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Abstract

Titanium alloys are susceptible to hydrogen embrittlement (HE) failure when exposed to
hydrogen-containing environments, and their microstructural characteristics significantly
govern the HE susceptibility. In particular, the width of α lamella in α/β dual-phase
titanium alloys is a critical microstructural parameter; however, its influence on hydrogen-
induced damage behavior and the associated mechanisms remain to be systematically
explored. In this study, the HE behavior of Ti-6Al-4V samples with coarse and fine α

lamellar structures were systematically compared via electrochemical hydrogen charging,
tensile testing, fracture observation, microhardness measurement, and microstructural
characterization. The results show that the coarse lamellar structure exhibits high HE
susceptibility, with extensive hydride precipitation. In contrast, benefiting from the dense
α/β phase interfaces that modulate hydrogen partitioning and local stress states, the fine
lamellar structure significantly suppresses hydride formation, demonstrating excellent HE
resistance. This study provides experimental evidence for the microstructural optimization
of titanium alloys for service in hydrogen-prone environments.

Keywords: titanium alloy; α lamella width; hydrogen embrittlement; hydride

1. Introduction
Owing to their high specific strength, excellent fatigue resistance, and superior cor-

rosion resistance [1], titanium alloys are widely used in critical components in aerospace,
petrochemical, and marine engineering, such as high-temperature oil well pipes and subma-
rine pressure hulls [2–4]. In corrosive environments, titanium alloys in contact with more
electronegative metals are subject to cathodic protection [5], which can lead to catastrophic
failures [6–8]. The interaction of titanium alloys with hydrogen is closely related to their
crystal structure, as titanium possesses two different crystal structures: the α phase with a
hexagonal close-packed (HCP) structure [9] and the β phase with a body-centered cubic
(BCC) structure [10]. At room temperature, the solid solubility of hydrogen in the α phase
is 0.04 at.% and in the β phase is 50 at.% [11]. When the hydrogen content in α-titanium
alloys exceeds the solubility limit, hydrides form within the α grains [12]. Typical hydrides
include metastable γ-hydride (TiH) with a face-centered tetragonal (FCT, c/a > 1) struc-
ture and stable δ-hydride with a face-centered cubic (FCC) structure. The precipitation of
hydrides reduces the plasticity and toughness of the material [13,14]. In α + β dual-phase
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titanium alloys, since the hydrogen diffusion rate in the β phase is several orders of magni-
tude higher than that in the α phase [15] and the incoherent α/β phase interfaces provide
a large number of hydrogen absorption sites [16], hydrides preferentially nucleate at these
interfaces [17]; therefore, the morphology of the α and β phases and the density of phase
boundaries significantly affect the hydrogen embrittlement resistance of the alloys.

Recent studies on the relationship between phase transformation behavior and mi-
crostructural evolution have provided a foundation basis for microstructure design in
titanium alloys. The addition of alloying elements can tailor the microstructure by modify-
ing the martensitic start temperature and phase stability [18,19]. For instance, Zr addition
has been shown to significantly influence the martensitic transformation behavior and
microstructural evolution of Ti-V-Al high-temperature shape memory alloys [18]. Simi-
larly, variations in Zr content can modulate the transformation between the α′′ martensite
and β phases in Ti-V-Al-Zr alloys, while substantially enhancing their yield strength and
ductility [19]. These studies demonstrate that precise control of α/β phase transformation
and lamellar structure is feasible through appropriate heat treatment and compositional
design. The lamellar structure is a typical microstructure formed in α + β titanium al-
loys after solution treatment in the β-phase region followed by slow cooling. Previous
studies have shown that refining the lamellar structure generally improves the strength
and fatigue performance of the material [20,21]. However, a consensus on its effect on
hydrogen embrittlement behavior is currently lacking. How the width of α lamella governs
the hydrogen embrittlement resistance of titanium alloys remains poorly understood due
to a lack of systematic comparative studies. In particular, the differences in hydrogen
embrittlement susceptibility, hydride distribution characteristics, and fracture mechanisms
between lamellar structures with two distinct width scales are still unclear.

