Zr can be estimated using a micromechanics
approach.’l More details of DFT computation and micromechanics
analysis of stress field are shown in Supporting Information. A model
with a dimension of 120 nm X 120 nm X 1000 nm Zr matrix having a
40 nm X 40 nm X 700 nm ellipsoidal needle-liked ZrH inclusion was
constructed for simulation (Figure 5d).

Critical Shear Stress Computations: Using the VASP DFT code,*° the
critical shear stress was computed by applying pure shear deformation
on the primitive cell of o+Zr along its slip system.:3813 x 13 x 13 k-point
mesh is used. The other DFT computational conditions are the same as
in the stress field simulations.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. DFT computation of transformation strain

The FCT y phase structure (ABCABC... {111} stacking sequence) can be viewed as an HCP
phase structure (ABABAB... basal stacking sequence) with basal plane stacking faults at every

other basal plane. The in-basal-plane HCP-FCT phase boundary along [1010] direction can be
described as a set of Shockley partial dislocations, bL=§<10i0> or bﬂ=§<0110>, located at

every other basal plane as shown in Figure S5a. Thus, if the FCT phase is spontaneously
precipitated in HCP phase, the phase transformation may generate an engineering shear strain,
b,'p (4d) in [1010] direction on the basal plane, as shown in Figure S5a, where d is
inter-basal-plane distance. We take a FCT-Zr supercell which is obtained by shearing HCP-Zr
supercell by applying the shear strain. Then we charge H atoms to the FCT-Zr supercell to

compute the transformation strain € T "

in H-charged FCT-ZrH supercell (Figure S5b). Note
that while we use two-atom supercell for HCP-Zr computation, a double sized four-atom
supercell of FCT-Zr is used for FCT-ZrH computation to describe the following stable site
occupation of hydrogen (see Figure S5b). In the FCT-Zr, H atoms prefer to place in tetragonal site
(T-site) or octahedral site (O-site).[l] Thus, there are various possible site occupations of
hydrogen (H arrangements). However, a DFT study has already revealed the most energetically
stable H arrangement at 0 K,"? in which all of the H atoms placed on almost linearly aligned
T-sites on a {110} plane (Figure S5b). Therefore, we simply employ the H arrangement, by
inserting four H atoms to the T-sites in the four-atom FCT-Zr supercell. Here, the
finite-temperature entropic effects, such as H configuration and atomic vibration entropies, are

ignored. We optimize supercell shape and atomic structure of the HCP-Zr supercell and the

HCP-Zr , HCP-Zr

FCT-ZrH supercell, and obtain optimized supercell matrices: H**#=[h; " “h, Hep-ar

2h, ] for

HFCT2r H:[h;CT'ZFHhECT'Zth_';CT'ZrH] for FCT-ZrH supercell. Using the supercell

HCP-Zr supercell and
matrices, the transformation Green strain can be computed as,

G(FCT—ZrH)zé (JTJ_I) (s1)

where J'=(H """ 4t is deformation tensor. Each component of calculated transformation

. B T . — 7
Green strain € ™™ is listed in Table S2. Not only the basal shear along [1010] (e)F(\fT rH), but
. -Z . -z
also a large normal expansion to the basal plane (e;fT rH) and to the prism plane (ef,gT rI-I),

2



appears.

The electron-ion interaction in the DFT is described using the projector-augmented wave
method.”®! The exchange-correlation between electrons is treated with Perdew—Wang
generalized gradient approximation in PW91 form and the energy cutoff is 290 eV for the
plane-wave basis set. 13x13x13 and 13x6x13 K-point meshes are used for HCP-Zr supercell and
FCT-ZrH supercell, respectively.m The energy convergence criteria of the electronic and ionic

structure relaxations are set to 1.0x10® eV and 1.0x10™ eV, respectively.

2. Micromechanics analysis of stress field around ZrH needle precipitation

(FCT2M) s calculated, stress field around the FCT-ZrH

Once transformation strain €
precipitation can be estimated using usual manner of micromechanics with taking into account
the transformation strain as an eigen strain of the FCT-ZrH inclusion in the HCP-Zr matrix.” By
numerically solving Poisson's equation for a displacement field u(x) using a transformation (eigen)

