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Fig. 1. Microstructures of the Ti-2.5A1-2Zr-1Fe plate used

in this work.
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Fig. 2. Dimensions of tensile specimen used in this work

(unit: mm).
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Fig. 3. Dimensions of WOL sample used in this work (unit:

mm).
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Fig. 4. Process of preparing TEM samples by focused ion beam (FIB) used in this work.
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Fig. 5. Schematic diagram of the sampling of H content test.
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Table 1.  Parameters of SIMS testing.
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Fig. 6. Tensile stress-strain curves of the differently charged g 2or ] \.
samples: (a) Conventional tensile test; (b) slow strain R \ \
tensile test. 10r ¢ =
5T \o‘.\'\n
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Fig. 7. Variation curves of mechanical properties of samples
at different strain rates: (a) Reduction of area; (b) percent-

age elongation; (c) tensile strength.
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- R
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Fig. 8. Variation curves of hydrogen embrittlement sensitiv-

ity at different strain rates.
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200 1,1iu
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Fig. 9. Macroscopic and microscopic morphology of fracture surface in the conventional tensile test: (a), (b), (¢) The 0 h convention-

al tensile sample; (d), (e), (f) the 8 h conventional tensile sample.
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(a), (b), (c) O h i FLMKEE; (d), (e), (F) 8 h & F ik

Fig. 10. Macroscopic and microscopic morphology of fracture surface in the slow tensile test: (a), (b), (¢) The 0 h slow tensile

sample; (d), (e), (f) the 8 h slow tensile sample.

2 mm % 2 mm | 5y,

~
_-72 mm

B 11 RSSO B E ISR (a)—(d) 24—264 h B9 BLRLHRAE; (e)—(h) 24—264 h f 12 Fr i ke

Fig. 11. Macroscopic morphology of the fracture surface of the differently charged samples: (a)—(d) The conventional tensile samples

are 24-264 h; (e)—(h) the slow tensile samples are 24-264 h.
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Fig. 12. Variation of surface hardness of specimen with

charging time.

3.4 SE¥ HOWHIRIE

TR A5 AR E T AR XL, K i
48 hiAFEHE T 30 d, I B 5RA 2 A5 19 B[R]
PO BT HPRAS. Bl e R a5 iR T
YR BT BT (SIMS), DRI EAEES 4k ke
H R HOILH B AR . P 13 ik AR g
TCRME LI KBS F S RIS AL, v LUk E
BB A AL A 72002 11 AR 34951004, DA
XFIZAT R STMS FAE i A (5 558 S Fa g 1Y, 1
SAE B4 T B0 7 a1 {5 5 i 5 SR T FAAIR
XK A IR ETEER A & P I 2 I AR SR AN 501,
T B S RO 25 A3 in gk i ash s ek, il
FEFEIN 48 h J5 XERE T 30 d, XA & WA
24 o K I T B B T H R RE (e ) B 20, 7 b,
FHGEN N A o S AR LR A e 1,

(2)

500 10!
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L e UV 15
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K13 KRB TR AR (a) MM (b) 1Y
Sy

Fig. 13. The SIMS analysis results of Ti-2.5A1-2Zr-1Fe al-
loy: (a) Distribution of deuterium; (b) distribution of alu-

minum.
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Fig. 14. Distribution of hydrogen at different temperatures.
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IRFTR1 B2 = ) B SR R AR R SRR, T 11
O DI B vy, S R TR, AT 100
TESLEEIUE.

Bl 15 Fol 48 h WOL e 1y 17 11 22 W 5
Fig. 15. Macro-morphology of fracture surface of WOL
sample in constant displacement experiment after pre-crack-
ing after 48 hours of charging.
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Fig. 16. (a) The TEM morphology of fracture surface of
WOL sample charged with hydrogen for 48 h; (b) the
SAED pattern in area A; (c) the SAED pattern in area B.
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Fig. 17. Theoretical values of hydrogen diffusion depth of
Ti-2.5A1-2Zr-1Fe alloy at different charging time.
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Fig. 18. Schematic Diagram of the interaction behavior and
mechanism between hydrogen-loaded dislocations and phase

boundaries.
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Abstract

The Ti-2.5A1-2Zr-1Fe used as hull structural material, is susceptible to hydrogen embrittlement induced by
corrosion and hydrogen evolution in marine environments. Considering the long-term service of ships, the
hydrogen embrittlement behavior under slow strain rate is crucial for evaluating the alloy’s service performance
and ensuring long-term ship structural safety. In order to investigate the hydrogen embrittlement mechanism of
Ti-2.5A1-2Zr-1Fe alloy under slow strain rate conditions, this study combines slow tension and constant
displacement loading techniques to systematically evaluate the attenuation of mechanical properties and the
dynamic changes in hydrogen embrittlement sensitivity of hydrogen-containing Ti-2.5A1-2Zr-1Fe alloy.
Employing scanning electron microscopy (SEM), we thoroughly analyze the microstructural features of fracture
surfaces. Meanwhile, the close correlation between the brittle zone at the fracture site and the macroscopic
distribution of hydrogen atoms is elucidated by using secondary ion mass spectrometry (SIMS). Additionally,
theoretical analysis based on diffusion equations reveals a notable increase in hydrogen diffusion distance within
the Ti-2.5Al-2Zr-1Fe alloy as hydrogen charging time increases. Further, using the dislocation-hydrogen
interaction model, we derive a critical strain rate threshold e = (30RT)/(pDE) for dislocation-mediated
hydrogen transport in titanium alloys. When the externally applied strain rate e falls below this threshold,
dislocations efficiently capture and transport hydrogen atoms, enhancing hydrogen diffusion depth and
significantly augmenting the alloy’s hydrogen embrittlement sensitivity, thereby accelerating material
embrittlement. The Vickers-hardness (HV) test further elucidates the dual nature of hydrogen’s influence on
titanium alloy properties: although moderate hydrogen content slightly enhances surface hardness, exceeding a
specific threshold leads to a major negative influence on plasticity, far exceeding the benefits of surface
hardening, resulting in a substantial decline in overall mechanical performance. To comprehensively decipher
the hydrogen embrittlement mechanism of Ti-2.5Al-2Zr-1Fe alloy, transmission electron microscopy (TEM) is
employed to analyze the phase composition in regions of high hydrogen concentration, crack tips, and their
vicinities. The analysis results indicate that no direct precipitation of hydrides is observed; instead, hydrogen
atoms preferentially accumulate in the (-phase, prompting microcrack propagation along B-phase boundaries.
According to the aforementioned experimental data and microstructural analysis, we propose that the hydrogen
embrittlement mechanism in Ti-2.5A1-2Zr-1Fe alloy is primarily governed by the HEDE mechanism.
Furthermore, when the strain rate falls below ¢, it synergizes with the dislocation-mediated hydrogen transport
mechanism, vastly expanding the influence scope of the HEDE mechanism and exacerbating the alloy’s
hydrogen embrittlement sensitivity.

Keywords: titanium alloy, hydrogen embrittlement, slow strain rate, hydride
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