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Abstract: Hydrogen embrittlement is a critical issue for zirconium alloys, which receives
long-term attention in their applications. The formation of brittle hydrides facilitates crack
initiation and propagation, thereby significantly reducing the material’s ductility. This
study investigates the tensile properties and hydride morphology of a novel zirconium
alloy under different hydrogen-charging current densities ranging from 0 to 300 mA/cm2,
aiming to clarify the influence of hydrides on the fracture behavior of the alloy. The me-
chanical property results reveal that, as the hydrogen-charging current density increases
from 0 to 100 mA/cm2, the maximal elongation decreases from 24.99% to 21.87%. When the
current density is further increased from 100 mA/cm2 to 200 mA/cm2, the maximal elonga-
tion remains basically unchanged. However, a substantial drop in elongation is observed as
the hydrogen-charging current density rises from 200 mA/cm2 to 300 mA/cm2, decreasing
from 20.77% to 15.18%, which indicates a marked deterioration in hydrogen embrittle-
ment resistance. Subsequently, phase compositions, fracture morphology, and hydride
types in the fracture region of tensile specimens were characterized. The morphology and
quantity of hydrides change with increasing hydrogen-charging current density. When the
hydrogen-charging current density reaches 100 mA/cm2, the δ-phase hydrides form, which
significantly reduces the ductility of the zirconium alloy. At a hydrogen-charging current
density of 200 mA/cm2, metastable ζ-phase hydrides are formed, resulting in negligible
variations in the alloy’s mechanical properties. However, when it comes to 300 mA/cm2,
stable δ-phase hydrides with diverse morphologies form, leading to a pronounced degra-
dation in tensile performance. Finally, by integrating mechanical tests with microstructural
characterization, the influence of hydrides formed under different hydrogen-charging
current densities on the zirconium alloy was analyzed. With increasing hydrogen-charging
current density, the maximal elongation of the specimens gradually decreases, while the
tensile strength steadily increases. At a hydrogen-charging current density of 300 mA/cm2,
a larger amount of hydrides is formed, and the hydride type transitions completely from a
mixture of δ-phase and ζ-phase hydrides to entirely δ-phase hydrides. The formation of
lath-like δ-phase hydrides induces twinning structures, resulting in further lattice mismatch,
which significantly reduces the maximal elongation of the zirconium alloy. Additionally,
the morphology of the δ-phase hydrides changes from slender needle-like structures to
lath-like structures, leading to a notable increase in internal stress, which in turn further
enhances the tensile strength of the specimens.
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1. Introduction
Zirconium alloys are widely used as fuel cladding materials in nuclear reactors due to

their exceptional corrosion resistance, favorable mechanical properties, and low thermal
neutron absorption. However, under water-cooled reactor conditions, zirconium alloy
cladding readily absorbs hydrogen, leading to the formation of hydrides. This hydride
formation induces hydrogen embrittlement, significantly reducing the ductility of the
material and posing a critical risk to the safe operation of nuclear fuel systems. As a
result, hydrogen embrittlement becomes one of the key challenges limiting the long-term
application of zirconium alloys in the nuclear industry [1–6]. Understanding the mechanism
of hydride formation and its influence on mechanical properties of zirconium alloys is
therefore imperative for addressing this issue and improving the safety and reliability of
these materials.

