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Direct Observation of Vacancy-Cluster-Mediated Hydride
Nucleation and the Anomalous Precipitation Memory Effect

in Zirconium

Si-Mian Liu, Shi-Hao Zhang, Shigenobu Ogata, Hui-Long Yang, Sho Kano, Hiroaki Abe,

and Wei-Zhong Han*

Controlling the heterogeneous nucleation of new phases is of importance in
tuning the microstructures and properties of materials. However, the role of
vacancy—a popular defect in materials that is hard to be resolved under
conventional electron microscopy—in the heterogeneous phase nucleation
remains intriguing. Here, this work captures direct in situ experimental
evidences that vacancy clusters promote the heterogeneous hydride
nucleation and cause the anomalous precipitation memory effect in
zirconium. Both interstitial and vacancy dislocation loops form after hydride
dissolution. Interestingly, hydride reprecipitation only occurs on those
vacancy loop decorated sites during cooling. Atomistic simulations reveal that
hydrogen atoms are preferentially segregated at individual vacancy and
vacancy clusters, which assist hydride nucleation, and stimulate the unusual
memory effect during hydride reprecipitation. The finding breaks the
traditional view on the sequence of heterogeneous nucleation sites and sheds
light on the solid phase transformation related to vacancy-sensitive alloying

elements.

1. Introduction

Solid phase transformation plays an important role in reg-
ulating microstructures, properties, and performances of
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materials.'”*] Nucleation is usually the

first step during phase transformation.!
Most nucleation in solids as in liquids is
heterogeneous, and relies on lattice de-
fects, such as free surface, grain bound-
aries, interfaces, stacking faults, disloca-
tions, and excess vacancies.*®! From the
perspective of lowering the activation en-
ergy barrier, phase nucleation always oc-
curs rapidly on the surface steps, and then
on grain boundaries or interfaces. Stack-
ing faults are less potent sites due to their
lower energy in comparison to free surface
and grain boundaries.’’ Dislocations as-
sist phase nucleation by reducing the strain
energy of phase embryo, supporting mass
transport via pipe diffusion, or enhanc-
ing local solute segregation.[®] Notably, va-
cancies are least likely to serve as nucle-
ation sites unless similar conditions for
homogeneous nucleation are satisfied.l®!
However, some indirect reports hint that
excess vacancies may influence phase nucleation by increasing
the diffusion rate of solute atoms or relieving misfit strain.[1®11]
Since individual random vacancy is hardly to be distinguished by
the resolution of a conventional electron microscope, especially
during operando phase transformation, the role of vacancy and
its clusters in phase nucleation and their precedence with other
heterogeneous nucleation sites remains elusive.

Zirconium (Zr) alloys, as critical structural materials for fuel
assemblies in nuclear reactors, are prone to hydrogen embrit-
tlement as a result of formation of brittle hydrides.'?) Numer-
ous brittle hydrides detract from the mechanical properties of
Zr alloys and compromise the integrity of the cladding tubes.!3]
The diversity of hydrides and the unique hybrid displacive-
diffusive kinetics drastically increase the complexity of hydride
phase transformation.*’l An anomalous memory effect is usu-
ally observed for the hydride precipitation, i.e., a hydride renu-
cleates from the same position where the initial hydrides dis-
solve during thermal cycling."® The memory effect of hydride
precipitation results in a greater extent of strain accumulation
at the same location, which is the weakest point that acceler-
ates cladding failure."! Postmortem experimental investigations
and computer simulations have suggested that the tensile stress
field around dislocations might assists hydride renucleation
by accumulating hydrogen atoms.*”] However, the underlying

© 2023 Wiley-VCH GmbH
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Figure 1. In situ observation of hydride dissolution and reprecipitation in Zircaloy-4. a) Variation of temperature with time during in situ thermal cycling.
b—e) A hydride gradually dissolves when temperature increases from 24 °C to 300 °C. e) Enlarged transmission electron microscope (TEM) image
highlights the dislocation loops. f) A new hydride starts to nucleate on the dislocation loops at T = 120 °C. g) The hydride grows rapidly within 1s. h,i)

The reprecipitated hydride grows along [1-2210] direction. See more details in Movie ST (Supporting Information).

mechanism for the anomalous memory effect of hydride precip-
itation, likely relating to defect-stimulated heterogeneous phase
nucleation, is indefinable due to the lack of intuitive experimental
evidence.