(FCTZH) 3t a position x inside the FCT-ZrH precipitation and €(x)=0 at a position x

strain filed €(x)= €
outside of ZrH precipitation:
C(x)V2u(x)=C(x)Ve(x), (S2)
the stress field o(x) induced by the transformation strain field €(x)is derived as
o{x)=C(x)(Vulx)-€(x)), (S3)
where C(x) is elastic constant.
To calculate the stress field around FCT-ZrH precipitation needle in HCP-Zr by the
micromechanics, we prepare a model with a dimension of X x Y x Z =120 nm x 120 nm x 1000
nm HCP-Zr matrix having a 40 nm x 40 nm x 700 nm ellipsoidal needle like FCT-ZrH inclusion with

(FCTZH) 55 illustrated in Figure 5d. We take periodic boundary

the transformation strain €
conditions in all of the X, Y and Z directions. The computed stress tensor described in the X, Y and
Z model coordinate is transferred to the slip system coordinate on the focusing HCP-Zr slip system
(Figure 5e and Figures S3a, e and i). Note that elastic constants of HCP-Zr is taken from material
project DFT database and the same elastic constants is used also for FCT-ZrH approximately:[G]

C11=162 GPa, C22=C33=144 GPa, C44=40 GPa, C55= C66=26 GPa, C12= C13=67 GPa, C23=65 GPa,

otherwise C;,= G;=0 in x-y-z coordinates system in Figure 5e of the text.



3. Gibbs free energy estimation

The variations of Gibbs free energy per Zr atom AG(c,0) with respect to hydrogen
concentration ¢ and stress o for a-Zr (HCP) and and FCT structures were computed using lattice
gas model (mean-field theory) assuming that the tetrahedral interstitial sites (T-sites) in the a-Zr
and FCT structure are equally and partially occupied by hydrogen with the concentration ¢

Considering that the number of T-sites is twice the number of Zr atoms, the variation of Gibbs

free energy per Zr atom can be written as:

2(1-c)
2-3¢’

AG(c,0)=AU(0)+(-)Aen(0)+7 (=) *Aewy(0)+2 kg Tin (S4)

where kg is Boltzmann’s constant, T(=300K) is temperature, n is apparent number of interacting
T-sites with a T-site. AU(0) is change of potential energy per Zr atom by external stress o with ¢=0.
Ay (o) and Aeyy, (o) are changes of energy by applying the external stress o for hydrogen at T-site
and for hydrogen-hydrogen interaction energy between hydrogen at T-sites, respectively. AU(g),
Aey(0), and Agyy (o) for both a-Zr (HCP) and FCT structures were computed using VASP DFT code
with supercells of 32 Zr atoms; 2x4x2 HCP supercell and corresponding FCT supercell, and with
6x3x6 K-point mesh. To examine stress effect on transformation, we applied stress along the

. . FCT-ZrH
transformation strain; g=sCe" = “™

, where C was set to the elastic constants of a-Zr (HCP) (see
Section 2) and s was set to 0.15 or 0.3. n =3 was chosen, which can reproduce the free energy

turnover by releasing the stress at the hydride tip.

4. Negligible electron beam heating effect

The thermal effect of the electron beam is analyzed according to'®:

AT=$(%E)M% ) (S5)
where e is the electron charge, AE is the total energy loss per electron in a specimen of
thickness d."” The thermal conductivity kis 22 W m K™ for Zr. The radius of the heat sink b is 1.5
mm and the beam radius ry is 400 nm. The electron beam current / can be obtained by reading
the exposure ammeter. The beam spot falls completely within the screen by reducing the
magnification during the experiment. The electron beam density can be read from the software,
which is converted according to the screen size. The electron beam current can be obtained by

beam density multiplying by the area of the active screen. We obtained 9 pA and the irradiated
4



area is approximate 78.5 umz. The maximum-temperature rise in the observation area is less
than 2 K, which is consistent with other experimental results. (5,101 Therefore, the effect of

temperature on the diffusion of hydrogen atoms can be ignored.

5. Calculation of hydrogen diffusion range

In order to determine the dominant diffusion mechanism in hydride precipitation, the
magnitude of required diffusion volume for hydrogen by the bulk sample diffusion and the
dislocation pipe diffusion were calculated, respectively.