This study investigates Ti-6Al-4V dual-phase titanium alloy. Two samples with dif-
ferent α lamella widths were obtained by controlling the heat treatment process. The
degradation of mechanical properties, fracture morphology, and hydrogen-induced phase
transformation characteristics of the two samples under electrochemical hydrogen charging
conditions were systematically compared. This study aims to investigate how lamella width
affects hydrogen embrittlement resistance and the underlying micro-mechanisms, thereby
providing an experimental basis for microstructure optimization and safe application of
titanium alloys in hydrogen-prone environments.

2. Materials and Methods
The material used in this study was Ti-6Al-4V alloy, and its chemical composition

is shown in Table 1. Two types of specimens with different lamellar widths, namely a
coarse lamellar structure and a fine lamellar structure, were prepared by the heat treatment
process illustrated in Figure 1a. The lamellar widths were measured by the linear intercept
method, and the values obtained from multiple measurements were 7.25 ± 3.41 µm and
1.86 ± 0.41 µm (Figure 1b,c). According to the national standard GB/T 228.1-2021 standard
tensile specimens were prepared from the samples by wire electrical discharge machin-
ing [22], as shown in Figure 1d. Electrochemical hydrogen charging of the specimens
(Figure 1e) was performed with a platinum anode and the specimen as the cathode in an
electrolyte consisting of 33 vol.% phosphoric acid and 67 vol.% glycerol. To simulate the
service process of specimens in a hydrogen-containing environment, a current density of
10 mA/cm2 was used for electrochemical hydrogen charging under moderate hydrogen
permeation conditions. Subsequently, tensile tests were conducted to evaluate the mechan-
ical properties of the two microstructures in both the uncharged and hydrogen-charged
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states. All tensile tests were performed at room temperature with a constant strain rate of
0.001 s−1. The Iδ index was used to quantify the hydrogen embrittlement susceptibility [23]:

Iδ =
δ0 − δH

δ0
× 100%

where δ is the elongation at fracture, and the subscripts 0 and H denote the uncharged and
hydrogen-charged specimens, respectively. Fracture morphology was observed using a
TESCAN GAIA3 field-emission scanning electron microscope (SEM) (TESCAN ORSAY
HOLDING, a.s., Brno, Czech Republic) and the microstructure was examined using a JEOL
JEM-F200 transmission electron microscope (TEM) (JEOL Ltd., Akishima, Tokyo, Japan).

Table 1. Composition of each alloying element in Ti-6Al-4V alloy (wt.%).

Elements Al V O Fe C N H Ti

Content 6.05 4.1 0.06 0.05 0.08 0.05 0.02 Bal.

Figure 1. (a) Heat treatment process for preparing different microstructures. (b) Coarse lamellar
structure. (c) Fine lamellar structure. (d) Dimensions and shape of tensile specimens. (e) Schematic
diagram of electrochemical hydrogen charging.

Block-shaped specimens with dimensions of 10 mm × 10 mm × 4 mm were prepared
from the two microstructures for one-sided hydrogen charging experiments. During hydro-
gen charging, only the charging surface of each specimen was exposed to the electrolyte,
while the other five surfaces were sealed with epoxy resin. A charging current density of
100 mA/cm2 and a charging time of 30 h were adopted to accelerate hydrogen permeation
into the matrix, achieve adequate diffusion depth within a short time. After charging, the
cross-sections were polished and etched. The microstructural features were observed using
Viyee Optics WYJ-910 upright microscope (OM) (Viyee Optics Co., Ltd., Tianjin, China).
Based on the principle that the ingress of hydrogen atoms into the titanium alloy lattice
induces solid-solution strengthening and lattice distortion, which in turn cause changes
in microhardness, this study employed a Shimadzu HMV-G-XY-S Micro Vickers hardness
tester (Shimadzu Corporation, Kyoto, Japan) to measure the hardness variation across the
cross-section. At each depth, five indentations were made, the highest and lowest values
were discarded, and the mean of the remaining three values was used as the hardness
value, with the standard deviation used for the error bars.
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3. Results and Discussion
3.1. Hydrogen Embrittlement Susceptibility of Specimens with Different Lamellar Widths

