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Hydride precipitates that develop in Zr after absorbing hydrogen can impart significant material harden-
ing and embrittlement. Here, we use electrolytic hydrogen charging to synthesize Zr samples with differ-
ent subsurface hydride aging times and transmission electron microscopy to understand the mechanisms
underlying hydride precipitation and their distributions across the microstructure of pure Zr. Subsurface
hydride formation involves volumetric swelling, causing the sample surface to produce bumps. Analysis of

Keywords: the morphologies and spatial distributions of these bumps can reveal several important characteristics of
Zirconium hydrides below. The analysis indicates that subsurface hydrides first form by isolated nucleation followed
Hydride by coalescence. The shape of the hydride bump is found to be determined by the angle between the basal

Precipitation
Grain boundary
Basal plane

plane of the subsurface hydride and the sample surface. We reveal that, at room temperature, the hydride
phase transition sequence follows y-ZrH —§8-ZrH; g5 —€-ZrH,. The two main «-Zr/hydride orientation re-
lationships are 1) (0001),|(111)s with [2110]]|[011]; or 2) (0001),[|(001), /5 with [1210](,||[110],,/,;. Last,
we show that the orientation of the basal plane plays a decisive role in the formation of both intragranu-
lar and intergranular subsurface hydrides. Statistical analysis of several hundred grain boundaries reveals
that grain boundaries with c-axis misorientation of <15°, =55°-60° and >85° are preferential sites for
subsurface hydride formation, while those with c-axis misorientations higher than 15° and one grain’s
basal plane nearly perpendicular to the grain boundary plane resist hydride precipitation. These findings
can guide grain boundary engineering efforts for controlling hydrogen damage in Zr.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Zirconium (Zr) and its alloys are widely used in nuclear reac-
tors due to their excellent mechanical properties, high corrosion
resistance and low neutron absorption cross-section [1-4]. In nu-
clear reactors, these alloys are exposed to hydrogen via two main
sources: Zr-water corrosion reaction and water radiolysis [6]. Be-
cause of the extremely low solubility of hydrogen in Zr at am-
bient temperature [7-9], excessive hydride precipitation can read-
ily occur. Hydrides are brittle and tend to form preferentially at
stress concentrators. They can result in cracking [10-13] and addi-
tionally, induce blisters [5,14]. These phenomena all are causes of
“hydride embrittlement”, which is responsible for many reports of
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fracture incidents [5], limits the service life of Zr alloys, and results
in reactor shutdown. In order to gain insight into ways to thwart
their formation basic materials research has been devoted to un-
derstanding the precipitation [15-18], phase transformations, dis-
tributions in the microstructure [19-22], and deformation behavior
of hydrides [23-27].

Hydrides have been observed to take on one of four differ-
ent phases [1,28,29]: 1) trigonal ¢{-ZryH, 2) face-centered tetrag-
onal (FCT) (a<c) y-ZrH, 3) face-centered cubic (FCC) 6-ZrH,gg and
4) FCT (a>c) e-ZrH,. The § hydrides are frequently seen in Zr-
alloy claddings and are the most detrimental phase [30,31]. The
most common orientation relationship (OR) between «-Zr and
the 8-hydride is {0001}¢||{111}5 and <1120>4]||<110> [19,21,32].
Many studies have been devoted to identifying the mechanisms
underlying the growth of individual hydrides and hydride-hydride
interactions [33-35|. Hydride precipitation involves a local volu-
metric expansion [36] and concomitant buildup of local stress.
It is often accompanied by the emission of dislocations and dis-
location loops [16,17]. Early hydride formation can affect char-
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acteristics of subsequent hydride precipitation, such as inducing
twinned hydrides [21,37-40] or stacked structures [35] or alter-
ing the hydride habit plane from the basal {0001} plane to the
{1017} plane or another plane [21,35,40]. Simulations have sug-
gested that partial dislocation-mediated shear plays an impor-
tant role in the transformation from «-Zr to a hydride [33,34].
It has been proposed that the twinned hydride results from the
glide of partials with opposite Burgers vectors in the growing hy-
dride front [21]. For the y-ZrH hydride, while three variants of
y-ZrH have been reported to form along the three equivalent
<1120> directions, no fixed OR was observed between these hy-
drides and the «-Zr matrix [15]. Although these studies have pro-
vided useful results, more studies on the crystallographic charac-
teristics of the different hydride variants and twinned hydrides are
needed.

The transition and the stability between different hydride
phases have also been discussed. It has been proposed that y hy-
drides are the precursors for § hydrides [41], and with increasing
hydrogen, y hydrides evolve into a mixture of ¥ and § hydrides
[42]. The y hydrides have only been identified in samples after
quenching [39], which would suggest that y hydrides are an un-
stable phase [46,47]. It was observed that the § hydrides tend to
precipitate at relatively low cooling rates and anticipated that the
& hydrides can further develop into ¢ hydrides with more hydro-
gen absorption [43-45]. Clearly hydride stability still needs to be
addressed. Further, many of these proposed mechanisms have not
been confirmed by experimental observation.

