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ABSTRACT

Hydrogen embrittlement, also known as hydrogen-induced cracking, is a longstanding concern for zirco-
nium (Zr) and its alloys. The affinity for hydrogen in zirconium results in the formation of brittle hydrides.
Hydrides are conventionally thought to facilitate crack propagation, and the prevailing recommendation
to hinder hydride embrittlement involves reducing the hydrogen concentration in the material and ap-
plying slow cooling to reduce thermal stresses. Here, in Zr with a maximum hydrogen concentration of
43 wppm, we show that cracks initiate unexpectedly after annealing, a step that involves slow cooling
and no external stress. With a suite of high-resolution microscopy, we show that annealing cracks initiate
at prismatic §-hydrides, whose presence is unexpected. The microscopic annealing crack paths are conse-
quently crystallographic, following the habit plane of these prismatic §-hydrides. The commonly reported
y-hydride and §-hydrides that develop on the basal plane are found not to initiate cracks. We rationalize
that prismatic § hydrides result from the intergranular thermal residual stresses that develop during slow
cooling. This finding of uncommon annealing cracking further advances the mechanistic understanding of
hydride embrittlement in zirconium and can lead to new strategies for design and fabrication of advanced

zirconium alloys for harsh environments.
© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Hydrogen-induced cracking occurs in many metals and alloys,
causing serious safety issues and losses in operating time and
significant costs every year [1,2]. Zirconium (Zr) alloys are used
extensively as structural components in nuclear reactors as fuel
claddings and pressure tubes due to their low thermal neutron ab-
sorption and corrosion resistance. Zr has a strong affinity for hy-
drogen, and second phases, known as hydrides, precipitate eas-
ily once the solid solubility of hydrogen is exceeded [3-5]. These
brittle hydrides can degrade material toughness and enhance the
propensity for cracking [5-7]. Identifying the embrittlement mech-
anisms of hydrides is critical for production efficiency and in-
reactor performance of Zr components.

The conventional explanation for the embrittling effect of hy-
drides is the formation of radial hydrides, hydrides that are aligned
with the radius of the cladding or pressure tube. Radial hydrides
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can substantially degrade toughness and lead to through-wall frac-
tures [6,8]. They facilitate the propagation of microcracks that may
have formed from thermomechanical stresses [6-8]. Initially, hy-
drides are, however, circumferential hydrides, which have a mi-
nor effect on the mechanical property degradation of Zr compo-
nents compared to their radial hydride counterpart [9-12]. The ra-
dial hydrides form because of a process referred to as hydride “re-
orientation” when the tubes are cooled down while under a rela-
tively high hydrogen concentration (about 50-700 wppm) and/or
high stress environment [7]. The morphological change from the
circumferential to radial orientation involves initial circumferen-
tial hydride dissolution at high temperature and a reprecipitation
into radial hydrides when cooled to room temperature, while un-
der sufficiently high tensile hoop stresses, due to either external
or residual stresses [5]. Based on this understanding, the recom-
mended practice is to slowly cool crack-free Zr components with
low hydrogen concentration and under no stresses. This step has
since become an indispensable step in the processing and produc-
tion of various Zr components. Although crack initiation at radial
hydrides was commonly observed [11-13], however, whether and,
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Table 1
Chemical composition of the as-received high-purity Zr (wt$%).
Hf Fe Si Sn Ni Cr 0 C H
<0.001 <0.002 <0.001 <0.0005 <0.0007 <0008 <0014 <0.001 =~ 0.0007
Table 2

Chemical composition of the Zr-
Sn-Nb-Fe alloy tubes used in the
present work (wt%).

Sn Nb Fe Zr

1.0 1.0 0.1 Balance

if so how, reoriented hydrides participate in crack initiation in the
crack-free materials remains unknown.

In addition to the morphological orientation, hydrides also vary
in crystallographic orientation. In the absence of stress, hydrides
preferentially precipitate on the basal plane of the hexagonal close
packed (HCP) Zr matrix («-Zr) [14-18], but under stress, they can
adopt one of several possible habit planes, i.e., the {101i} planes,
where i = 0-7 [19-21]. Although the effect of stress on hydride
habit plane has been explored to some extent, there is still a lack
of direct experimental evidence to support the correlation between
hydride habit plane selection and crack initiation.

In this work, we investigated an unexpected subsurface crack-
ing while annealing pure Zr and a Zr-Sn-Nb-Fe alloy with low hy-
drogen concentration, under a slow cooling mode, and without ap-
plying external stress. We find that the slow cooling rate generates
hydrides that adopt an uncommon habit plane, aligned with the
{1010} prismatic plane of Zr. We show that these prismatic hy-
drides are the origin of annealing cracks. Further, the annealing
crack propagation pathways are crystallographic and dictated by
the location of the prismatic hydrides. It is rationalized that these
uncommon hydrides developed with the assistance of intergranu-
lar thermal residual stresses that reach sufficiently high levels be-
cause of the anisotropic coefficient of thermal expansion of Zr. The
findings here reveal an underlying crack initiating mechanism of
hydrogen embrittlement and demonstrate a direct connection be-
tween crack initiation with hydride habit plane.