Here, combining in situ heating transmission electron micro-
scope (TEM) experiments and density functional theory (DFT)
calculations, we report direct experimental evidence of hydride
nucleation in Zr and elucidate the critical role of vacancy clus-
ters in assisting hydride nucleation and causing the precipitation
memory effect in Zr. Our finding highlights the important role of
vacancy and their clusters in hydride precipitation and is benefi-
cial for the design of high-performance nuclear energy structural
materials.

2. Results

Recrystallized commercial Zircaloy-4 and pure Zr samples after
hydrogen charging were used to investigate the hydride nucle-
ation under one-time thermo-cycling in a TEM. The chemical
compositions of the samples are shown in Table S1 (Support-
ing Information). After hydrogen charging, a large number of
submicron-sized hydrides are formed and distributed uniformly
within the grains (Figure S1, Supporting Information). During
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thermocycling, hydrides dissolve with increasing temperature
and reprecipitate during cooling (Figure 1a). The detailed pro-
cesses of the thermal cycling and the evolution of the hydrides are
shown in Movie S1 (Supporting Information). Figure 1b shows
an initial hydride with a size of 500 nm. As the temperature
gradually increases to 100 °C, the hydride starts to dissolve, and
shrink along [1120] (Figure 1c). With the temperature contin-
ues increasing, the hydride becomes thinner and thinner, leav-
ing dislocation lines on both sides (Figure 1d). At 300 °C, the
whole hydride dissolves, leaving some dislocation structures in
the form of loops (Figure 1e). These dislocation loops remain
stable even up to 400 °C. During the cooling stage with a rate
of 0.5— 2 °C 57, a new hydride begins to nucleate from the dis-
location loops (Figure 1f) at 120 °C. Just after 1 s, the hydride ex-
pands rapidly and grows along the [1210] direction (Figure 1g,h).
The hydride lies on the basal plane and has a final length of
2 um (Figure 1i), which is surrounded by a high density of dis-
locations. The reprecipitated §-hydride has a face-centered cu-
bic structure according to the diffraction pattern in Figure 1i.
The orientation relationship between the new hydride and the
matrix is (111);// (0001),,, and [110];// [1210] ,,.l""! The re-
precipitated hydride alters the growth direction from [1120] to
[1210].

© 2023 Wiley-VCH GmbH
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Figure 2. Heterogeneous hydride nucleation in Zircaloy-4 alloy. a) Small hydrides formed in the grain interior. b) Dissolution and reprecipitation of
hydrides at vacancy dislocation loops. c) Hydride dissolution produces interstitial dislocation loops.

The dislocation structures formed after hydride dissolution
were characterized in situ at high temperatures. Figure 2a shows
the microstructures of some hydrides in a grain before heat-
ing. Regions A and B in Figure 2b were selected for detailed
dynamic characterizations. In region A, two small hydrides be-
come smaller in size as the temperature increases. The hydrides
dissolve completely at 336 °C, and leave several nanosized dis-
location loops, which include four vacancy loops and two inter-
stitial loops (Figure 2b,). When cooling down to room temper-
ature, two hydrides renucleate and precipitate on the vacancy
dislocation loops (Figure 2b,). A similar analysis was also per-
formed on region B. Two small hydrides with black contrast in
Figure 2¢, gradually dissolve and form two separate dislocation
loops at 336 °C. These loops are interstitial in nature (Figure 2c,),
which are confirmed by the inside and outside contrast analysis
during the temperature-holding stage.[?!] With the temperature

decrease to 23 °C, no hydrides reprecipitate at this location, as
shown in Figure 2c;. The detailed characterizations are shown
in Figure S2 (Supporting Information) and Table S2 (Supporting
Information).