Intergranular hydrides in Zr are of particularly concern because
of their detrimental effects [48]. In general, hydrides prefer to
nucleate at heterogeneous grain boundaries (GBs) over homoge-
neous sites inside grain [20]. Yet to date, contradictory reports ex-
ist among the many studies focused on the distributions and crys-
tallographic characteristics of intergranular hydrides [19-22]. Theo-
retical calculations suggest that intergranular hydrides tend to nu-
cleate at high-energy GBs, in which the basal planes of Zr are
nearly parallel to the GB [19]. In contrast, some experiments have
shown that the basal and prismatic tilt-GBs are both preferential
sites for hydrides, while the angle between the GB surface trace
and the basal plane of adjacent grains has no effect on hydride
distribution [21]. Moreover, a closer look reveals that some GB hy-
drides are not exactly on the GB, and therefore, could not have
originated there, but rather, it is likely they originated from the
grain and grew to the GB [20-22]. Further, it has been reported
that there are two to three different groups of intergranular hy-
drides with respect to their precipitation behavior, each warrant-
ing separate analysis [19-21]. Last, the relationship between differ-
ent type of intergranular hydrides and the properties of the GBs on
which they grow also needs to be clarified. A solution to this prob-
lem is to study and analyze large quantities of intergranular hy-
drides. However, analyzing statistically large datasets of intergran-
ular hydrides and connecting these hydrides to their grain bound-
aries experimentally within the bulk of the sample still remain a
challenge.

In this work, we study hydride precipitation using subsurface
hydrides as a model case. Subsurface hydrides are easy to fab-
ricate, track and analyze, facilitating characterization of the pre-
cipitation, morphology evolution, and spatial distribution of intra-
granular and intergranular hydrides under stress-free conditions.
A similar method was also used in Ti [32], U [49] , Pd and
Gd thin films [50,51] to study the behavior of hydride precipita-
tion. Here, we used electron backscatter diffraction (EBSD), sam-
ple lift-out techniques, and a suite of microstructural characteri-
zation methods to study subsurface hydride in grains and along
GBs. The findings made in the present study on subsurface hy-
drides can help to develop understanding of hydrides within bulk
samples.
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Fig. 1. Schematic showing the setup for electrolytic hydrogen charging.
2. Experimental methods
2.1. Hydrogen charging

High-purity Zr with an average grain size of ~85 um was used
in this study. Before charging, the samples were ground and etched
in a solution of HF: HNO3: H,0=3:40:57 for about one minute in
order to remove the surface oxide layer. After this pickling step,
the polished surface of the samples was used for hydrogen charg-
ing, while all other faces were sealed by a hot-melt adhesive to
limit hydrogen absorption. Hydrogen charging was conducted elec-
trochemically in a solution of 0.5 mol/L sulfuric acid using a cur-
rent density of 0.2 A/cm? at 30°C. Next, a 2 g/L thiourea was added
to hinder hydrogen recombination and gas generation [52]. Fig. 1
shows the setup for hydrogen electrolytic charging. An oil bath was
placed underneath to maintain thermal stability and a magneton
was used to accelerate heat conduction and homogenize the solu-
tion. Charging times of 10 min, 30 min, 1 h, 3 h, 6 h, 12 h, 24 h
and 48 h were selected in order to achieve different densities and
ages of the subsurface hydride.

2.2. Microstructure characterization

After charging, the microstructure of samples was characterized
by X-ray diffraction (XRD), scanning electron microscope (SEM,
SU6600), and transmission electron microscope (TEM, JEOL 2100F).
XRD was employed to identify the phase structure of subsurface
hydrides and SEM was used to study the subsurface hydride-
induced bumps. TEM analysis was carried out to examine the mi-
crostructure of the subsurface hydride. The TEM samples were pre-
pared using a sample lifting technique inside a focus ion beam (FEI
Helios Nanolab600). Platinum (Pt) was deposited on the top of the
hydride bumps to avoid ion-beam damage. TEM samples with di-
mensions of 15 um x 10 um x 2 um were cut. These TEM foils
were further thinned down to about 100 nm and polished with a
gentle Ga* beam (5 kV voltage and 48 pA beam current).