The formation of hydrides in zirconium alloys is primarily governed by hydrogen
concentration. At ambient temperature, when the hydrogen content is lower than the
solubility limit of the α-Zr matrix, hydrogen atoms dissolve interstitially into the tetra-
hedral sites of the matrix, forming a solid solution with a hexagonal close-packed (HCP)
structure. However, when the hydrogen content exceeds the solubility limit, hydrides
begin to nucleate and precipitate. The commonly observed hydride phases include ζ-ZrXH,
γ-ZrH, δ-ZrHX, and ε-ZrHX [7–13]. Kim et al. [14] demonstrated that the maximum stress
of zirconium alloy ring tensile tests increases with rising hydrogen content. Specifically,
the tensile strength of Zry-4 increased by nearly 50 MPa at a hydrogen content of 700 ppm
compared to 0 ppm, though the elongation exhibited a significant decline. Tung et al. [15]
investigated the effects of hydrogen content on the mechanical properties of a Zry-4 alloy.
Their findings revealed that, at room temperature, specimens with higher hydrogen con-
tents underwent a ductile-to-brittle transition; as the hydrogen content increased from 0 to
712 ppm, the elongation decreased by more than 30%. However, this ductile-to-brittle tran-
sition disappeared when the temperature exceeded 100 ◦C. In contrast, Nagase et al. [16]
reported that the strength of zirconium alloy specimens remained nearly constant within
the temperature range of 300–573 K. Nevertheless, when the hydrogen content was below
500 ppm, the ductility of the specimens exhibited minimal reduction at these temperatures.
In contrast, a significant decline in ductility was observed at 300 K, when the hydrogen
content exceeded 600 ppm. Therefore, hydrides formed during the increase in hydrogen
content are considered the primary cause of the ductile-to-brittle transition in zirconium
alloys. The influence of hydride content, type, morphology, distribution, and orientation is
closely related to the material’s mechanical properties [14,17–29].

Extensive research has been conducted on the characteristics of individual hydride
phases. ζ-ZrXH, for instance, is a metastable ductile hydride with a structure similar to
α-Zr, and often serves as an intermediate phase during the transformation from α-Zr to
δ-ZrHX, as well as during the dissolution and reprecipitation of δ-ZrHX [26,30]. γ-ZrH,
characterized by a face-centered tetragonal (FCT) structure, typically exhibits a needle-like
morphology. Its formation mechanism is primarily influenced by annealing temperature
and crystallographic orientation [31–33]. δ-ZrHX, the most commonly observed hydride
phase in zirconium alloys, possesses a face-centered cubic (FCC) structure and can be
distributed both intragranularly and intergranularly. Due to its high dislocation density,
δ-ZrHX exhibits high strength but low ductility, and is classified as brittle hydride [11,18].
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Additionally, ε-ZrHX is a low-temperature stable phase with an FCT structure. Its formation
is accompanied by a volumetric expansion of up to 20%, which further exacerbates the
brittleness of zirconium alloys [27,32]. These studies have provided critical insight into the
individual characteristics of hydrides in zirconium alloys.

In practical applications, however, multiple hydride phases often coexist within zirco-
nium alloys. In a Zr-H system, interactions between different hydride phases may involve
shear transformations, diffusionless martensitic transformations, and complex phase transi-
tions accompanied by hydrogen diffusion [30–32]. Such microstructural phenomena can
significantly alter the mechanical response of zirconium alloys and complicate their fracture
behavior. For example, ζ-ZrXH is considered a metastable phase that plays a pivotal role
during the precipitation and dissolution of δ-ZrHX [14,26]. Furthermore, under tensile
loading conditions, δ-ZrHX has been observed to transform into γ-ZrH, a brittle hydride,
which accelerates the fracture of zirconium alloys [18,24,33]. Despite these findings, rela-
tively limited research has been conducted on the synergistic interactions among multiple
hydride phases and their combined effects on the mechanical properties of zirconium alloys.
Addressing this research gap is essential for developing a comprehensive understanding of
hydrogen embrittlement and for improving the hydrogen resistance of zirconium alloys.

To address this challenge, the present study focuses on a novel zirconium alloy to
systematically investigate the effects of hydride types and phase transformation character-
istics on fracture behavior under varying hydrogen-charging conditions. Tensile testing
was conducted to evaluate the mechanical property variations in the zirconium alloy under
different hydrogen-charging conditions. Advanced characterization techniques, includ-
ing scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
were utilized to analyze the microstructure, phase composition, and hydride types of frac-
tured specimens. By correlating fracture behavior with hydride characteristics, this study
elucidates the influence of hydride types on the fracture mechanisms of zirconium alloys.