2. Materials and methods
2.1. Sample preparation for annealing

High-purity Zr (99.99 %) and Zr-Sn-Nb-Fe alloys were used in
this study, see Tables 1 and 2 for their compositions. The Type-I
and Type-II test samples of the Zr-Sn-Nb-Fe alloy were drawn from
the tubular material at different stages in mechanical processing.
Bulk samples with dimensions of 10/14 mm x 6.5 mm x 8.5 mm
along length (LD), width (TD) and thickness (ND) directions were
cut from the as-received pure Zr plate and Zr-Sn-Nb-Fe alloy tubes
(the diameter and wall thickness of the tube is 86 mm and 13 mm,
respectively). Before annealing, the samples were mechanically
ground with 80, 220 and 600 grit waterproof abrasive paper to
gain a smooth and flat surface. To avoid being contaminated by air
or being oxidized, specimens subjected to all heat treatments were
sealed in an alundum tubular furnace (GSL-1400X) with a vacuum
of about 3 x 10~* Pa. For furnace-cooled to room temperature
(RT), the samples were held under high vacuum in furnace during
the entire heat-treatment. For air-cooled or water-quenched to RT,
the samples were first heated and held to high temperature under
vacuum in furnace, and then taken out of furnace and cooled in
ambient air or ultrapure water.
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Before annealing, the initial hydrogen concentration of the as-
received pure Zr and Zr-Sn-Nb-Fe alloy specimens is about 7 wppm
(LECO hydrogen analyzer RH600, GB/T 13747.21-2017, the testing
error range is +4 wppm). After the high-vacuum annealing in fur-
nace, the hydrogen concentration is about 8 wppm, which indi-
cates that the annealing process will not alter the hydrogen con-
centration.

2.2. Microstructure characterizations

For all specimens requiring scanning electron microscopy (SEM,
SU6600) and electron backscattered diffraction (EBSD) characteri-
zations (including the as-received and annealed samples), the same
surface treatment was used to exclude the possible influence of
the sample preparation method on hydride formation and crack-
ing. Thin slices with a thickness of 0.7 mm were firstly cut from
the bulk sample (for both the as-received and annealed samples).
As for annealed specimens, thin slices with a thickness of 0.7 mm
were sampled at different positions along the thickness direction
of the block to gain the gradient distribution of cracks. The slices
were then mechanically ground with 80, 220 and 600 grit water-
proof abrasive paper to about 0.2 mm in thickness. Finally, they
were polished by twin-jet electro-polishing in a solution of 10%
perchloric acid and 90% ethanol to remove the surface oxide layer
and stress layer. The electrolyte temperature was maintained at
—40 °C, and the voltage set to about 25 V. The number density
and length of cracks in all samples used for statistics were ob-
tained based on sixteen 600x SEM images (209 um x 146 pm)
and averaged. EBSD patterns were obtained and analyzed by means
of the Aztec HKL software, with a voltage of 25 kV and probe
current of 2.7 nA. Samples for transmission electron microscopy
(TEM, JEOL 2100F) characterization were cut at the crack via the
focus ion beam (FIB) sample-lifting technique. A focused Ga+ ion
beam (at an acceleration voltage of 30 kV) was used to slice the
electron transparent lamella. A micro-manipulation lift-out system
(FEI Helios Nanolab600) was used to transport the lamella. The mi-
crostructures of the hydrides on the lifted-out plane were charac-
terized using TEM with an acceleration voltage of 200 kV.

The sample preparation methods including mechanical grind-
ing, electro-polishing or FIB processing can easily induce artificial
hydrides in the material. However, the concentration of hydride in-
troduced during sample preparation is very low and these hydrides
usually grow parallel to the basal plane [22]. No § hydride bundles
were detected in the as-received samples using the current same
sample preparation methods. Therefore, the current sample prepa-
ration methods for microstructure characterizations will not intro-
duce an additional uncertainty to the results.

2.3. Electrolytic hydrogen charging

Pure Zr with the initial hydrogen concentration of about
7 wppm was used in this study. Hydrogen charging of the pure
Zr samples was carried out electrochemically in a solution of
0.5 mol/L sulfuric acid using a current density of 0.2 A/cm? at RT
for different times (see details Table 3). After hydrogen charging,
the samples were annealed at 600 °C for 1 h then followed by
a slow furnace cooling to RT in high vacuum to homogenize the
hydrogen distribution and to form hydrides. The hydrogen concen-
tration of the test specimens, including the as-received, 10 min and
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Electrolytic hydrogen charging parameters. Pure Zr samples hydrogen-charged for 10 and 30 min are denoted as Zr-H10 and Zr-H30,

respectively.

Specimen Electrolyte solution Current density Electrolyte Charging Hydrogen
(A/cm?) temperature time (min) concentration (wppm)
Pure Zr 0.5 mol/L sulfuric acid 0.2 RT 10 20
(Zr-H10)
Pure Zr 0.5 mol/L sulfuric acid 0.2 RT 30 43
(Zr-H30)
Pure Zr

7
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Fig. 1. Annealing cracking in pure Zr and the Zr-Sn-Nb-Fe alloys. (a-c) Initial grain structures in pure Zr and the Zr-Sn-Nb-Fe alloys. The Type-I and Type-II Zr-Sn-Nb-Fe alloys
have the same chemical compositions but different grain sizes. (d-f) Cracks in the sub-surface layer of bulk samples after annealing at 600 °C for 1 h and furnace-cooled

(FC) down to room temperature. Micro-scale cracks are marked with yellow arrows.