EBSD was utilized to determine the orientation of the grains
and the misorientations and characteristics of the GBs. EBSD analy-
sis was performed inside a focused ion beam, with an Oxford HKL
Nordlys EBSD detector, with a voltage of 20 kV and probe current
of 2.7 nA. The size of each scan was 260 um x 226 um at a step
size of 2 um. The size, number density and aspect ratio of each
hydride bump on samples with different charging times were mea-
sured using Image-pro software. The area fraction of the hydride
bumps was determined by measuring the area of the Zr first and
subtracting it from the entire scanned area. The GB characteristics
were determined from the orientation (in Euler angles) of the ad-
jacent grains. We also calculated the GB c-axis misorientation, de-
fined as the minimum angle between the [0001] directions of the
two adjoining grains, since it has been identified as influential in
the behavior of intergranular hydrides [21]. To study the effect of
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Fig. 2. Surface hydride bumps in Zr after electrolytic hydrogen charging at different times (a) and (e) 10 min, (b) and (f) 0.5 h, (c) and (g) 1 h, (d) and (h) 3 h, (i) 6 h, (j) 12
h, (k) 24 h and (1) 48 h. (e), (f), (g) and (h) Enlarged images for the regions shown by white squares in (a), (b), (c) and (d), respectively.

the GB plane orientation on the intergranular hydrides, we consid-
ered only those hydrides lying on the narrowest (width) GBs. GB
planes of narrow GBs tend to be perpendicular to the sample sur-
face, which have edge on position [53]. Statistical analysis of the
characteristics of the GBs and hydrides included hundreds of GBs.

3. Results
3.1. Morphology of subsurface hydride bumps

Fig. 2 shows the number, distribution, and morphologies of
the hydride bumps after different charging times. The number
of bumps increases with charging time. The formation of surface
bumps is a direct indication of the precipitation of subsurface hy-
drides. All bumps are solid and a consequence of the volume ex-
pansion associated with subsurface hydride formation [36]. Voids
and surface cracks resulting from this expansion can be seen at
the top of the bumps, in Fig. 2(e) and (f). These bumps are differ-
ent from hydrogen blistering, which is caused by temperature gra-
dients induced by high levels of hydrogen concentration [5]. The
spatial distribution of these hydride bumps are suggestive of ei-
ther their nucleation (Fig. 2(a)), growth (Fig. 2(b) and (c)) or com-
bination of the two (Fig. 2 (i) to (I)). In this figure, the white dash
lines indicate GBs. First, most hydride bumps are located inside the
grains (Fig. 2), similar to hydrides in coarse-grained Zr [21,54]. Sec-
ond, only a small fraction of bumps lies in the GBs (Fig. 2(g) and
(h)). Most GBs are free of hydrides (Fig. 2(b) and (d)). Third, more
than 58% of the triple junctions have hydride bumps, implying that

hydride bumps prefer to form and coarsen at the triple junction of
GBs (Fig. 2(g)). Fourth, the long-axis orientation of hydride bumps
in the same grain are similar but vary from grain to grain, as seen
in Fig. 2(i) to (1). Last, we observe in shown in Fig. 2(e) and (f) that
the bump morphology can be categorized as either circular-like or
needle-like.

Understanding the stages in hydride formation can be attained
by studying the evolution in their morphologies with increasing
charging time. Fig. 3 shows the continuous rise in the area frac-
tion of hydride bumps as charging time increases from 10 min
to 12 h. For longer charging times (up to 48h), their area frac-
tion saturates (Fig. 3(a)). The final area fraction reaches nearly 80%.
Fig. 3(b) shows the evolution of hydride bump size and number
density. Bump size increases from a few um to around 20 pum
at 12 h, then slightly decreases from 12 h to 48 h. The number
density of bumps gradually increases from 10 min to 6 h, indicat-
ing that nucleation and growth of subsurface hydride dominate in
the earlier stages of charging. After 6 h, the bumps coalesce and
coarsen, causing their number density to decrease. Fig. 3(c) shows
the variation in the aspect ratios of the needle-like and circular-
shape hydride bumps with charging time. For all charged samples,
the needle-like bumps maintain an aspect ratio of slightly larger
than 2, while the circular-like bumps maintain an aspect ratio of
around 1. This analysis of the changes in hydride bump morphol-
ogy with charging time suggests that hydride bump formation can
be divided into two consecutive stages: isolated nucleation (10 min
to 6 h) and coalescence (6 h to 48 h). The transition to the second
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Fig. 3. (a) Variation in the area fraction of hydride bumps/Zr matrix with increasing
charging time. The data are based on two 500 x EBSD images (260 um x 226

m). (b) Statistical analysis of the length and number density of hydride bumps for
different charging times. The length and number density of hydride bumps in each
charging time are obtained based on three 1000 x SEM images (125 um x 90 pm)
and averaged. (c) The aspect ratio of hydride bumps with different charging times.

stage begins once the growing hydride bumps start to coalesce, as
marked in Fig. 2(j).