2. Experimental Methods
2.1. In Situ Hydrogen-Charging Slow Strain Rate Tensile Test

The zirconium alloy is provided by the Nuclear Power Institute, and consists of
0.10–0.40 wt% Fe, 0.80–1.20 wt% Sn, 0.90–1.10 wt% Nb and the balance Zr. It was halved
along its diameter and flattened through cold rolling. The flattened samples were heated to
400 ◦C in a muffle furnace at a heating rate of 10 ◦C/min and held at this temperature for
240 min, followed by furnace cooling at a cooling rate of 5 ◦C/min. Dog bone-shaped tensile
specimens were prepared with a total length of 47 mm, a gauge section width of 4 mm, and
a gauge length of 15 mm for tensile and slow strain rate tensile (SSRT) experiments under
dynamic hydrogen charging. Prior to testing, the specimens were polished sequentially
using 1000#, 2000#, and 5000# sandpaper to achieve a smooth and flat surface.

The hydrogen-charging solution used in the dynamic hydrogen charging SSRT experi-
ments consisted of 5% H2SO4 and 2 g/L thiourea. The hydrogen-charging current densities
were set at 0, 100, 200, and 300 mA/cm2, with the generated hydrogen typically having a
purity higher than 99.9 vol.%. Prior to performing the dynamic hydrogen charging SSRT
experiments, the zirconium alloy specimens were acid-cleaned in a solution of 45% H2O,
45% HNO3, and 10% HF for 30 s to remove the surface oxide layer. Dynamic hydrogen
charging SSRT experiments were conducted at a strain rate of 10−5 s−1, corresponding to
a tensile rate of 9 × 10−3 mm/min, as illustrated in Figure 1. The values represent the
averages obtained from three independent tests.
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Figure 1. Schematic diagram of in situ hydrogen-charging slow strain rate tensile (SSRT) test (the red
box indicates the solution immersion gauge section).

The DC machine supplies the hydrogenation current, driving the electrochemical
hydrogen-charging process. By controlling the current density and stability of the elec-
trochemical reaction, the DC machine ensures that the sample surface continuously and
uniformly absorbs hydrogen atoms.

2.2. Microstructural Characterization

The gauge section of the tensile-tested samples was extracted and subjected to con-
sistent surface preparation procedures to minimize the potential influences of sample
preparation on hydride formation and crack initiation. The surface was first ground using
5000# sandpaper, followed by mechanical polishing with a SiO2 suspension. To remove the
surface oxide layer and stress-induced layers, electropolishing was subsequently conducted
in a solution composed of 10% perchloric acid and 90% ethanol. The electropolishing pro-
cess was performed at a voltage of 30 V for 30 s. The temperature for electrolytic polishing
was set to −30 ◦C.

The fracture morphology and crack characteristics were examined using an S-4800
scanning electron microscope (SEM) (Hitachi, Tokyo, Japan;). The fractured samples were
immersed in a fracture cleaning solution and ultrasonically agitated using an ultrasonic
cleaner with a power of 30 W/L and a vibration frequency of 30 kHz for 1.5–2 min to
thoroughly clean the corroded fracture surfaces.

The microstructure of the samples was characterized using an FEI Titan Cube 80–300
(FEI, Oregon, United States) transmission electron microscope and selected regions near the
fracture site of the tensile-fractured samples for TEM observation. The tensile-tested sam-
ples were ground with 2000# sandpaper to a thickness of 80–100 µm, followed by ion thin-
ning. The entire ion thinning process was carried out under a liquid nitrogen environment
until completion to ensure that the zirconium alloy did not deform during low-temperature
thinning. The tensile-tested samples were used a Gatan 691 ion thinning instrument
(Gatan, Shanghai, China) for specimen thinning and electrochemical twin-jet thinning was
conducted with a Struers Tenupol-5 apparatus (Struers, Copenhagen, Denmark).