30 min hydrogen-charged pure Zr samples, was determined by the
LECO hydrogen analyzer RH-600. The hydrogen concentrations in
two electrochemically charged samples are 20 wppm (10 min) and
43 wppm (30 min), respectively (Table 3).

3. Results
3.1. Microstructures of the annealed Zr and Zr-Sn-Nb-Fe

High vacuum annealing treatments were employed to process
both pure Zr and two types of Zr-Sn-Nb-Fe alloys (denoted as
Type-1 and Type-II). These alloys are used in application and are
included since alloying can affect hydrogen absorption [5]. Before
annealing, the pure Zr and the Zr-Sn-Nb-Fe alloy specimens were
naturally exposed to air and initially have a hydrogen concentra-
tion of about 7 wppm. They were then annealed in high vacuum
furnace followed by slow cooling to RT from an elevated tempera-
ture (600 °C) under no external stress, conditions designed to pre-
vent cracking. Fig. 1 compares the secondary electron (SE) mode
SEM images of their initial and annealed microstructures. All sam-
ples have equiaxed grains but different grain sizes, as shown in
Fig. 1(a)-(c). After annealing at 600 °C for 1 h and furnace-cooling
(FC) to RT, microscale cracks are detected below the surface, within
about 3 mm from the top surface, of all samples (Fig. 1(d)-(f)). To
eliminate the possibility of material removal caused by electropol-
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ishing, a combined technique of mechanical polishing and vibra-
tion polishing were used to polish the as-annealed pure Zr sample.
Similar cracking traces were also observed. The number density of
cracks decreases nonlinearly from the sample surface to the cen-
tral part (supplementary material, Fig. S1). In the coarse-grained
pure Zr, transgranular cracks initiate at the grain boundaries (GBs),
and then extend into the grain interior, as shown in Fig. 1(d). In
the fine-grained Zr-Sn-Nb-Fe samples, cracking also occurs but in
the form of an interlinked crack network composed of transgranu-
lar and intergranular cracks across several grains (Fig. 1(e) and (f)).
These cracks are unexpected since the annealing step is intended
to relieve residual stress and minimize crack formation.

3.2. Influencing factors of annealing cracking

The annealing step involves many variables, any one of which
could have caused cracking during annealing. To identify them, we
considered four possible factors: heating rate (V}), annealing tem-
perature (T;), holding time (¢;,) and cooling rate (V) (see Table 4
for summary). As each is varied, the other three are held fixed,
and for each case, the crack number density and length are mea-
sured within 0.7 mm from the top-surface of all samples (as shown
in Fig. 2(a)-(d)). Under FC, as used earlier, but with either heat-
ing rate, annealing temperature or holding time varied, annealing
cracking still occurred (Fig. 2(a)-(c)). Further, the number density
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Summary of annealing conditions for pure Zr and the Zr-Sn-Nb-Fe alloys. The effects of heating rate (V},), annealing temperature (T),
holding time (t;,) and cooling rate (V) on annealing cracking are analyzed in pure Zr with four groups of samples (denoted as I, I,
Il and 1V). For group II, the annealing temperatures chosen ranged from low temperatures around 300 °C to high-temperatures below
the phase transformation temperature (about 862 °C). Annealing experiments at 600 °C via FC were repeated for hydrogenated Zr

(including Zr-H10 and Zr-H30) and Zr-Sn-Nb-Fe alloys.

Specimen Vi (°C/min) T, (°C) ty (h) Ve (°C/min)
Pure Zr I 3,10, 15 600 1 10 (FC)
1l 10 300, 350, 400, 1 10 (FC)
500, 550, 600,
650, 700, 750,
800, 850
il 10 600 0,1,5 10 (FC)
I\% 10 600 1 3 (SFC), 10 (FC),
>720 (AC), >6 x 10 (WQ)
Zr-Sn-Nb-Fe (Type-I) 10 600 1 10 (FC)
Zr-Sn-Nb-Fe (Type-II) 10 600 1 10 (FC)
Hydrogenated Zr 10 600 1 10 (FC)

(b)
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(C) v4=10°Cmin?, T,=600 °C, FC (Group Ill)
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Fig. 2. Influence of annealing conditions and grain size on cracking. (a) Heating rate vs. cracking. (b) Annealing temperature vs. cracking. (c) Holding time vs. cracking. (d)
Cooling rate vs. cracking. (e) The effect of annealing condition on microstructure cracking in pure Zr. Samples that are water-quenched (WQ) to RT are excluded from Group
IV here. (f) Cracking extent vs. grain size. The error bars are due to the non-uniform distribution of cracks.