Hydride bump morphologies are expected to depend on the un-
derlying lattice orientation of the grain [32]. To identify orientation
effects, we use EBSD to relate hydride bump morphology with the
orientation of the underlying grain (Fig. 4). Because the most com-
mon habit plane of hydrides is nearly {0001} [21,35], when the
basal plane of Zr matrix is nearly parallel to the sample surface,
the hydride bumps grow equally in the three <1120>-type direc-
tions [36], forming a circular-like shape (Fig. 4(a) and (b)). Con-
versely, when the basal plane of the grains makes a large angle
with the sample surface, the long axis of the hydride bump be-
comes roughly parallel to the {0001} plane of the grains, form-
ing a needle-like bump (Fig. 4(b) and (c)). For neighboring grains
close in orientation, hydride bumps span both grains, as shown
in Fig. 4(b). Evidently, the interacting angle between the basal

Acta Materialia 216 (2021) 117146

- \ - ; S S
Circular hydride \ = « Nésdle
- hydride bumps
bumps <

20um : 3 6, » A )

by X

= -

)
“\ :\\\\c ;”
s Circulachumps =

Fig. 4. Orientation relationship (OR) between hydride bumps and Zr grains deter-
mined by EBSD. (a) 0.5 h, (b)1 h and (c) 12 h. These HCP unit cells mark the orien-
tations of Zr grains.

e
=1 ° a-Zr 6-ZrHues
-
=L = y-ZrH + g-ZrHiso1
S o 5 I =
— o o~ oM N
= & g, 5 8
o e e o
a8h ek SO . NS S
P © w0
=g S =3
-~ IS . S g4
3 | 24h N O
© JLOA LA B2 o
L o
> b .
= — .
2 T l
1 |
g | 12h J!."?__,:,,. (R e
£ ( N | :
s |
- e I’ °
6h .‘/Vl‘;"_" u ) ) Lol o o 1
s 2 Y
= N o
|§.8 = . I
o |2 (aX -
1h 2] L3 T I
20 30 40 50 60 70 80 20
20 (degree)

Fig. 5. XRD patterns of pure Zr samples with different charging times. Three types
of hydrides are identified in these samples.

plane and the sample surface influences the shape of the hydride,
whether circular-like or needle-like.

3.2. Phase structure and microstructures of subsurface hydrides
XRD was used to identify the structure of the hydride. Fig. 5

presents the diffraction data for samples with different charging
times. For the sample with the 1 h charging time, besides the sig-
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Fig. 6. Typical TEM images of subsurface hydrides viewed along the [0001], zone
axes after hydriding for 48 h. (a) A combined hydride bump is selected as the lift-
out area. (b) Underlying microstructures of the bump. (c) Diffraction pattern show-
ing the OR between the § and ¢ hydrides. The small image in the left is the diffrac-
tion pattern of ¢ hydrides and obtained by using the smallest objective aperture to
observe the white dash circle area in (b). (d) Dark-field images of the & hydrides
platelets.

nal associated with the Zr matrix, (111) peaks associated with the
y-ZrH and §-ZrHqgg hydrides appear. The (111) peak of y-ZrH is
much greater than that of §-ZrH;gg, indicating that the precipita-
tion of y-ZrH is dominant in the earlier stages of hydrogen charg-
ing [30]. When charging for 6 h, the (111) peaks of y-ZrH and §-
ZrHygg reach a similar level. In addition to the (111) peak, other
diffraction peaks associated with these hydrides start to increase
and their volume fractions grow (Fig. 3(a)). The heights of the (111)
peak of §-ZrH,gg in samples charged for 12 h and 24 h are much
higher than that for y-ZrH. This change indicates that the y-ZrH
is gradually transforming into §-ZrH;gg. In the samples charged for
48 h, the diffraction peak of y-ZrH almost disappears, while the
8-ZrHgg is still the dominant phase. Additionally, the diffraction
peaks of e-ZrH, start to appear, as shown by the black spots in
Fig. 5. The transition can be further confirmed by the 48h sample
lift-out results shown in Fig. 6. The diffraction pattern in Fig. 6(c)
indicates the formation of £-ZrH, hydrides. The newly formed &
hydrides are embedded in the § hydrides and exhibit a stripe-like
structure. The habit plane of the ¢ hydride is within 3°of the {011};
plane [43,45]. Hence the transition from §-ZrH;gg to &-ZrH, takes
place when the charging times are less than 48 h. The volume of
e-ZrH, unit cell (93.88 A3) is 7.8% smaller than that of §-ZrHgg
(101.85 A3) [29]. Thus, the reduction in length and number density
of hydrides with 48 h of charging seen in Fig. 3 is likely associated
with the §-to-¢ hydride transition. The XRD and TEM results show
a phase transition sequence of y-ZrH — §-ZrH; g5 — €-ZrH, under
continuous hydrogen charging.