More experiments were performed to clarify the competition
of dislocation loops and dislocation lines on the hydride nucle-
ation in Zircaloy-4 (Figure 3). All hydrides dissolve at 350 °C and
produce both dislocation lines and dislocation loops at the region
(Figure 3b). Different two-beam images of the dislocation loops
at region C are obtained at 350 °C. Notably, a vacancy disloca-
tion loop and an interstitial dislocation loop are identified in this
region (Figure 3c). During the cooling, a new hydride nucleates
at the vacancy dislocation loop and grows along the [1210] direc-
tion. While the interstitial dislocation loop and dislocation lines
are retained in the matrix and no hydride is found to nucleate
on these defects. After cooling down to room temperature, the

Figure 3. Characteristics of dislocation loops with hydride reprecipitation in Zircaloy-4 alloy. a) Hydrides before heating. b) Dislocation structures pro-
duced after hydrides dissolution. c) Different two-beam images showing the characteristics of dislocation loops in (b). d) Hydride nucleates on the

vacancy dislocation loops.
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Figure 4. Hydride dissolution and reprecipitation in pure Zr. a) Dissolution of a hydride with temperature increasing from 18 °C to 300 °C. b) Two
hydrides gradually nucleate and grow at the dislocation loops during cooling. See Movie S2 for more details.

reprecipitated hydride is surrounded by a butterfly-liked disloca-
tion structure (Figure 3d).

The above experiments show that the character of dislocation
loops has a marked effect on the reprecipitation of hydrides in
Zircaloy-4. To exclude the influence of alloying elements, a pure
Zr sample with similar hydrogen concentration was also exam-
ined (Figure 4). With the temperature increasing from 18 °C to
300 °C, a pre-existing hydride disappears gradually, and accom-
panies with the gliding of prismatic dislocations (Figure 4a). Both
small dislocation loops and dislocation lines are produced af-
ter hydride dissolution (Figure 4a,). The purple arrow indicates
a vacancy dislocation loop (see details in Figure S3, Support-
ing Information). As the temperature dropped from 300 °C to
75 °C, the contrast of the dislocation loop changed significantly
(Figure 4b,). The hydride nucleates just on the vacancy dislo-
cation loop. At 56 °C, the hydrides reprecipitates and grows up
rapidly (Figure 4b), accompanied by emitting an array of % [2110]
dislocations (Movie S2, Supporting Information). This observa-
tion clarifies that the alloy elements play a negligible role during
hydride precipitation. Notably, hydride nucleation rarely occurs
at the interstitial dislocation loops in both the pure Zr and the
Zircaloy-4 (Figure S4, Supporting Information and Table S2, Sup-
porting Information).

3. Discussion
3.1. Origin of Dislocation Loops During Hydride Dissolution
After hydride dissolution, some interstitial or vacancy disloca-

tion loops are visible at the location of the original hydride (see
Figures 1-4). There are several possible ways to introduce dis-
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location loops.[2224] First, electron beam irradiation could intro-
duce point defects in metals. However, owing to a relatively high
atomic displacement energy of 40 keV,[?*! these dislocation loops
are unlikely caused by the electron beam irradiation in Zr. Sec-
ond, dislocation interactions with impenetrable hydrides could
introduce dislocation loops via Orowan looping or Hirsch loop-
ing mechanisms.[?* The formation of dislocation loops accompa-
nies with the dissolution of hydrides during the heating process
(Figure 1). Hydrides dissolution is expected to relieve the tensile
stress in the matrix and introduce a 17.2% volume variation with
increasing temperature.['>1%) Local volume variation would intro-
duce plastic deformation or numerous point defects in the sur-
rounding matrix. As a consequence, hydride dissolution follows
dislocation movement (see Movies S1 and S2, Supporting Infor-
mation). However, there is no direct interaction between disloca-
tions and hydrides during hydride dissolution.