and length of the annealing cracks negligibly varied (Fig. 2(a)-(c)).
The fourth variable (Fig. 2(d)), cooling rate (V¢), is designed to
range from slower to faster than that previously used: (1) slow
furnace cooling (SFC, V. = 3 °C/min), (2) furnace cooling (FC,
Ve = 10 °C/min), as before, (3) air cooling (AC, V. >720 °C/min)
and 4) water quenching (WQ, V. >6 x 10* °C/min). Under the
three slower cooling rates (i.e., SFC, FC, AC), annealing cracks were
again unexpectedly seen to form and moreover, their crack densi-
ties vary negligibly among these rates (Fig. 2(d)). The amount of
cracking is noticeable. In pure Zr, for instance, the average number
density of cracks is about 107 mm~2 and the average crack length
about 15.4 um (Fig. 2(e)). Significantly, among all cases, the WQ
Zr samples were free of annealing cracks (Fig. 2(d)). The WQ Zr-
Sn-Nb-Fe alloy samples were also free of detectable cracks. This is
another unexpected outcome. Faster cooling rates are anticipated
to facilitate crack initiation, not suppress it, due to larger thermal

gradients and residual stresses generated, and hence are usually
avoided [23,24].

With the same annealing treatment, grain size also influenced
crack properties but did not prevent cracking (Fig. 2(f)). As grain
size increased, the crack number density decreases while the crack
length increases.

3.3. Crystallographic feature of cracking

3.3.1. Cleavage cracking and §-hydrides

Towards an explanation, microscopic analysis is conducted on
pure Zr samples that underwent annealing and slow cooling to de-
termine the origin of the cracks. As shown in Fig. 3, EBSD scans are
shown of typical cracked regions within grains of pure Zr, annealed
at 600 °C and 850 °C, respectively for 1 h and then furnace-cooled
to RT. At this scale, fine microscopic hydrides can be seen. These
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Fig. 3. Annealing cracking and hydrides precipitation in annealed pure Zr. (a) and (b) Secondary electron SEM images of the cracks under different annealing conditions.
(c) and (e) Phase maps (with step size of 0.5 um) of the regions are outlined by a black-dotted box in (a) and (b). The «-Zr is colored in gray, the § hydride (§-ZrH;gg) in
purple and the y hydride (y-ZrH) in light blue. (d) and (f) Enlarged images (with step size of 0.02 pm) of the cracks marked with red dash boxes in (c) and (e). Hydrides

(hydride bundles) are highlighted with yellow arrows.

were not present in the initial samples and were precipitated dur-
ing the annealing treatment. It is well known that the solubility of
hydrogen in Zr decreases rapidly with temperature, being as low as
1 wppm at RT [3,5]. Therefore, precipitation of hydrides is not en-
tirely unexpected during slow cooling from high temperature. Yet,
in practice, cracking from hydride formation is believed to be hin-
dered in little to no external stress, hydrogen-dilute environments.

As shown in Fig. 3(c), (d) and (f), two hydride variants can
be identified—a face-centered cubic (FCC) é-hydride (ZrH;gg) and
a face-centered tetragonal (FCT) y-hydride (ZrHqg) [5]. The §-
hydrides initiate at GBs and grow into grain interior, while the y-
hydrides are in dispersed distribution. These two hydride phases
have been reported in Zr and Zr alloys in numerous studies, usually
under hydrogen-concentrations [5-8]. The §-hydride is the most
frequently seen hydride to form in Zr components, either during
fabrication or in-service. It is the stable phase that forms via dif-
fusional phase transformation and thereby favored to form under
slow cooling [25]. The y-phase is a meta-stable phase and is the
product of martensitic shear transformation [26]. It not as fre-
quently seen and favored to form after fast cooling (e.g., WQ) [5,6]

The analysis finds that cracks are related to the &-hydrides.
Many of the §-hydrides aggregate inside the cracks to form a lay-
ered hydride bundle (Fig. 3(d) and (f)). These §-hydride bundles
are thickest at the GBs and thinnest in the grain interior. Like-
wise, the cracks associated with the bundles, appear thicker at the
GBs. The correspondence suggests that the §-hydride bundles and
cracks nucleated at GBs and grew into the grain interior. In most
cases, the cracks are confined to one grain (see Fig. 3(b) and sup-
plementary material, Fig. S2(a)). Although not as frequently seen,
some cracks propagated across the GBs and span multiple grains
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(Fig. 3(c) and supplementary material, Fig. S2(b)). In contrast, the
y-hydrides are unrelated to cracking (see Fig. 3(c) and supplemen-
tary material, Fig. S3).

In the annealed Zr-Sn-Nb-Fe (Type-II) alloy, long cracks extend-
ing across several grains are detected (Fig. 4). Multiple §-hydride
bundles are observed inside these cracks, and the §-hydride bun-
dles in different grains form a long chain of §-hydrides (Fig. 4(b)
and (e)). Like crack nucleation, crack propagation in Zr-Sn-Nb-Fe
alloy also proceeds nearly parallel to a chain of §-hydride bundles.