To further investigate the microstructures of subsurface hydride
and their relationship with surface hydride bumps, thin foils were
cut from the top of subsurface hydrides and examined, as shown
in Figs. 7 to 9. The 1 h sample was chosen for thin-foil cutting,
since several bumps from the same thin foil could be examined.
Before lift-out, EBSD was used to identify proper viewing orienta-
tion. We used in Figs. 7 (a) and 8(a) the <1120>, and <0001>
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zone axes as viewing directions, which are the long and trans-
verse directions of the bumps, respectively. The microstructures of
the three bumps shown in Fig. 7(a) are highlighted in Fig. 7(b) to
(e), respectively. According to the selected area electron diffrac-
tion (SAED) pattern in Fig. 7(f), these bumps contain parallel &
subsurface hydride platelets. The OR between the § hydrides and
a-Zr is (0001)y||(111)s and [2110]4||[011]s, and the habit plane
of the hydrides is {0001}. Figs. 7(g) to (i) show dark-field images
taken by selecting the diffraction spots in Fig. 7(f). These paral-
lel hydride platelets have a twin OR, with a (111)s twinning plane
(Fig. 7(i)). Besides the major § hydrides formed near the sample
surface, there are many smaller lenticular-shaped hydrides beneath
them, as shown in Fig. 7(g) and (i).

Figs. 8 and 9 show some of the key characteristics of the hy-
drides that can be captured when viewing along the [0001] zone
axis. Fig. 8(a) shows four hydride bumps. The needle-shaped hy-
drides shown are y-ZrH. Three variants of the y-ZrH hydride inter-
sect at angles of nearly 60° or 120°. According to the SAED pattern
in Fig. 8(e), their growth direction lies along <1210>. The OR be-
tween y-ZrH and «-Zr is (0001)[|(001), and [1210]a||[110]y. Un-
derneath the four hydrides in Fig. 8(a) are two types of §-ZrHgg,
labeled as §; and &, in Fig. 9(a)). Because of the similar d-spacing
between the y (FCT) and § (FCC) hydrides under the [001] zone
axis, diffraction along the [114] and [013] zone axes were both
collected in order to confirm their identity (Figs. 8(f) and 9(d)).
The OR between the needle-like §, hydrides and «-Zr matrix is
(0001),]](001); and [1210],|[110]5, which is similar to that of the
y, hydrides in Fig. 8. The habit plane of the §, hydrides is also
{0001}. This observation provides direct evidence for the transfor-
mation of y, hydrides into &, hydrides with increasing hydrogen
loading. Additionally, further evidence of the y-to-§ transformation
is provided by the (110) spot in Fig. 9(b) and the complete disap-
pearance of the (110) spot in Fig. 9(c). For the FCC § hydrides, the
{110} spots are extinction, but not for FCT y hydrides. Therefore,
for the region labeled c in Fig. 9(a), the hydride is near the sur-
face and sufficient hydrogen supports the full phase transition. In
contrast, for the region designated by b & d in Fig. 9(a), the hy-
dride is slightly far from the sample surface, and the appearance
of the (110) spot indicates a mixture of y and § hydrides, indi-
cating a partial y-to-6 hydride phase transformation. In addition
to the 8, hydrides, §; hydrides had an OR of (0001),(|(111); and
[2110],|[011]5, as shown in Fig. 9(c). Under the viewing direction
of [0001],, the morphology of the §; hydride is found to be plate-
like.

4. Discussion
4.1. Crystallographic characteristics of subsurface hydrides

Analysis of the crystallographic characteristics reveals that each
hydride has its own preferential orientation relationship with o-
Zr. For reference, Fig. 10 shows the crystal models and correspond-
ing crystallographic OR for both the y and & hydrides. For the §-
ZrHq g hydrides, the crystal structure is classified as Fm3m, and for
«-Zr, P63/mmc. For both the matrix and twinned § hydrides, the
OR is given by (0001),(|(111); and [2110]||[011];. Different from
the {1013} interface plane of the B-type hydride in Ti [32], the in-
terface between hydride and Zr for the first OR is nearly {0001},
which is also the habit plane of the hydride. This leads to a differ-
ent anisotropic misfit and contributes to the formation of multiple
hydride platelet variants. In Zr, however, only two variants exist.
The crystallographic OR of the twinned § hydrides is given by ro-
tating the matrix § hydride phase along the <111> axis by 60°.
In an earlier report [39], the formation of the twin structure was
thought to occur via non-equilibrium precipitation. However, more
recently, it was proposed that the precipitation of twin hydrides



Y.-J. Jia, 1J. Beyerlein and W.-Z. Han

6-ZrH, 66

200 nm

Acta Materialia 216 (2021) 117146

200 nm

Fig. 7. Typical TEM images of subsurface hydrides formed after electrolytic hydrogen charging for 1 h. (a) The SEM image displays the top view of three hydride bumps. (b),
(c), (d) and (e) TEM images correspond to the three hydride bumps in (a). These images were taken under the [2110], zone axes. (f) Selected area electron diffraction of the
region shown by a white dash circle in (c). (g) to (i) Dark-field images displaying the «-Zr matrix and twinned hydrides using diffraction spots shown in (f).