Figure 2 presents the room-temperature tensile stress-strain curves of Ti-6Al-4V alloys
with two different lamellar widths, both before and after hydrogen charging. For each
condition, at least three parallel specimens were tested. Figure 2a shows the changes in
mechanical properties of the coarse lamellar structure. Compared with the uncharged
specimen, which had a tensile strength of 808.3 MPa and an elongation of 12.1%, the tensile
strength increased by 3.9% after 2 h of hydrogen charging, while the plasticity loss was
as high as 38.0%, indicating a high susceptibility to hydrogen embrittlement. When the
hydrogen charging time was extended to 5 h, the specimen fractured completely during
the elastic stage during tensile testing, exhibiting a fully brittle fracture. Figure 2b shows
that for the fine lamellar structure, compared with the uncharged specimen, the tensile
strength increased by 1.4% after 2 h of hydrogen charging, while the plasticity loss was
only 10.7%. After 5 h of charging, the tensile strength increased by 4.1% relative to the
initial state, and the plasticity loss reached 41.7%. At this point, the plasticity loss was
significantly lower than that of the coarse lamellar structure, exhibiting satisfactory overall
mechanical stability. When the hydrogen charging time was further extended to 10 h, the
fine lamellar structure still maintained a tensile strength higher than that of the initial state,
with a plasticity loss of 63.1%. Compared with the coarse lamellar structure, it exhibited
excellent hydrogen embrittlement resistance. Table 2 summarizes the tensile strength and
elongation of the two microstructures before and after hydrogen charging, as well as the
corresponding hydrogen embrittlement susceptibility index Iδ.

Figure 2. Engineering stress-strain curves of specimens with different microstructures after hydrogen
charging. (a) Coarse lamellar structure. (b) Fine lamellar structure.

The increase in tensile strength at the initial stage of hydrogen charging mainly origi-
nates from the solid-solution strengthening effect of hydrogen atoms. Interstitial hydro-
gen atoms dissolve into the α-Ti lattice, inducing lattice distortion and generating an
internal stress field, which impedes dislocation motion and thus enhances the material
strength [24,25]. As the charging time is prolonged, the local hydrogen concentration
continues to rise. Once it exceeds the solid solubility limit of α-Ti, hydrides nucleate and
precipitate at phase interfaces. The incoherent interfaces formed between the precipitated
hydrides and the matrix, which in turn promote microcrack initiation, at which point
the tensile strength begins to decrease. Therefore, the tensile strength exhibits a trend of
first increasing and then decreasing with increasing charging time, essentially reflecting a
stage-wise transition in the dominant mechanism of hydrogen action from “solid-solution
strengthening” to “hydride-induced embrittlement.”

The elongation of both microstructures gradually decreased with increasing charging
time. This decrease is primarily attributed to the deformation incompatibility between hy-
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drides and the matrix [26,27]. Previous studies have shown that the crack propagation rate
in lamellar Ti-6Al-4V alloys during deformation is inversely proportional to the lamellar
width [28]. However, in the present study, although the finer lamellar structure provided
more hydrogen diffusion channels and trapping sites, the hydrogen embrittlement effect
was not enhanced. This indicates that the beneficial effect of microstructural refinement on
the initial properties of the material is not consistent with its effect on improving hydrogen
embrittlement resistance, and that other intrinsic factors govern the hydrogen embrittle-
ment behavior. The underlying mechanisms still require further in-depth investigation.

Table 2. Mechanical properties of Ti-6Al-4V alloy with different microstructures during tensile testing
after various hydrogen charging times.

Sample Hydrogen/h Tensile Strength/MPa Elongation/% Iδ/%

coarse lamellar
structure

0 808.3 12.1 0

2 839.8 7.5 38.0

5 801.9 0.88 92.7

10 590.3 0.47 96.1

fine lamellar
structure.