Phase composition analysis was conducted using an X-ray diffractometer (XRD) with
a step size of 0.02◦, a scanning speed of 2◦/min, and a scanning angle range (2θ) of 20–100◦.
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3. Results and Discussion
3.1. Stress–Strain Relations

Figure 2 displays the tensile test results performed under varying hydrogen-charging
current densities. As shown in Figure 2a, when the hydrogen-charging current density is
200 mA/cm2 or lower, both the tensile strength and yield strength of the material remain
largely unaffected, indicating that the hydride formation has a negligible influence on the
mechanical properties. In contrast, at a hydrogen-charging current density of 300 mA/cm2,
the stress–strain curves exhibit significant deviations, highlighting the pronounced effect of
hydrogen on the material’s mechanical behavior.
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Figure 2. Tensile test results: (a) engineering stress–strain curves, (b) variation in tensile strength and
elongation with hydrogen-charging current density.

Figure 2b presents the mechanical properties corresponding to the stress–strain
curves shown in Figure 2a, with the data representing the average values obtained from
two parallel tests. The tensile strength is defined as the maximum stress observed in the
curve, while the maximal elongation is determined as the ratio of the actual displacement
to the gauge length. The results show that when the hydrogen-charging current density
reaches 300 mA/cm2, the tensile strength of the sample increases from 530.96 MPa to
550.76 MPa, whereas the maximal elongation decreases from 20.77% to 15.18%. Prior
to this point, both properties exhibit minimal variation. These findings suggest that the
effect of hydrogen-charging current density on the mechanical properties of the material
is nonlinear.

3.2. Fracture Morphology of Post Tensile Test Specimens

As shown in Figure 3, the tensile fracture morphologies under different hydrogen-
charging current densities exhibit pronounced necking and ductile fracture characteristics,
with dimple-like microstructures observed on the fracture surfaces, indicating typical duc-
tile fracture behavior. As the hydrogen-charging current density increases, the depth of the
dimples gradually decreases, while their number and the proportion of smaller dimples
progressively increase. In particular, the sample subjected to a hydrogen-charging current
density of 300 mA/cm2 shows the smallest dimples with the highest density. Further, in
conjunction with Figure 3d, each image was analyzed to quantify the number and size of
dimples. When the hydrogen-charging current density increased from 0 to 300 mA/cm2,
the number of dimples increased from 292 to 405. Meanwhile, the proportion of dimples
with diameters in the range of 2–3 µm increased from 51.37% to 61.73%, and the average
dimple diameter decreased from 5.21 µm to 4.47 µm. These statistical results further cor-
roborate the aforementioned analysis. Overall, the dimples on the fracture surfaces become
increasingly smaller and denser, suggesting a further reduction in the maximal elongation
of the samples. The experimental results of other researchers have also demonstrated that
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with the gradual increase in hydrogen content, the fracture morphology transitions towards
brittle fracture, indicating that the hydrides contributing to the fracture of zirconium alloys
are of a brittle nature [2,3,15,34].
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3.3. Characterization of Zirconium Hydride