Fig. 8. Typical TEM image of subsurface hydrides viewed along the [0001], zone axes. (a) Four hydride bumps were examined. (b) to (d) highlight the microstructures of y
hydrides underneath hydride bumps labeled in (a). (e) and (f) are the selected area electron diffraction pattern for the region shown in (d). (e) The OR between y hydrides

and Zr matrix. (f) Diffraction pattern of  under the [114] zone axes.

is mediated by the glide of Shockley partial dislocations with op-
posite Burgers vectors [21]. Here, this proposition is corroborated
by the results in Fig. 7(h) and (i), which show that the matrix and
twin hydrides are alternatively stacked. The formation of twin hy-
dride structures, therefore, is a dislocation-mediated mechanism to
relieve local stress concentrations from hydride precipitation.

For the y hydrides, the OR is (0001)y]|(001),/s and
[1210]a||[110]y/5. Hydrides with this OR only can be seen under

the [0001], zone axis (Figs. 8 and 9). This OR also applies to the
transition from a y to & hydride. Fig. 10(b) displays the spatial
distribution of the subsurface hydrides with this OR. Three equiv-
alents <1100> directions lie in the (0001), plane, all of which
are preferred growth directions for both the y and § hydrides
with second type of OR, which is different from early report [15].
Accordingly, three needle-shape hydride variants can be observed
(Figs. 8 and 9). The orientations of the three hydride variants differ
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Fig. 9. (a) Microstructure underneath the hydride bump IV in Fig. 8(a). (b) Diffrac-
tion pattern showing the OR between the «-Zr and y,/d, hydride. (c) Diffraction
pattern displaying the OR between §; and &, hydrides. (d) Diffraction pattern of §,
hydride with a zone axes of [013].

by a 60° rotation around the [001]s zone axes. The appearance of
streaks in the diffraction pattern in Figs. 8(e) and 9(c) suggests the
formation of profuse stacking faults during hydride precipitation
[55]. This observation supports the proposal that the formation of
stacking faults may be achieved by the glide of %<1100> partial
dislocations in Zr [21].

The first OR seen with the § hydrides observed in Fig. 7 is
a common one [19,21] and, as expected, joins the closest-packed
planes of the phases. For the second OR with the y hydrides in
Fig. 8, two lattice spacings are possible: dij31) = 2.7196 A and
dioo1) = 4.969 A. Compared to the former, the latter spacing is

much closer to the dggg; = 5.147 A of «-Zr, leading to a smaller
dilatational strain, and likely preference for the d(goq) than dyy)
[56,57]. Nonetheless, hydrides with both ORs can be produced dur-
ing the earlier stage of hydride precipitation and, with both, comes
significant volume expansion [36], i.e., 12.3% for y hydrides and
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17.2% for & hydrides, the cause for the hydride bumps (Figs. 2 and
10). The high-density of dislocations observed in the front of the
hydride tip (Fig. 7(e)) [17,18], as well as the formation of a stack-
ing structure seen in Figs. 7 and 9 are mechanisms that could re-
lieve the dilatational strain associated with the volumetric expan-
sion [35].

4.2. Stability and phase transformation of subsurface hydrides

In this study, three types of hydrides were observed: y-ZrH,
6-ZrHy66 and e-ZrH, hydrides. The present XRD and TEM anal-
yses suggest that they are related by the following precipitation
sequence of y-ZrH — §-ZrHygg — ¢&-ZrH,. With this, the ques-
tion arises as to whether y hydrides are stable under ambient
conditions. Over the years, many studies have confirmed that un-
der stress-free conditions and slow cooling rates, § hydrides can
form easily, whereas y hydrides, however, can only form when
quenched [39,46,47]. The XRD data in Fig. 5 provide clear evidence
for the precipitation of y hydrides in the early stages of hydro-
gen charging. With further increases in hydrogen loading, the same
data suggest § hydrides or ¢ hydrides become preferred (Fig. 5)
[58]. For hydrides with the second OR type, i.e., (0001)||(001), /s
and [1210]a||[110]y/5), y hydride formation is preferred over § for-
mation [40]. Because the y hydride has an FCT (c>a) crystal struc-
ture, d(go1) is smaller and much closer to the d-spacing of (0001)g
of a-Zr, than the d 111y of & hydride [56,57], which can reduce the
dilatational strain associated with the phase transformation. The
stability of the y hydride at room temperature can be further un-
derstood based on thermodynamic data. Density functional theory
calculations report negative formation enthalpies of both y and §
under ambient conditions [29]. The enthalpy of the y hydrides is
slightly lower than that of the § hydrides over a large temperature
range from 0 K to 700 K [59]. Therefore, the y hydride is expected
to be more stable than the § hydride at ambient temperature.