0 925.8 10.3 0

2 938.4 9.2 10.7

5 964.0 6.0 41.7

10 933.5 3.8 63.1

3.2. Fracture Characteristics Analysis of Specimens with Different Lamellar Widths After
Hydrogen Charging

Figure 3 shows the fracture morphology evolution of the coarse lamellar structure
under different hydrogen charging times. The low-magnification fracture surface of the
uncharged specimen (Figure 3a) exhibits pronounced undulating features. The high-
magnification images of three characteristic locations (Figure 3b–d) all show large and deep
dimples. As shown in Figure 3f, after 2 h of hydrogen charging, the dimple size decreased,
the dimples became shallower, and microcracks were observed along the α/β phase
interfaces. After 5 h of charging, cleavage fracture occurred and necking was absent. After
10 h of charging, the specimen exhibited an interlamellar cleavage fracture morphology,
with flat and uniformly oriented cleavage planes and distinct lamellar contours (indicated
by yellow arrows). It can be clearly observed that cracks propagated along the α/β phase
interfaces in the coarse lamellar structure. The coarse lamellar structure is highly sensitive
to hydrogen, and with increasing charging time, the fracture mode transitions from ductile
fracture to fully brittle cleavage fracture.

The fracture morphologies of the fine lamellar structure are shown in Figure 4. In the
uncharged initial state, the fracture surfaces at the three observation locations exhibited pro-
nounced tearing edges and ridges, showing typical ductile fracture features (Figure 4a–d).
After 2 h of hydrogen charging (Figure 4e–h), the central part of the specimen (Figure 4f)
still retained numerous dimple structures, indicating that the central region was less af-
fected by hydrogen and did not embrittle. The upper and left regions also displayed large
and deep dimples, and the overall features remained ductile fracture. When the charging
time was further increased to 5 h, as shown in Figure 4i–l, dimples could still be observed
in local areas of the central part, whereas the fracture morphology of the peripheral regions,
especially the region in Figure 4l, had transformed into brittle fracture characteristics. The
fracture mode was mixed ductile-brittle fracture. After 10 h of hydrogen charging, the fine
lamellar structure maintained a mixed ductile-brittle fracture mode without undergoing
complete embrittlement.
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Figure 3. Fracture morphologies of the coarse lamellar structure with different hydrogen charging
times. (a–d) Uncharged sample. (e–h) Sample charged for 2 h. (i–l) Sample charged for 5 h.
(m–p) Sample charged for 10 h. (a,e,i,m) are the low-magnification SEM images. Enlarged SEM
images are taken at the red boxes region, with the subscript letters denoted besides.

In the coarse lamellar structure, cracks propagated almost exclusively along the α/β
phase interfaces, exhibiting interfacial decohesion fracture. The underlying mechanism is
that under tensile stress, the hydrides precipitated at the phase interfaces become weak
points and readily induce crack initiation and propagation, which is consistent with the
findings of Kim et al. [16]. The spatial variation between the center and the edge regions of
the fracture surface in the fine lamellar specimen after hydrogen charging can be attributed
to the gradient distribution of hydrogen concentration. During electrochemical hydrogen
charging, hydrogen atoms diffuse inward from the specimen surface, establishing a hydro-
gen concentration gradient from the surface to the interior [29]. The edge region (near the
surface) has a higher hydrogen concentration and thus undergoes more severe hydrogen-
induced damage, so the fracture morphology exhibits brittle features earlier. In contrast,
the center region has a relatively lower hydrogen concentration and retains more dimple
structures. As the charging time increases, hydrogen continuously penetrates inward,
and the hydrogen concentration in the center region gradually rises, leading to increased
damage, as evidenced by a progressive decrease in dimples and a gradual enhancement of
brittle characteristics. In contrast, under the same conditions, the fine lamellar structure did
not undergo complete brittle fracture, indicating better hydrogen embrittlement resistance.
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This phenomenon has not been previously documented, and the underlying reasons for
the superior hydrogen embrittlement resistance of the fine lamellar structure remain to
be elucidated.

Figure 4. Fracture morphologies of the fine lamellar structure under different hydrogen charging
times. (a–d) Uncharged sample. (e–h) Sample charged for 2 h. (i–l) Sample charged for 5 h. (m–p)
Sample charged for 10 h. (a,e,i,m) are the low-magnification SEM image. Enlarged SEM images are
taken at the red boxes region, with the subscript letters denoted besides.