Notably, with hydride dissolution, numerous vacancies or self-
interstitials atoms are produced to accommodate the significant
volume collapse, which can further evolve into vacancy or in-
terstitial dislocation loops. Figure S5 (Supporting Information)
shows the combination of vacancies and interstitial atoms with
and without hydrogen atoms by DFT calculations. When hydro-
gen atoms are absent, vacancies and interstitial atoms gradu-
ally recombined with each other over time (Figure S5a, Support-
ing Information). Conversely, subsistent hydrogen atoms tend
to bind with vacancies to form a hydrogenated vacancy disloca-
tion loop as an embryo for later hydride reprecipitation.>2¢ The
formed stable hydrogen-vacancy complexes could prevent the re-
combination of vacancies with interstitial atoms,?”! as shown by
Figure S5b (Supporting Information). Therefore, the formation
of dislocation loops is a result of hydride dissolution-induced
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Figure 5. Segregation of hydrogen atoms at dislocation loops on prismatic plane. a) Atomic model of a prismatic dislocation loop in Zr. b) The number
of hydrogen atoms segregation in the Zr models consisting of vacancy and interstitial dislocation loops on the prismatic plane. Inserts are cross-section
snapshots of hydrogen atoms segregated at interstitial loops and vacancy loops. Atoms are colored according to the common neighbor analysis. Similar
effects were observed for the dislocation loops on basal plane (see Figure S9).

local volume shrinkage and stabilizing of vacancies by hydrogen
atoms.

3.2. Nucleation at Hydrogenated Vacancy Clusters

To reveal the underlying atomistic mechanism, density func-
tional theory calculation and hybrid molecular dynamics
(MD)/grand canonical Monte Carlo (GCMC) simulations were
conducted to investigate the segregation of hydrogen atoms at
vacancy and self-interstitial and their clusters. Figure S6a (Sup-
porting Information) shows the atomic structures around a self-
interstitial atom and a single vacancy in Zr. All possible config-
urations with different numbers of hydrogen atoms trapped at
these sites around single vacancy and self-interstitial atom were
relaxed via molecular statics (MS) simulation with both embed-
ded atom method (EAM) potential and DFT calculations. The seg-
regation energy difference for hydrogen atoms segregating from
bulk to vacancy or self-interstitial atom is shown in Figure S7
(Supporting Information). The energy difference for a vacancy is
much smaller than that to interstitial atom sites, indicating that
hydrogen atoms tend to segregate near vacancy instead of inter-
stitial. Moreover, up to 11 hydrogen atoms can be trapped in a
single vacancy as a result of the lowest energy differences. Sim-
ilar results were observed for hydrogen atom interactions with
vacancies, divacancies and vacancies clusters.[282]

Figure 5 shows the hexagonal-shaped dislocation loops with
Burgers vector %(TTZO) in Zr. Both vacancy and interstitial-type
dislocation loops are introduced by removing or adding a platelet
of vacancies or interstitial atoms into the Zr matrix. The hydro-
gen chemical potentials (u) in the hybrid MD/GCMC simulation
were set to —2.90, —2.85, —2.80, and —2.75 eV, for which the equi-
librium hydrogen concentrations in Zr bulk are 0.2, 2, 10, and
70 wppm, respectively. Figure 5b shows the number of hydro-
gen atoms segregated on the vacancy and interstitial dislocation
loops in a Zr model with a hydrogen concentration of 70 wppm.
About 1300 hydrogen atoms are segregated on a 4 nm-sized va-
cancy loop until hydrogen saturation, which is seven times more
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than that on the interstitial loop. Such an amount of hydrogen is
sufficient to support hydride reprecipitation on the vacancy loop.
Over GCMC simulation steps, more and more hydrogen atoms
are trapped by the vacancy dislocation loops rather than the inter-
stitial dislocation loops (Figure 5b, Movies S3 and S4, Support-
ing Information). This explains why the size of reprecipitated hy-
drides is much larger than the initial ones (see Figures 1-4). A
similar trend is observed for the hydrogen concentrations in Zr
bulk as well (Figure S8, Supporting Information).