Heating is the main driving force for the y-to-§ transforma-
tion [46,47,60], bringing into question whether the y-to-§ trans-
formation is possible at room temperature. In this work, we find
direct evidence for room temperature y-to-§ hydride transforma-
tion based on both XRD data and TEM observations (Figs. 5 and
9). This result contradicts many earlier reports that suggest that
the y-to-§ transition occurs at high temperature. Under aging at
above 200°C, it has been reported that the volume fraction of the
y hydrides decreases and that of the § hydrides increases [46,47].
A y hydride layer was seen to form at the tip of § hydrides in
Zircaloy-2 after cooling from high temperature [41]. The continu-

(a) (0001),|1(111)s and [2110],] |[011] (b)  (0001),1(001),5 and [1210],]|[011] /5
[N T Sy S S |
M | _— Bump I My | _— Bump | |
\ = '7 Vrariantrl: ’:T":—-: ] o
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Fig. 10. Schematic showing microstructures of subsurface hydrides with two different ORs and the volume expansion induced bumps. All the yellow needle-like variants
represent subsurface hydrides. (a) Subsurface hydrides with OR of (0001),||(111);. (b) Subsurface hydrides with OR of (0001)|(001),, /5.
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Fig. 11. Statistics showing the relationship between the GB characteristics and hy-
dride precipitation. (a) GB misorientation vs. hydride. (b) GB c-axis misorientation
vs. hydride. The statistical data set contains 151 GBs based on samples charging for
10 min, 0.5 h and 1h.

ous charging used in the present experiment could have provided
sufficiently large amounts of hydrogen to promote the phase trans-
formation even at room temperature. Another likely driving force
the room-temperature phase transformation seen here is related
to the stacking structures around the y, hydrides (i.e., the streaks
in Fig. 8(e)). After 6, hydride formation in area b in Fig. 9(a),
the streaks along the (220) plane in the diffraction pattern dis-
appear, indicating that stacking structures are consumed during
phase transition, as shown in Fig. 9(b).

4.3. Effect of grain boundary characteristics on intergranular hydride

Experimental studies have reported that GB characteristics can
influence hydride precipitation [19-22], opening up the possi-
bility that GB engineering can be used to control it. The hy-
dride bumps examined here can provide a suitable model sys-
tem to explore the connection between GB characteristics and in-
tergranular hydride growth. Surface bump formation results from
the local volumetric expansion associated with hydride precipi-
tation and, therefore, can be linked to where hydrides formed
subsurface.

According to the statistical analysis shown in Fig. 11, hydrides
prefer to nucleate on GBs with misorientations that are less than
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25° or with c-axis misorientations less than 15°, near 60° or
near 90°. Similarly, a recent experiment has shown that inter-
granular hydrides tend to form on GBs with c-axis misorienta-
tions of less than 40° or higher than 80° [21]. Further analysis
in Fig. 11(a) and (b), finds that compared to the complete GB
misorientation, the c-axis misorientation is the more appropriate
parameter affecting hydride formation at GBs. Fig. 11(b) reveals
that hydrides prefer (with 100% hydride formation) to nucleate on
GBs with the basal plane in the neighboring grains nearly par-
allel [19], perpendicular [21] or lying at an interacting angle of
about 60°, which likely can be explained either by the low energy
of symmetric tilt grain boundaries near this angle [61] or by the
{1011} secondary habit plane of hydrides [62]. To limit intergran-
ular hydrides, the volume fraction of these types of GBs should be
reduced.

Toward designing for limited hydride formation, GBs without
hydrides are also plotted in Fig. 11 (red columns). We see that
more than 55.5% of GBs with misorientations in the range of 25°
to 90° have hydrides, which indicates that some GBs in this range
resist hydride formation. More than 72% of the other GBs have par-
tial hydride precipitation (Fig. 10(b)). A closer analysis identifies
that those GBs with misorientations or c-axis misorientations in
the range of 30° to 55° and 65° to 85° are resistant to hydride pre-
cipitation.