3.3. Hydrogen Diffusion Depth in Specimens with Different Lamellar Widths

To investigate the hydrogen diffusion depth in specimens with two different lamellar
widths, one-sided hydrogen charging experiments were conducted. To clearly reveal
the actual morphology and distribution characteristics of hydrides in the specimens, the
same region was analyzed by electron backscattered (EBSD), SEM, and OM (Figure 5).
The morphology of hydrides under the optical microscope was confirmed. The phase
identified as hydride appears as a blue region in the phase map (Figure 5a), corresponding
to the gray-white precipitates with acicular geometry at the α/β phase interfaces observed
under SEM (Figure 5b). In the optical micrograph (Figure 5c), these regions exhibit clearly
distinguishable gray-black acicular or clustered structures after etching.
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Figure 5. The microstructure morphology of Ti-6Al-4V after hydrogen charging. (a) EBSD phase
diagram. (b) SEM diagram. (c) OM diagram. The hydride precipitates are indicated by yellow arrows
and annotated as δ.

Figure 6 shows the cross-sectional microstructural changes in Ti-6Al-4V specimens
with two different microstructures after one-sided hydrogen charging for 30 h. In the coarse
lamellar structure, numerous microcracks formed in the surface layer, propagating mainly
along the α/β phase interfaces. Hydrides were present over an extensive depth range in
the coarse lamellar structure, and pronounced hydride precipitation could still be observed
at a depth of 2300 µm from the surface (Figure 6b–d). In contrast, for the fine lamellar
structure, hydrides formed only in the surface layer within several hundred micrometers
(Figure 6f). To investigate the distribution range of hydrides (the region where hydride
precipitation is observable under optical microscopy), microstructural observations were
performed at distances of 850 µm and 1350 µm from the charging surface (Figure 6g,h).
The results showed that no hydrides were observed at these two depths, indicating that the
hydride precipitation range in the fine lamellar structure was limited to the surface layer
and confined to the surface layer.

 

Figure 6. Microstructural evolution with two different microstructures after hydrogen charging at a
current density of 100 mA/cm2 for 30 h. (a–d) Coarse lamellar structure. (e–h) Fine lamellar structure.
(a,e) are the low-magnification OM images. Enlarged OM images are taken at the yellow boxes
region at different positions, with the subscript letters denoted besides. The hydride precipitates are
indicated by yellow arrows and annotated as δ.

In addition to microstructural observations, hardness tests at different depths were
performed on both specimens. Figure 7 shows the variation in hardness along the depth
direction for the two specimens with different lamellar widths after one-sided hydrogen
charging. The initial hardness values of the uncharged specimens were determined to be
292.2 HV for the coarse lamellar structure and 317.5 HV for the fine lamellar structure.
These values increase as the lamellar width decreases, which is consistent with the hardness
variation reported for lamellar structures with different widths obtained by varying the
cooling rate [30]. These two values are indicated by the horizontal blue dashed lines in
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Figure 7. For lamellar structures, refinement increases the density of interfaces between
adjacent secondary α phases. As crystal defects, these interfaces significantly hinder
dislocation motion, making dislocation slip difficult. Therefore, the fine lamellar structure
of the Ti-6Al-4V alloy exhibits higher hardness. For the coarse lamellar structure after
hydrogen charging, the surface hardness increased by 60 HV compared with the uncharged
state, and the hardness across the entire thickness (0–3800 µm) remained higher than the
baseline value, indicating reaching a hydrogen diffusion depth of up to 3800 µm in the
coarse lamellar structure. For the fine lamellar structure, the hardness in the near-surface
region was approximately 340 HV, representing an increase of 20 HV compared with the
uncharged state. As the depth increased, the hardness gradually fell below the uncharged
state. When the depth reached approximately 4000 µm, the hardness gradually returned
to the original level. For the fine lamellar structure, in the depth range of 850–3500 µm,
the hardness was significantly lower than that of the uncharged specimen, suggesting that
hydrogen-induced effects extended to approximately 4000 µm below the surface.

Figure 7. Hardness variation trends of two microstructures after unidirectional hydrogen charging.
(a) Coarse lamellar structure. (b) Fine lamellar structure.