To further identify the microstructural characteristics of the corresponding samples,
TEM was employed to observe the microstructures of tensile-fractured samples under
different hydrogen-charging current densities. The microstructure of the sample under a
hydrogen-charging current density of 0 mA/cm2 is shown in Figure 4, which indicates
that no hydrides are formed. The matrix consists of α-Zr, with the presence of a second
phase observed. Energy-dispersive spectroscopy (EDS) analysis, as shown in Figure 5,
confirms that the second phase corresponds to iron precipitates, while other elements are
uniformly distributed within the matrix. The second phase can impede dislocation motion,
thereby enhancing the tensile strength of the zirconium alloy. However, no definitive
evidence suggests a direct relationship between the second phase and the fracture behavior.
The fracture mechanism is attributed to dislocation slip during tensile deformation, with
dislocations accumulating near grain boundaries. This accumulation leads to the formation
of an initial crack, ultimately resulting in fracture. In addition, the interaction between
dislocation slip and twinning jointly facilitates crack formation, ultimately leading to
fracture [35,36].
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Figure 6 presents the TEM microstructural features of the zirconium alloy following
tensile fracture under a hydrogen-charging current density of 100 mA/cm2, providing in-
sights into its microscopic characteristics. Figure 6c shows the formation of hydrides within
the material, although the number of hydrides is extremely limited within the observed
field of view. These hydrides exhibit a slender, needle-like morphology. High-resolution
transmission electron microscopy (HRTEM) images reveal a certain orientation relationship
between the hydrides and the α-Zr matrix. The fast Fourier transform (FFT) patterns of the
hydrides and α-Zr matrix are shown in Figure 7b,c, respectively. Based on the FFT analysis,
the hydrides are identified as δ-phase hydrides with a face-centered cubic (FCC) structure.
The formation of δ-phase hydrides is accompanied by a 17% volumetric expansion, which
can induce significant deformation fields near the hydride–matrix interface. Additionally,
the interactions between δ-phase hydrides can promote the formation of localized plastic
deformation, thereby accelerating the fracture of hydrides [2,37–39].
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Figure 8 presents the TEM images of the tensile-fractured sample under a hydrogen-
charging current density of 200 mA/cm2. Figure 8c,d reveal the formation of hydrides
with distinctly different lengths, and their quantity is noticeably higher compared to the
sample charged at 100 mA/cm2. The hydrides shown in Figure 6d appear as slender
needle-like structures, whereas the hydrides in Figure 8d are significantly shorter, indi-
cating the formation of another type of fine rod-like hydrides. HRTEM characterization
was performed on these two types of hydrides, as shown in Figures 9 and 10, respec-
tively. Figure 9 demonstrates that all observed hydrides are slender needle-like structures.
However, fast Fourier transform (FFT) analysis of Figure 9a,c reveals that the needle-like
hydrides consist of two types: one with a face-centered cubic (FCC) structure, identified as
δ-phase hydrides, and the other with a hexagonal close-packed (HCP) structure. According
to the FFT pattern of the hydride–matrix interface in Figure 9f, the HCP hydrides exhibit
a “hexagonal–hexagonal” orientation relationship with the α-Zr matrix, characterized by



Materials 2025, 18, 467 9 of 16

parallel alignment between the basal plane of the hydride and the prismatic plane of the
matrix, having the same crystallographic indices. For the hydride shown in Figure 9e, its
lattice constants a and b are similar to those of the α-Zr matrix, while the c-axis length is
approximately twice that of the α-Zr matrix, identifying it as ζ-phase hydride [30,40].
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Figure 8. TEM images of post-tensile specimen under a hydrogen-charging current density of
200 mA/cm2: (a) the matrix; (b) second phases; (c,d) hydrides with distinct morphologies.

For the short rod-like hydrides shown in Figure 10, FFT analysis confirms that they
possess an FCC structure, consistent with δ-phase hydrides. Due to the increased number
of hydrides and the presence of ζ-phase hydrides, which are considered ductile hydrides,
the maximal elongation of the sample during the tensile test decreases only slightly when
the hydrogen-charging current density increases from 100 mA/cm2 to 200 mA/cm2.

In Figure 9a, the orientation relationship between the zirconium matrix and the hydride
in the HRTEM image is

(
1010

)
α

//(200)δ and
[
1213

]
α

//[011]δ. In Figure 9c, the orienta-
tion relationship between the zirconium matrix and the hydride is

(
1010

)
α

//
(
1010

)
δ

and[
1213

]
α

//
[
1213

]
δ

. In Figure 10, the orientation relationship between the zirconium matrix
and the hydride in the HRTEM image is