In this study, three intergranular hydride bump morphologies
were identified. Type I bumps span across a GB, appearing to grow
on both sides of the GB, as shown in Fig. 12(a). Type Il bumps, in
contrast, involve two different growth orientations and appear to
intersect at the GB. Therefore, type Il hydride bumps contain an
interface, as shown in Fig. 12(b). Both type I and type II hydrides
likely nucleated at GBs and grew into the adjoining grains. Type III
bumps grow only on one side of the GB or lie solely within the GB,
as shown in Fig. 12(c).

Fig. 12(d) and (e) shows the results from a statistical anal-
ysis of the main characteristics of these three intergranular hy-
dride morphologies. A majority of the type I hydride bumps form
on GBs with c-axis misorientations less than 40° as shown in
Fig. 12(d). For smaller c-axis misorientations, the misfit strains
at the boundary are sufficiently small that the subsurface hy-
dride can still preserve a similar growth orientation [21]. This
is perhaps why hydrides are much larger than the grain size
and maintain a similar orientation in strongly textured Zr al-
loys [63]. In contrast, all type Il hydride bumps are connected
to GBs with c-axis misorientations larger than 40°. Growth of
these type Il hydrides tend to follow their parent grain orien-
tation once the c-axis misorientation exceeds 40°, as shown in
Fig. 12(b). Type Il hydride bumps only occupy a small fraction
of the hydrides observed and exhibit a strong preference for GBs
that include the basal plane of a neighboring grain interacting
at an angle of more than 75° with the GB plane, as shown in
Fig. 12(e).

Additionally, the characteristics of GBs without hydride forma-
tion are also plotted versus the angle between the basal plane and
GB plane in Fig. 12(f). Interestingly these hydride-free GBs also
have one grain with the basal plane nearly perpendicular to the GB
plane. These GBs are similar to the GBs associated with type III hy-
dride bumps that only form on one side of the GB or just intersect
the GB, while not being nucleated from it. Furthermore, the c-axis
misorientations of the GBs in Fig. 12(e) and (f) are all higher than
15°. Based on these observations, we conclude that the GBs with at
least one neighbor grain c-axis nearly perpendicular to the normal
direction of the GB plane and with c-axis misorientations higher
than 15° are resistant to hydride precipitation. A possible explana-
tion for this phenomenon is that the orientation of the adjoining
grains hinders subsurface hydride growth across the common GB
[19,22].
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Fig. 12. (a) to (c) SEM images showing the three types of intergranular hydride bumps. (d) Distribution of type I and type II hydride bumps vs. c-axis misorientation.
The statistics considered 187 GBs for charging time from 0.5 h to 48 h. For (e) and (f), the data of these GBs were from samples charging for 10 min, 0.5 h and 1 h. (e)
Distribution of type Il hydride bumps vs. GB plane-basal plane angle. The solid circle marks grains adjacent to hydrides and the open symbol indicates grains without
hydrides. (f) Characteristics of GBs without hydrides. A high fraction of such GBs has one side of the grain with the basal plane perpendicular to the GB. The solid and open

circles indicate the two grains adjacent to GBs.
5. Conclusions

In this work, the precipitation, morphology evolution, distribu-
tion of intragranular and intergranular subsurface hydrides under
stress-free conditions are investigated. By increasing the hydrogen
charging time, the hydride bump formation process can be inves-
tigated in two stages: nucleation (charging time <6 h) and coales-
cence (>6 h). From these studies, the following conclusions can be
drawn.

1 The subsurface intragranular hydride morphology depends on
the grain orientation. Two types of hydride bumps-circular-like
and needle-like-are identified based on the interacting angle
between the basal plane and sample surface.

2 The phase transition sequence of subsurface hydrides is y-ZrH
— §-ZrH g6 — €-ZrH,. Two orientation relationships between
a-Zr and these hydrides are identified: (0001),||(111); and
[2110]¢(|[011]5, and (0001)||(001), /s and [1210]||[110];/s.
These results indicate that the y hydride is also stable, and the
y-to-§ hydrides transformation occurs under continuous hydro-
gen charging.

3 Grain boundaries (GBs) with c-axis misorientations of <15°,
=55°-60° and >85° are preferred subsurface hydride precipita-

tion sites. Additionally, three types of intergranular hydrides are
found. With c-axis misorientations less than 40°, the growth
direction of the intergranular hydrides in two grains is main-
tained and type I hydride bumps form. Otherwise, type Il inter-
granular hydride bumps are produced. The results can explain
the formation mechanism of mesoscale hydrides in strongly
textured Zr alloys.

The crystallographic orientation of the basal plane plays a vital
role in the precipitation and distribution of both intragranular
and intergranular hydrides. From the statistical analysis of GBs
with only type III hydride or no hydride formation, it can be
concluded that GBs with at least one neighbor grain basal plane
perpendicular to the GB plane and with c-axis misorientation
higher than 15° are resistant to hydride precipitation.
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