3.3.2. Orientation relationship (OR) and habit plane of the cracking
related §-hydrides

Crack initiation at such fine scale §-hydrides is not antic-
ipated, particularly when the hydride/Zr interface experiences
no stress or pressure, which is the situation here. To help ex-
plain the observations, we analyzed the crystallography of the
hydride/Zr interface. Fig. 5(a) shows the crystallographic ori-
entation for the §-hydride bundle and the cracked Zr matrix.
Pole figures in Fig. 5(b) and (c) indicate a predominant OR of
(0001)g_z;//{001}5, <1120>4._7,//<110>5 and <1010>4_7//<110>5.
The habit plane trace of the §-hydride bundle (indicated by black
line in <1010>,_;, pole figure in Fig. 5(b)) is parallel to one of the
{1070} prismatic planes of a-Zr (see white dotted line in Fig. 5(a)).
This prismatic interface plane is uncommon and arguably rare for
8-hydrides, as most studies report the basal plane of «-Zr as the
habit plane [18-21]. The basal plane results in a relatively low lat-
tice misfit with the §-hydride and interface energy and hence this
plane is an established characteristic of §-hydrides [27]. To distin-
guish the §-hydride bundles with a {1010} habit plane seen here,
we refer to them as prismatic hydrides, and the common §-hydrides



X.-H. Lin, 1]. Beyerlein and W.-Z. Han Journal of Materials Science & Technology 182 (2024) 165-175

RD-AD Plane

TD-AD Plane

Fig. 4. Annealing cracking in Zr-Sn-Nb-Fe (Type-II) viewed from different directions. (a) and (d) SEM images of annealing cracking in the radial (RD)-axial (AD) plane and
tangential or circumferential (TD)-axial (AD) plane of the tube sample. The RD-AD plane and TD-AD plane are shown in the tube model and colored in yellow. Cracks are
marked with white arrows and cracking directions are marked with light blue dotted arrows. (b) and (e) Phase maps. Hydrides inside the cracks are enlarged in the red
rectangles and highlighted by yellow arrows. (c) and (f) Crystal orientation maps. Orientations of profuse Zr grains around the cracks are consistent due to their strong
texture. {1010} prismatic planes are indicated by light-blue dotted lines.
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Fig. 5. Crystallographic character of §-hydrides and cracking. (a) Inverse pole figure (IPF-Z) map (with step size of 0.02 um) of an annealing crack and §-hydrides. (b) and

(c) Pole figures of «-Zr matrix and §-hydrides (_zS—ZrH1_66). Squares in different colors distinguish the projected points of «-Zr matrix and §-ZrH,g¢. Habit plane of §-hydrides
and cracking plane coincide with the same {1010} prismatic plane in «-Zr.
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Fig. 6. Orientation relationship between the §-hydrides and Zr matrix in hydrogenated pure Zr (Zr-H10). (a) Crystal orientation map (with step size of 0.02 pum) of an
annealing crack and §-hydrides. Band-contrast (BC) map that clearly reveals the cracking morphology inside the grain is inserted in the top left. (b) and (c) Pole figures of
o-Zr matrix and §-hydrides (8-ZrHyg6). Squares in different colors indicate the superposed projection points of o-Zr matrix and 3-ZrH;gs. The habit plane of §-hydrides and

cracking plane both lie along the same {1010} prismatic plane in a-Zr.

with a (0001) habit plane as basal hydrides. In Zr, the basal plane is
not the preferred cleavage plane, but the prismatic {1010} plane is
[28]. This may explain why §-hydrides, which are commonly basal
hydrides, are not crack initiators. Closer analysis reveals that not
only do the annealing cracks propagate parallel to the prismatic 6-
hydride bundles, but they also form along the {1010} planes (see
Fig. 4(c), (f), and Fig. 5(a), and supplementary material, Fig. S2).
The results suggest that prismatic-plane microcrack paths for both
intra- and intergranular annealing cracks are a signature of pris-
matic é-hydride formation.

As mentioned, basal §-hydrides are common in Zr with certain
hydrogen concentration and are not anticipated to cause cracking
under annealing. To affirm that the annealing cracking observed
here is unusual, analysis was repeated under a slightly hydrogen-
rich environment. We further increased the initial hydride con-
centration via electrolytic hydrogen charging [5] to either 20 or
43 wppm (Table 3), and then annealed following the same pro-
cedures in Table 4. Supplementary material, Fig. S4 compares the
characteristics of the cracks formed in the Zr-H10 sample contain-
ing 20 wppm hydrogen and Zr-H30 sample containing 43 wppm
hydrogen with the as-received pure Zr (denoted as AR-Zr). An-
nealing cracks also formed in the hydrogen-charged Zr samples
after annealing. The number density of cracks in the hydrogen-
charged Zr samples increases with hydrogen concentration, which
is expected. The annealing cracking in the hydrogen-charged Zr
samples (Zr-H10) (Fig. 6) have many crystallographic characteris-
tics in common with uncharged Zr. The cracks are transgranular
and propagate along the {1010} prismatic planes (Fig. 6(a)). As
can be seen, they are connected to §-hydride bundles. With the
Zr matrix, the §-hydrides also adopt an OR of (0001),_z//{001};,
<1120>4.7,//<110>5 and <1010>,_z//<110>4 (Fig. 6(b) and (c))
and have a {1010} habit plane and hence are prismatic hydrides
(indicated by black line in <1010>,._z pole figure).