Hydrogen atoms segregating at interstitial and vacancy dislo-
cation loops on the basal plane is also calculated in the same way.
Figure S9 (Supporting Information) shows both the intrinsic and
extrinsic vacancy loops on the basal plane have a stronger attrac-
tion to hydrogen atoms than the interstitial loops, and are consis-
tent with experiments.[*) In brief, both multiple vacancies and
vacancy cluster evolved dislocation loops have a strong segrega-
tion effect on hydrogen atoms. Thus, a strong segregation ability
of hydrogen atoms to vacancy clusters assists hydride nucleation
on the vacancy-loop-decorated sites instead of interstitial ones. In
addition, hydrostatic stress distribution around interstitial and
vacancy loops with and without hydrogen atoms on both pris-
matic and basal planes are evaluated (see Figure S10, Supporting
Information). A dilatational strain by stretching the lattice results
in a strong tensile stress field inside the vacancy loops without
hydrogen atoms near the loop edge. Inversely, one extra layer of
atoms causes the compressive stress field in the interior of the in-
terstitial loops, which is consistent with previous results.?!l The
presence of hydrogen atoms neutralizes the stress field around
the vacancy loops, as displayed in Figure S10 (Supporting Infor-
mation). These unique local stress fields assist the preferential
segregation of hydrogen.

3.3. New Order of Heterogeneous Nucleation Sites
Finally, we performed statistics of hydride nucleation and

precipitation across several grains (Figure S11, Supporting
Information). Before thermal cycling, hydrides are distributed

© 2023 Wiley-VCH GmbH
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uniformly because the recrystallized grains are almost defect-
free when hydrogen charging at 400 °C. Upon hydride dissolu-
tion, many dislocation lines and both interstitial /vacancy disloca-
tion loops form due to volume collapse. Figure S11a (Supporting
Information) shows that no hydride nucleates on dislocations,
whereas hydrides only form on those vacancy loops in the inte-
rior of the grain (Figure S11b, Supporting Information) or ad-
jacent to a grain boundary (Figure S11a,, Supporting Informa-
tion). Such an interesting phenomenon contradicts the conven-
tional wisdom of heterogeneous nucleation site sequence.>-!1l
Surfaces or grain boundaries are known to be the most favor-
able nucleation sites in heterogeneous phase nucleation, fol-
lowed by dislocations and vacancy clusters.[! Although hydrides
are also frequently observed at grain boundaries or near the dis-
location lines.[?®32] However, our in situ heating experiments
confirm that vacancy clusters have a higher priority in hydride
nucleation than grain boundaries and dislocation lines. Under
a low level of hydrogen, the preferred segregation of hydrogen
atoms at vacancy loops enhances the local concentration of hydro-
gen, and promotes the heterogeneous reprecipitation of hydrides
(Figure S11a,,by,c,, Supporting Information). The observations
well explain the anomalous memory effect associated with hy-
dride reprecipitation.[*®! Because of the strong binding of vacan-
cies and their clusters with hydrogen atoms, they serve as pref-
erential nucleation sites for hydrides. Such a mechanism also
works for other alloys containing elements that have high bind-
ing energy with vacancies and serve as likely nucleation embryos
in heterogeneous solid phase transformation.3334]

4, Conclusion

Our results provide direct experimental evidences of vacancy
clusters-assisted hydride nucleation and reprecipitation in Zr. In
situ heating experiments inside a TEM combined with dynamic
dislocation loop characterizations and atomistic simulations re-
veal that the vacancy dislocation loops act as preferential nucle-
ation sites to facilitate the precipitation of hydrides, providing a
reasonable explanation for the frequently observed anomalous
memory effect during hydride reprecipitation. Preferential segre-
gation of hydrogen atoms at vacancies and the tensile stress field
around vacancy-type defects are the origins of vacancy clusters
as favored hydride nucleation sites over dislocations and grain
boundaries. The present finding sheds light on the solid phase
transitions related to vacancy-sensitive alloying elements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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