(
1010

)
α

//(200)δ and
[
2423

]
α

//[011]δ.
Figure 11 presents the TEM images of the tensile-fractured sample under a hydrogen-

charging current density of 300 mA/cm2. Combined with Figure 11b–d, three distinct
types of hydrides are identified: lath-like, slender needle-like, and short rod-like hydrides.
Among these, the hydrides are predominantly lath-like and slender needle-like, while
the short rod-like hydrides are scarce. HRTEM characterization of these three types of
hydrides is shown in Figure 12. In Figure 12b, FFT analysis of the short rod-like hydride
indicates an FCC structure, identified as δ-phase hydride. Similarly, Figure 12c–f show
that both the lath-like and slender needle-like hydrides also possess an FCC structure,
corresponding to the δ-phase hydride. It can be inferred that the formation sequence of
hydrides changes with an increasing hydrogen-charging current density: short rod-like
hydrides form first, which then transform into slender needle-like hydrides as the hydrogen-
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charging current density increases further, and ultimately evolve into lath-like hydrides at
higher current densities. With increasing hydrogen-charging current density, the metastable
ζ-phase hydrides, being thermodynamically unstable, also transform into δ-phase hydrides,
further increasing the overall hydride content [41]. The formation of hydrides induces
volumetric expansion, which generates compressive stress from the surrounding grains
on the hydrides. The lath-like hydrides produce greater compressive stress compared to
other morphologies, thereby further enhancing the tensile strength of the material [28].
It has been reported that at higher hydrogen concentrations, lath-like hydrides become
more prominent and may form twinned structures, resulting in lattice mismatch and an
increased stress concentration [42]. The increased amount of brittle hydrides ultimately
leads to the earlier failure of the specimens.
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Figure 9. Morphology and structural analysis of slender needle-like hydrides in the tensile specimen
under a hydrogen-charging current density of 200 mA/cm2: (a,c) matrix morphology with hydrides;
(b,e) FFT pattern of the hydride; (d) FFT pattern of the α-Zr matrix; (f) overlaid FFT pattern of
zirconium hydrides and the α-Zr matrix.
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Figure 10. Morphology and structural analysis of short rod-like hydrides in the tensile specimen
under a hydrogen-charging current density of 200 mA/cm2: (a) matrix morphology with hydrides;
(b) HRTEM image of a hydride; (c) FFT pattern of the α-Zr matrix; (d) FFT pattern of the hydride.
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Figure 11. TEM images of the tensile specimen under a hydrogen-charging current density of 300 mA/cm2:
(a) bright-field image of the matrix; (b–d) hydrides with various morphologies.
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Figure 12. Morphology and structural analysis of lath-like and needle-like hydrides in the tensile
specimen under a hydrogen-charging current density of 300 mA/cm2: (a,c,e) matrix morphology with
hydrides; (b,f) FFT pattern of the hydride; (d) diffraction pattern of the hydride and zirconium matrix.

In Figure 12a, the orientation relationship between the zirconium matrix and the
hydride in the HRTEM image is

(
1101

)
α

//
(
211

)
δ

and
[
0111

]
α

//[011]δ. In Figure 12d,
the orientation relationship between the zirconium matrix and the hydride in the HRTEM
image is

(
1010

)
α

//(220)δ and [0001]α//[011]δ. In Figure 12e, the orientation relationship
between the zirconium matrix and the hydride in the HRTEM image is

(
1010

)
α

//
(
200

)
δ

and [0001]α//[001]δ.
To further determine the changes in the type and quantity of hydrides caused by the

increase in hydrogen-charging current density, an X-ray diffractometer (XRD) was used
to analyze the phase structures of tensile-fractured samples under different hydrogen-
charging current densities. The XRD results of the tensile fracture samples with varying
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characteristics are shown in Figure 13. From Figure 13, it can be observed that δ-phase
hydrides formed in the samples when the hydrogen-charging current densities were 100,
200, and 300 mA/cm2. As the hydrogen-charging current density increased, the peak
intensity corresponding to the δ-phase hydrides increased, and the diffraction peak area also
gradually expanded, indicating that the quantity of hydrides with this crystal orientation
increased in the zirconium alloy. On the other hand, ζ-phase hydrides maintain a completely
coherent relationship with the zirconium matrix, making their diffraction signals easily
overshadowed by the matrix characteristics in the XRD results. Therefore, ζ-phase hydrides
are not displayed in the XRD spectra [30,43].
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densities. The black, red, and blue lines represent the experimental results under hydrogen-charging
current densities of 100, 200, and 300 mA/cm2, respectively. α denotes the zirconium matrix, while δ

represents the δ-hydride phase.