The hydrogen-affected region (the permeation depth of hydrogen atoms detected)
appeared comparable based on hardness variation, the hydrogen-affected depth in both the
coarse and fine lamellar structures was approximately 4 mm. The change in microhardness
after hydrogen charging results from the synergistic action of multiple factors, mainly
including: (1) the solid-solution strengthening effect of hydrogen atoms; (2) changes in the
microscopic stress field caused by hydrogen-induced lattice distortion; (3) second-phase
strengthening due to hydride precipitation [31]; and (4) the modulation of dislocation
behavior by hydrogen [32,33]. In this study, the hardness of the fine lamellar structure in
the depth range of 850–3500 µm was lower than the initial value, combined with the optical
microscopy images in Figure 6, where no hydrides were visible. This phenomenon can be
attributed to the lattice softening effect caused by dissolved hydrogen, which results from
the reduction in the dislocation source activation stress and the dislocation line tension
due to hydrogen [32,33]. As the hydrogen content increases, solid-solution strengthening
occurs. When the local hydrogen concentration exceeds the solid solubility, hydrides
precipitate, and precipitation hardening dominates. Compared with the coarse lamellar
structure, the hydrogen-induced surface hardening rate in the fine lamellar structure is
lower than that in the coarse lamellar structure, suggesting that the fine lamellar structure
exhibits a lower local hydrogen concentration than its coarse counterpart [34]. It should
be noted that techniques such as Thermal Desorption Spectroscopy (TDS), and Secondary
Ion Mass Spectrometry (SIMS) can more directly characterize the distribution and content
of hydrogen. It worth to further characterize the hydrogen distribution in the one-sided
hydrogen charged specimen in the future and confirm the discussion here.
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3.4. Deformation Behavior Characteristics of Hydrogen-Charged Specimens with Different
Lamellar Widths

Figure 8 shows TEM images of the coarse lamellar structure after different hydrogen
charging times, taken from the same location near the tensile fracture surface (approxi-
mately 50 µm from the surface). In the specimen charged for 2 h (Figure 8a,b), no hydrides
were observed. Plastic deformation was mainly characterized by planar dislocation slip,
and dislocations were able to pass through and shear the β phase. After 10 h of charging
(Figure 8c–f), the SAED patterns taken at the α/β phase interfaces revealed the α phase
with a hexagonal close-packed (HCP) structure, the β phase with a body-centered cubic
(BCC) structure, and characteristic diffraction spots of a face-centered cubic structure, which
are consistent with the standard diffraction pattern of δ-TiHx. To further elucidate the
formation mechanism of the δ-hydride, a more detailed crystallographic analysis of the
SAED pattern in Figure 8c was performed. Detailed indexing of the SAED pattern revealed
a well-defined crystallographic orientation relationship between the δ-hydride and the
α matrix, namely: [0001]α∥[001]δ and (0110)α∥(220)δ [35]. The existence of this specific
orientation relationship confirms that the additional diffraction spots originate from the
δ-hydride phase rather than from double diffraction or thickness effects. The observed
crystallographic correspondence further indicates that the hydride precipitates maintain a
strong crystallographic constraint with the surrounding α matrix during precipitation. This
orientation relationship indicates that the δ-hydride nucleates preferentially at the α/β
phase interfaces with a specific crystallographic alignment, which is consistent with the
mechanism by which hydrogen diffusion along the α/β interfaces leads to local supersatu-
ration [16]. In addition, careful examination of the β-phase diffraction spots in the SAED
patterns reveals slight diffuse scattering or elongation in some cases, suggesting a certain
degree of lattice distortion in the β phase. This phenomenon is most likely attributed to
the lattice expansion caused by the interstitial incorporation of hydrogen atoms into the
β-phase lattice [36]. However, since the diffuse scattering is relatively weak and does not
reach the level that could be definitively indexed as a strain-induced new phase (e.g., β′

or β′′), this observation is attributed to hydrogen-induced lattice distortion rather than a
distinct structural transformation of the β phase.