Fig. 7 shows the TEM evidence for crack initiation at the pris-
matic §-hydrides and not at the basal §-hydrides. Fig. 7(a) shows
an area including the {1010} fracture plane of the cracked grain
(Grain A) and uncracked neighboring grain (Grain B), extracted by
a FIB lift-out technique (the lift-out area is marked in Fig. 7(a)).
Fig. 7(b) is a low magnification bright-field (BF) TEM image of the
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area. Abundant hydride platelets are observed in both Grains A
and B. Fig. 7(c) and (d) shows diffraction patterns of the white
circled regions in Fig. 7(b). The &-hydrides in cracked Grain A
are prismatic hydrides and assume the OR of (0001),.z//{001};,
<1120>4.7,//<110>5 and <1010>_5//<110>4, which is consistent
with the EBSD results (Fig. 7(d)). The OR obtained from the diffrac-
tion pattern in Fig. 7(d) further confirms the formation of prismatic
6-hydrides in the cracked grain (Grain A). Fig. 7(f) shows a dark-
field (DF) TEM image of these prismatic §-hydrides by selecting a
(200); spot in Fig. 7(d). As shown in Fig. 7(f), 6-hydrides have an
irregular shape, unlike that usually reported for §-hydrides [29].
The analysis confirms that they lie on the {1010} habit plane. The
8-hydrides in the uncracked Grain B, however, are basal hydrides
and adopt an OR of (0001)y_z//{111}; and <1120>,.7//<110>
with the Zr matrix (Fig. 7(c)). Further analysis in Fig. 7(c) reveals
that they have a twinned structure with a {111} twinning plane.
For completeness, Fig. 7(e) is the DF-TEM image of these basal
hydrides, showing that they have the characteristic needle-liked
shape when viewing along the [2110] direction [29]. The more fa-
miliar basal §-hydride are not crack initiators.

For the annealed Zr-Sn-Nb-Fe (Type-II) alloy, the & hydrides are
also prismatic, yet the hydride/Zr interface has a different OR than
that of the pure Zr (Fig. 8). Nonetheless, annealing cracks initiate at
prismatic 8-hydrides and propagate along a crystallographic {1010}
prismatic path of these hydrides (Fig. 4(c) and (f), and Fig. 8(a)).

4. Discussion
4.1. Cooling rate-dependent hydride variants selection and cracking

The precipitation of hydride is a complex process. With a con-
stant hydrogen concentration, the selection of hydride variants
mainly depends on the cooling rate [26,30,31]. Several experimen-
tal studies including electron metallography [26,30,32], dilatom-
etry [33], and X-ray diffraction [32,33] show that formation of
8-hydride is favored by slow cooling, while y-hydride is com-
monly observed after quenching. The y-hydride is a metastable
phase that usually is produced via martensitic transformation in-
volving coordinated atomic shear motion [28], while the §-hydride
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Fig. 7. Prismatic and basal §-hydrides. (a) Location for TEM foil cutting. The crack is in Grain A, while there is no crack in adjacent Grain B. The §-hydrides and Zr matrix
are shown in BC map. (b) Bright-field (BF) TEM image of the lift-out area in (a). (c) and (d) Diffraction patterns obtained from the white circles in (b). (e) and (f) Dark-field
(DF) images of the §-hydrides viewed along (111) in (c) and (200) in (d), respectively. Hydrides are highlighted by yellow dash lines.
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Fig. 8. Orientation relationship between the §-hydrides and Zr-Sn-Nb-Fe alloy (Type-II) matrix across several grains. (a) Crystal orientation map (with step size of 0.02 pum)
of an annealing crack and hydrides corresponding to the cracked region in Fig. 4(c). (b) and (c) Pole figures of the «-Zr matrix and § hydrides (8-ZrH;g¢). Red squares and
arrows in pole figures indicate the superposed projection points of «-Zr matrix and §-ZrH;gs. Habit planes of individual § hydrides and cracking plane lie along the same
{1010} prismatic plane in a-Zr.

is an equilibrium phase usually formed via diffusional phase trans- not linked to crack initiation. In the absence of stress, §-hydrides
formation [27]. The dilatational strain associated with §-hydride preferentially precipitate on the basal plane of the Zr matrix,
(+17.2 %) is significantly larger than that for y-hydride (+12.3 %) where the lattice mismatch (i.e., misfit) is low [14-18,27]. In con-
[27]. This can explain the longer times required to form equilib- gruence, we show that basal plane §-hydrides are not crack initia-
rium §-hydrides and need for slow cooling conditions. tors (Fig. 7). They also do not participate in crack propagation. As

According to conventional thought, the formation of §-hydrides we have shown, cracking, nonetheless, occurs in hydrogen-dilute
in light hydrogen concentration and stress-free environments are Zr and Zr-Sn-Nb-Fe alloy during annealing, a stress-free, cooling
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Fig. 9. Schematics of stress-induced §-hydride reorientation and crack initiation. (a) Reorientation of hydride habit plane from basal to prismatic is induced by intergranular
thermal tensile stress (denoted as o) during cooling process. Hydrogen solutes are marked with blue dots. (b) Precipitation of prismatic hydride induces tensile stress on
the Zr matrix, which subsequently triggers cleavage cracking along the prismatic plane. Basal hydrides that precipitate without tensile stress or under compressive stress are