The analysis of hydride types in zirconium alloys after tensile fracture under different
hydrogen-charging current densities reveals that, at low temperatures, two primary types
of hydrides are present: ζ-phase hydrides and δ-phase hydrides. The ζ-phase hydrides
predominantly appear as slender needle-like structures. However, ζ-phase hydrides are
metastable, and their influence diminishes with increasing hydrogen-charging current
density, potentially transforming into δ-phase hydrides. In contrast, δ-phase hydrides are
consistently present and exhibit diverse morphologies under different hydrogen-charging
current densities. These morphologies include short rod-like, slender needle-like, and
lath-like structures, with varying degrees of dislocation accumulation observed in their
vicinity. As the hydrogen-charging current density increases, the quantity of δ-phase
hydrides further increases, forming twinned lath-like hydrides that exacerbate stress con-
centration. Consequently, at a hydrogen-charging current density of 300 mA/cm2, the
maximal elongation of the zirconium alloy exhibits a precipitous decline.

4. Conclusions
In this study, a novel zirconium alloy tube for nuclear fuel cladding was designed,

and its fracture behavior in different hydrogen environments was investigated.
The influence of hydrides on the fracture behavior of the zirconium alloy was studied

under hydrogen-charging current densities ranging from 0 to 300 mA/cm2. At room
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temperature, all samples exhibited ductile fracture. However, its tensile strength increases
with the rise in hydrogen-charging current density, while the maximal elongation exhibits a
decreasing trend. Specifically, when the hydrogen-charging current density increases from
200 mA/cm2 to 300 mA/cm2, the tensile strength rises from 530.96 MPa to 550.76 MPa,
whereas the maximal elongation decreases from 20.77% to 15.18%, indicating a significant
reduction in hydrogen embrittlement resistance. This is attributed to the change in hydride
types. Currently, the standard zirconium alloy commonly reported in the literature is
Zry-4, which exhibits a tensile strength of approximately 450–500 MPa and an elongation
of 20–30% at room temperature. However, as the hydrogen content gradually increases,
a significant ductile-to-brittle transition occurs. In contrast, the novel zirconium alloy
studied here demonstrates an elongation comparable to Zry-4 at room temperature, while
achieving an approximately 5% improvement in tensile strength. Furthermore, under
hydrogen environments during tensile testing, the novel alloy exhibits a smaller reduction
in elongation and does not undergo brittle fracture [34,37,44–46].

Under different hydrogen-charging current densities, the morphology and structure
of the hydrides varied, manifesting as short rod-like, slender needle-like, and lath-like
structures. Two types of hydrides were identified: ζ-phase hydrides and δ-phase hydrides,
which ultimately influenced the mechanical properties of the samples. At a hydrogen-
charging current density of 300 mA/cm2, all hydrides are of the FCC-structured δ-phase,
predominantly exhibiting lath-like and slender needle-like morphologies. Among these, the
lath-like hydrides generate higher compressive stress, contributing to the enhancement of
the tensile strength of the zirconium alloy. The lath-like hydrides adopt a twinned structure,
which intensifies stress concentration, leading to earlier fracture. This indicates that with the
increase in hydrogen-charging current density, the morphologies of the hydrides gradually
evolve into slender needle-like and lath-like structures, while the hydride type completely
transitions to the δ-phase. This further enhances the tensile strength of the zirconium alloy
while significantly reducing its elongation.
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