According to the Figures 3a and c, the length of the hydride grows from 481 nm to 639 nm
along [1120] direction in 300 s. The number of hydrogen atoms required for hydride growth is

estimated by

Va
NH=2 ﬁl (56)

where V;,, is the increased volume of hydride and VZP,H is the volume of primitive cell of ZrH.
The coefficient means that there are two hydrogen atoms in each primitive cell when HCP-Zr
phase transform to FCT-ZrH, as shown in Figure S3b. In order to simplify the later calculation, we
assume the shape of hydride as a cuboid. Therefore,

Va=LWT}, (S7)
where L= 158 nm is hydride length, W= 23 nm is hydride width and T, = 23 nm is hydride
thickness. The volume of primitive cell of ZrH is V5,=a’c, where the lattice constant of
y-hydride is a= b= 0.4595 nm, c= 0.4968 nm. We obtain V5,,= 1.04x10™" nm?, V,, = 8.4x10" nm’
and Ny = 1.6x10°. Assumed that the hydrogen concentration through the diffusion cross section
does not change with time (it decreases with time in real experiment), the amount of hydrogen
accumulated by diffusion for hydride growth can be described as

N,=DyAt, (S8)
where Dy is the diffusion coefficient, A is diffusion area and diffusion time is t= 300 s.

For bulk diffusion, the diffusion coefficient is DE =1.29x10™ cm®s® at room
temperature,[ll] the diffusion area is Ag= 2(LW+LT+W?)=1.6 x10* nm? As a result, the number
of hydrogens supplied by bulk diffusion is Nf,: 5.1x10%.

For pipe diffusion, the hydrogen is believed to be transported through dislocation lines

connected to the tip of the hydride. The pipe diffusion cross section is Ap = 2r(0.5b)%, where b is
5



the magnitude of Burgers vector for 1/3<1120> dislocation. The coefficient of pipe diffusion is
considered about 1000 times faster than that of the bulk diffusion, and we assume the ratio
does not change obviously with temperature.m] The pipe diffusion coefficient is approximate
DZ= 1.29x107 cm?s™. As a result, Ap= 0.109 nm?® and the number of hydrogens supplied by
pipe diffusion is Nf,= 3.56x10°% If there are more than 10 dislocations around hydride, the
hydrogen transport via pipe diffusion will be significant. These results show that both bulk
diffusion and pipe diffusion contribute to the hydride growth. However, the efficiency of bulk
diffusion is about 143 times higher than that of pipe diffusion, thus the bulk diffusion of

hydrogen is dominant in current experiments.
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Table S1.

The impurities in Zr sample (wt.%).

Hf Fe Si Sn Ni Cr 0 C
<0.001 <0.002 <0.001 <0.0005 | <0.0007 | <0.0008 <0.014 <0.001
Table S2
The computed transformation Green strain eFerem),
Strain component Strain value
e oM 0.049
efsTem 0.173
SAL 0.006
e 0.0
ehCcrzr 0.001
SVl 0.243




Figure S1

T -

a W

ZA=[2201] , . ZA=[0007]

Figure S1 The morphology of hydride under different zone axes. (a) The hydride in Figure 1 was
examined at a lower magnification. An obvious stress contour was observed during hydride
precipitation. The inserted Zr crystal cell shows the orientation of the grain. (b) The [2201]
diffraction pattern corresponds to (a). The inserted diffraction spot is simulated by Single Crystal
software. (c) The side view of hydrides when turn the zone axis near to [1120]. (d) The diffraction
pattern of Zr matrix in (c). (e) A strong stress contour formed at the tip of hydrides, which

precipitate during electron-chemical polishing. (f) The [0001] diffraction pattern of (e).



Figure S2
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Figure S2 The six stress components around hydride tip after its precipitation in Zr. (a-c) Normal

stress. (d-f) Shear stress. Average stress level of each stress component around the hydride tip in
descending order is T,,>0,,>0,,>0,,, T,,3T,,~0.



Figure S3

a

Figure S3 (a) Schematic diagram of hydride and slip systems on basal plane in HCP crystal.
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The projection of the shear stress around hydride tip on basal plane along different <a>
directions. (e and i) Schematic diagram of hydride and slip systems on pyramidal plane in HCP
crystal. (f-h and j-i) The projection of the shear stress around hydride tip on pyramidal slip

systems.
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Figure S4
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Figure S4 (a) Hydride embryo nucleates on the interface of oxide layer and Zr matrix. (b) After
147s, the hydride grows inward from the interface to the Zr. See supplementary movie S6 for
details. (c) The high-resolution image of the nano hydride, where the diffraction pattern was

shown in (d). The white circles indicate the spots of hydride.
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Figure S5
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Figure S5 (a) Atomic layer stacking sequences of HCP and FCT structures. (b) Atomic structures of
HCP Zr, FCT Zr, and FCT ZrH structures and these supercells used for DFT computations, which are
shown by red broken lines and blue broken lines. In the most stable FCT ZrH structure, H atoms
placed on T-sites on a {110} plane.
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