safer.
Table 5
Dilatational misfits associated with basal and prismatic §-hydride formation along specified crystallographic directions.
Hydride type Orientation relationship [utvw]y [uvw]s Stuvew] (%)
Basal §-hydride (0001)e//{111}s [0001] [111] +7.25%
<1120>4//<110>4 [1120] [110] +4.76%
[1100] [112] +4.58% [21]
Prismatic 8-hydride (0001)q//{001}; [0001] [001] ~7.10% [21,36]
<1120>4//<110>4 (1120] [110] +4.76%
<1010>4//<110>4 [1010] [011] +20.70% [36]

step from elevated temperature at a slow rate (Fig. 9(a)). Analy-
sis of this unexpected annealing cracking, in Zr and Zr-Sn-Nb-Fe
alloys alike, point to the precipitation of an uncommon prismatic
S-hydrides as the origin of the cracking. Further, crack propaga-
tion occurs along the {1010} prismatic plane, where prismatic §-
hydrides lie (Fig. 9(b)). Thus, contrary to popular belief, the stress-
free, furnace cooling at a slow rate can in fact be detrimental for
Zr. This explains why WQ is unexpectedly seen here to thwart for-
mation of §-hydrides and leave the material crack-free.

4.2. Precipitation of basal and prismatic hydrides

We address the clear preference for crack initiation from pris-
matic §-hydrides over basal hydrides. The volume expansion asso-
ciated with hydride formation causes a compressive strain in the
hydride and tensile strain in the surrounding Zr matrix (Fig. 9(b))
[34,35]. The mismatch of lattice parameters between the §-hydride
and surrounding «-Zr is anisotropic [21,27,36]. The transforma-
tion of the «-Zr to the §-hydride is accomplished by a simple
expansion of the atomic lattice on its habit planes. The misfit
strain between the §-hydride and the «-Zr matrix along a di-
rection [uvtw]y is given by: &yyw) = (ds—dq)/dw, Where ds and
dy are the interplanar spacings of corresponding planes in the
S-hydride and «-Zr matrix [27]. The dilatational misfits between
basal §-hydrides and prismatic §-hydrides along different direc-
tions are listed in Table 5 [21,36]. For basal &-hydrides with a
(0001)y//{111}5, <1120>4//<110>5 OR, the expansion strain on the
basal plane along [0001], c-axis is +7.25 % (i.e., d, = 0.257 nm,
ds = 0.276 nm, which makes the value of §[go0] = +7.25 %).
Tensile strains generated by basal §-hydrides are relieved by dis-
location emissions from the hydride-matrix interface [37]. There-
fore, the strains generated in this case are suspected to be suf-
ficiently low that they could be relieved by dislocation emis-
sion from the hydride-matrix interface (indicated by basal hy-
dride shown in Fig. 9(b)) [37]. For prismatic §-hydrides with an
OR of (0001),//{001}5, <1120>4//<110>5 and <1010>4//<110>,
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the misfit strains are —7.10 % along [0001], (i.e., dy = 0.257 nm,
ds = 0.239 nm, §gpg1] = —7.10 %) and +20.70 % along [1010], (ie.,
dy = 0.140 nm, dg = 0.169 nm, 8[1010] = 20.70 %). Compared to
basal hydrides with minimized strain accommodation energy, the
rather larger strain generated by the precipitation of prismatic &-
hydrides can directly lead to cleavage cracking along the {1010}
prismatic plane, the intrinsically weakest plane in Zr [28]. Pris-
matic §-hydrides can be more detrimental as crack initiators than
basal 8-hydrides (Fig. 9(b)).

4.3. Intergranular thermal stress-stimulated prismatic §-hydride

An important question that remains concerns the formation of
prismatic §-hydrides over the common basal §-hydrides. Without
an external stress, §-hydrides preferentially precipitate on the Zr
basal plane. Reorientation to one of several other possible habit
planes, {101i} planes, where i = 0-7, including the prismatic plane,
requires external stress [19-21]. The threshold stress expected for
hydride cluster reorientation is around 100 MPa [21,38]. Since no
external load is applied while annealing in this study, prismatic
6-hydrides likely formed because of intergranular thermal resid-
ual stresses introduced during annealing. In principle, the signif-
icant anisotropy in thermal expansion coefficients along (a) axis
(g = 5.8 x 1076 K1) and (c) axis (¢ = 103 x 106 K1)
could cause intergranular thermal residual stresses on the order
of 100 MPa during slow cooling [39-41]. For a single grain, the
(0002) grains will be under tension and {1010} grains under com-
pression [39]. The residual stresses will be more intense at the
GBs and triple junctions, where the mismatch in thermal distor-
tions at two or more misoriented grains must maintain the com-
patibility. Two experimental studies have confirmed intergranular
residual stress development during cooling from annealing in Zr.
Using neutron diffraction, MacEwen et al. determined the residual
strains produced during cooling of Zircaloy-2 [39]. They found that
slow cooling from 900 K introduces residual stresses of the order
of 100 MPa. In addition, Luan et al. reported that annealing twin-
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Fig. 10. Effect of texture on annealing cracking. (a) IPF map showing common grain orientations on the TD-AD plane of Type-II Zr-Sn-Nb-Fe alloy. The inset is a schematic
of the Z-Sn-Nb-Fe tube sample. (b) {0001} basal pole figure showing the bimodal basal texture of the Zr-Sn-Nb-Fe tube. (c) and (d) Cracking microstructures on the TD-AD
and TD-RD planes under the same magnification. Cracks on the former plane are long and straight, while cracks on the latter plane are shorter and bent.