Under the present experimental conditions, no characteristic diffraction spots of
martensite (α′ or α′′) were identified in the SAED patterns, nor were typical lath-like or
acicular morphologies observed in the bright-field TEM images. This is also consistent with
the well-established kinetic condition that martensitic transformation in titanium alloys
typically requires rapid cooling (>410 ◦C/s) or high strain rates [37], conditions not met in
the present room-temperature charging process. The high-resolution images in Figure 8e–f
further confirm that the phase observed at the α/β interface is the δ-hydride. This result
is consistent with earlier reports on hydride precipitation at the interfaces of dual-phase
titanium alloys after hydrogen charging [16]. To further clarify the distribution charac-
teristics of the δ-hydride, dark-field imaging was performed using the (200) diffraction
spot of the δ-hydride, and the results are shown in Figure 8d. A hydride with a width of
approximately 90 nm formed at the α/β phase interface.

Figure 9 shows TEM images of the deformed fine lamellar structure after hydrogen
charging for 2 h and 10 h. The specimens were taken from the same location near the tensile
fracture surface (approximately 50 µm from the surface). In the specimen charged for 2 h
(Figure 9a,b), no hydride precipitation was observed. Dislocations were accumulated at the
phase interfaces, and plastic deformation occurred mainly via dislocation slip. After 10 h of
charging (Figure 9c,d), only α and β phases were present in the specimen, and no hydride
precipitation was observed.
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Figure 8. TEM observations of the coarse lamellar structure after hydrogen charging. (a) Bright-field
TEM image of the specimen charged for 2 h. The blue dashed lines delineate the boundaries of β
phase. (b) Dislocation distribution in the specimen charged for 2 h shown at two beam condition, the
g value of which is given as the inset. (c) Bright-field TEM morphology of β lamellae in the specimen
charged for 10 h, with the inset showing the selected area electron diffraction (SAED) pattern near the
phase interfaces (red circle region). (d) Dark-field TEM image of hydrides. The yellow dashed lines
delineate the boundaries of hydrides. (e,f) High-resolution TEM images of the interface of hydrides
as indicated by orange boxes region in (d).

Figure 9. TEM observations of the fine lamellar structure after hydrogen charging. (a) Bright-field
TEM image of the fine lamellar structure in the sample hydrogen-charged for 2 h. The blue dashed
lines delineate the boundaries of β phase. (b) Diffraction pattern of the region marked by the red
circle in (a). (c) Bright-field TEM image of the fine lamellar structure in the sample hydrogen-charged
for 10 h. (d) Diffraction pattern of the region marked by the red circle in (c).
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Combined with the optical microscopy observations in Figure 6, hydrides were ob-
served only within a few hundred micrometers from the surface in the fine lamellar
structure, whereas in the coarse lamellar structure, the hydride distribution extended
over a much broader region. This spatial difference indicates that the refined α lamel-
lae significantly impede hydride formation. Figure 8 provide crystallographic evidence
for hydride precipitation at the α/β phase interfaces. In contrast, in the fine lamellar
structure (Figure 9), no hydrides were detected, also suggesting that their formation is
limited. This is consistent with the findings of Lulu-Bitton et al. [38], who demonstrated
that α/β phase interfaces can act as uniformly distributed hydrogen traps that promote
hydrogen dispersion, thereby delaying the accumulation of local hydrogen concentration
to the solubility limit. Collectively, these observations indicate that the refined lamellar
structure can effectively inhibit the formation of hydrides, which is the key to its excellent
hydrogen embrittlement resistance.

3.5. Discussion

The poor hydrogen embrittlement resistance of lamellar structures has been widely
attributed to their continuous β network and higher hydrogen uptake capacity to other
microstructural types [38–40]. In this study, by comparing the changes in mechanical
properties of two lamellar specimens with different widths under the same hydrogen
charging conditions, the significant influence of α lamella width on hydrogen embrittlement
susceptibility was identified, and refining the lamellar structure was found to effectively
improve hydrogen embrittlement resistance. Microstructural observations (Figures 7–9)
show that the α lamella width plays an obvious regulatory role in hydrogen diffusion,
hydride precipitation, and hydrogen-induced crack initiation, and that the fine lamellar
structure effectively suppresses the formation of hydrides.