ning is induced by such an intergranular thermal residual stress
after B—a« furnace cooling [41]. In this study, reprecipitation of §-
hydrides on the prismatic plane is argued to occur predominantly
at the GBs and under intergranular thermal residual stress gener-
ated in cooling, see schematic in Fig. 9(a). This would also explain
why the prismatic §-hydride bundles are thicker at the GBs than
grain interior. The observed crack number density gradient along
the bundle thickness is related to the stress state difference within
the sample interior and at the subsurface, where crack nucleation
is easier (supplementary material, Fig. S1) [27,28].

4.4. Crack initiating mechanism

The conventional thought on delayed hydride cracking (DHC)
observed in Zr cladding tubes involves a sub-critical crack growth
mechanism, wherein crack propagation occurs through the growth
and fracture of precipitated hydrides at a pre-existing crack-tip un-
der an applied tensile stress [4,5,42-44]. To our knowledge, the
only available studies concerning DHC involve high-hydrogen con-
centrations (usually more than 50 wppm) [4,43]. Further, as men-
tioned, DHC has been linked to hydrides with a certain morpho-
logical orientation [43,44]; radial hydrides are also more suscepti-
ble to hoop stresses in the tube (generated from nuclear fuel ex-
pansion) than circumferential hydrides, and serve as channels for
crack propagation [6]. A connection to hydride crystallography or
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detailed explanation for how cracks would initiate from these hy-
drides has not been put forth. Unlike the proposed DHC process,
the mechanism underlying the annealing cracking seen here is di-
rectly initiated by hydrides with a certain crystallographic orienta-
tion and occurs with dilute hydrogen concentrations (<50 wppm)
and no external stress. These crack initiating sites are prismatic §-
hydrides, whose presence is unexpected.

4.5. Strategies to retard hydride cracking

Analysis here reveals that incipient cracks initiated by §-hydride
bundles have a preferential crystallographic pathway, specifically
following the {1010} prismatic planes of Zr grains (see an ex-
ample of a zigzag crack in supplementary material, Fig. S5). As
shown in Fig. 4(c) and (f), cracks propagate continuously along the
prismatic planes in neighboring grains with similar orientations
in textured Zr-Sn-Nb-Fe alloys. Long, interlinked crack formation
across GBs is, therefore, can in part be attributed to the strong tex-
ture in the Zr alloy components inherited from thermomechani-
cal processing [14]. Such crack linking can be impeded by weak-
ening the texture. With a weak texture, the distribution of pris-
matic planes in different grains is random, and cracks stop at GBs.
To test the feasibility of altering the texture to suppress cracking,
we repeated the annealing for different orientations of Zr-Sn-Nb-
Fe sample and studied the extent of cracking (Fig. 10). The anal-
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ysis presented in Fig. 10 finds that cracks propagate continuously
along the prismatic planes in neighboring grains with similar ori-
entations (Fig. 10(c)), but impeded at GBs of grains with differ-
ent orientations (Fig. 10(d)). The former case would represent the
strongly textured material, typically found in the Zr cladding tube,
and the latter case the proposed situation with a weak texture.

Last, based on the insights gained on the origin of anneal-
ing cracking, two strategies for retarding cracking are offered. The
first recommends that even in an external stress-free environ-
ment, an ultra-fast cooling during heat treatment, such as WQ,
is paramount for the hydrogen-dilute Zr components (Fig. 2(d)).
Rapid cooling impedes the precipitation of §-hydrides, while y-
hydrides may precipitate during quenching (supplementary mate-
rial, Fig. S3) [30,31]. y-hydrides are fine, randomly distributed, and
tend not to promote cracking. This strategy can be readily incorpo-
rated in the industrial fabrication process of Zr alloy products. The
second strategy suggests weakening the texture of Zr alloy prod-
ucts. The texture control method can be used in the processing
of industrial grade Zr alloys used in chemical engineering applica-
tions. Altering the typical bimodal basal texture in Zr-Sn-Nb-Fe for
cladding tubes would, however, call for changing current industrial
cladding forming practices and is not as easily implemented as the
first strategy [45].

5. Conclusion

We report an unexpected annealing crack initiating mechanism
in pure Zr and Zr-Sn-Nb-Fe alloys that involves precipitation of the
thermal intergranular stress induced prismatic §-hydrides. The §-
hydrides on prismatic plane produce localized expansion stresses
that trigger cleavage cracking along it. Unlike the common basal
8-hydrides, these prismatic §-hydrides serve as crack initiators.
Since intermediate annealing or recrystallization annealing is an
indispensable step for processing, cracks induced by prismatic &-
hydrides during slow cooling may have formed in as-manufactured
Zr components and are likely to be the cause of poor formability
of Zr products and may also be the source of cracks in DHC. The
findings here not only reveal an underlying crack initiating mecha-
nism of hydrogen embrittlement, but also provide potential indus-
trial processing routes for high quality Zr products.
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