The principle by which the refined lamellar structure enhances the hydrogen embrittle-
ment resistance of Ti-6Al-4V titanium alloy is illustrated in Figure 10. Figure 10a illustrates
the initial state of the two lamellar structures before hydrogen charging. The fine lamellar
structure possesses a significantly higher density of α/β phase interfaces compared with
the coarse lamellar structure, whereas the coarse structure has relatively fewer phase in-
terfaces. When the material is exposed to a hydrogen-rich environment, hydrogen atoms
penetrate from the surface, diffuse along the β phase toward the α phase, and accumulate
at the α/β phase interfaces. As shown in Figure 10b, the densely distributed α/β phase
interfaces in the fine lamellar structure serve as numerous uniformly dispersed trapping
sites for hydrogen atoms [38]. These interfaces effectively promote the spatial dispersion of
hydrogen, thereby retarding the build-up of local hydrogen concentration and delaying the
onset of hydride nucleation. In contrast, in the coarse lamellar structure, the lower density
of phase interfaces allows hydrogen atoms to segregate more readily at limited interfacial
sites, leading to faster local supersaturation.

With prolonged hydrogen charging time (Figure 10c), the α phase in the coarse lamel-
lar structure reaches the solid solubility limit for hydrogen, resulting in the nucleation
and precipitation of hydrides at phase interfaces and within the grains. The precipitated
hydrides form incoherent interfaces with the matrix, accompanied by volume expansion,
which induces local stress concentration and microcrack initiation, ultimately causing a
sharp decline in tensile performance. In the fine lamellar structure, however, the abundant
phase interfaces effectively disperse the hydrogen atoms, so that the local hydrogen con-
centration is less likely to exceed the critical concentration required for hydride nucleation.
Consequently, hydrogen stays predominantly in interstitial solid solution, and hydride
formation is substantially suppressed. Furthermore, the narrower β lamellae in the fine
structure undergo smaller volume expansion upon hydrogen charging, giving rise to a
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lower degree of localized stress concentration at the interfaces [16], which further alleviates
the embrittlement effect. Therefore, the fine lamellar structure exhibits excellent hydrogen
embrittlement resistance during tensile testing, primarily attributed to the synergistic ac-
tions of dense phase interfaces as hydrogen traps and strain homogenization via reduced
volume expansion.

Figure 10. Schematic diagram illustrating the mechanism by which the refined lamellar structure
improves the hydrogen embrittlement resistance of Ti-6Al-4V titanium alloy. (a) Before hydrogen
charging. The blue rectangles outline the β-phase regions, the white rectangles outline the α-phase
regions. (b) After a short period of hydrogen charging. Bullets mark the positions of hydrogen atoms.
(c) After prolonged hydrogen charging. The yellow areas indicate hydride precipitates.

4. Conclusions
Electrochemical hydrogen charging experiments and microstructural characteriza-

tion were performed on Ti-6Al-4V titanium alloys with two different lamellar widths to
investigate their hydrogen embrittlement susceptibility. The main findings are as follows:

1. After hydrogen charging under the same conditions, the coarse lamellar structure
exhibited severe plasticity loss, with complete plastic loss after 5 h of charging, in-
dicating high hydrogen embrittlement susceptibility. In contrast, the fine lamellar
structure showed a smaller plasticity loss, reaching 63.1% after 10 h of charging, while
demonstrating superior hydrogen embrittlement resistance.

2. Despite comparable hydrogen-affected depths in both structures, the hydride forma-
tion characteristics were markedly different. The coarse lamellar structure exhibited
extensive hydride precipitation over a wide range, with hydride-induced embrittle-
ment as the dominant damage mechanism. In contrast, the fine lamellar structure
showed only limited hydride precipitation within a restricted region, where hydrogen-
induced plasticity damage prevailed.

3. For the lamellar Ti-6Al-4V titanium alloy, appropriately refining the α lamella width
can modify hydrogen distribution and hydride precipitation behavior, thereby sup-
pressing hydride-induced embrittlement. This represents an effective microstruc-
tural design strategy for improving the hydrogen embrittlement resistance of tita-
nium alloys.
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In addition, it is worth noting that this work does not involve numerical modeling;
hence, a quantitative analysis of stress-affected hydrogen diffusion is yet to be achieved. In
the future, we will adopt multi-scale simulation approaches to systematically investigate
the synergistic effects of phase-interface density, lamellar width, and residual stress on
hydrogen-induced crack initiation, aiming to deepen the mechanistic understanding from
a computational perspective.
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