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Abstract 

The reliability of titanium alloy welded joints is critical to the service safety of deep-sea 

engineering systems. The welding thermal cycle generates complex microstructures in Ti-6Al-4V, 

resulting in pronounced mechanical and electrochemical heterogeneity across joint regions. Herein, 

in-situ electrochemical testing was conducted to investigate stress corrosion cracking (SCC) 
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behavior in distinct weld zones under hydrostatic pressure. Results reveal that hydrostatic pressure 

accelerates electrochemical reactions and enhances the SCC susceptibility — most severely in the 

heat-affected zone. This heightened vulnerability stems from the transformed β phase and lamellar 

secondary α phase, which promotes strain localization and impairs repassivation capability. This 

work presents the evidence of region-dependent-SCC susceptibility in Ti-6Al-4V welds under 

hydrostatic pressure, offering essential experimental insights for the safety assessment and welding 

optimization in deep-sea titanium structures.  

Introduction 

Deep-sea engineering equipment is trending toward larger scale, greater diving depth, and 

extended service life. Titanium alloys have become key materials for manufacturing pressure-

resistant structures, piping systems, and exploration devices due to their exceptional specific 

strength and outstanding corrosion resistance. As an indispensable manufacturing process for 

large-scale titanium alloy components, welding plays a critical role in ensuring the structural 

integrity and operational safety of the entire system. Common welding techniques for titanium 

alloys include tungsten inert gas welding (TIG), gas metal arc welding (GMAW), plasma arc 

welding (PAW), laser beam welding (LBW), and electron beam welding (EBW) [1]. Because 

titanium alloys are highly susceptible to hydrogen embrittlement, air containing water vapor 

should be avoided during welding. TIG welding, with its high energy density and good weld quality, 

is widely used for joining medium-thick titanium alloy plates [2, 3]. 

During the welding of α+β titanium alloys, the thermal cycle leads to complex microstructures 
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in both the weld metal (WM) and the heat-affected zone (HAZ). For instance, in Ti-6Al-4V, the 

high undercooling in the weld center promotes the formation of an interlaced basket-weave 

structure composed of acicular α′ martensite, while the HAZ exhibits a gradient microstructure—

ranging from fine α′ martensite adjacent to the fusion line to transformed β phase and alternating 

α/α′ lamellar structures adjacent to the base metal (BM) [4]. This microstructural complexity 

results in significant mechanical property differences between the welded regions and the base 

material. For example, the Widmanstätten structure in the HAZ contains coarse acicular α phases 

that act as crack initiation sites under stress; moreover, the softer β phase between α needles cannot 

effectively transfer load, thereby reducing the joint strength. In contrast, the basket-weave 

microstructure in the WM, with its uniformly interwoven α+β phases, enables efficient load 

transfer and can withstand higher stresses [5]. 

Beyond mechanical effects, microstructural complexity also influences electrochemical 

corrosion behavior. For instance, the columnar grain structure in the WM is more prone to solute 

segregation at grain boundaries compared to equiaxed grains, leading to interfacial potential 

differences [6]. Additionally, the presence of metastable α′ martensite in LBW-welded Ti-6Al-4V 

joints results in inferior corrosion resistance compared to the BM [7-9]. Other factors such as grain 

size, local strain, β/α phase ratio, and high-angle grain boundaries also significantly affect the 

corrosion resistance of titanium alloy welded joints [10, 11]. Consequently, the combined 

mechanical and electrochemical heterogeneity leads to region-dependent SCC behavior in 

corrosive environments. Zhang et al. [12] simulated various titanium alloy weld microstructures 

via heat treatment and found that the Widmanstätten structure in the HAZ exhibits poor resistance 
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to SCC. Similarly, Gao et al. [13] measured the critical stress intensity factor for SCC (K1SCC) in 

different regions of Ti-6321 welded joints and reported that the HAZ has the lowest K1SCC, making 

it most prone to SCC. 

Hydrostatic pressure is a defining characteristic of deep-sea environments. Numerous studies 

have demonstrated its significant impact on the corrosion resistance and SCC susceptibility of 

alloys [14-18]. Hydrostatic pressure alters the distribution of metal ions at the metal/solution 

interface, reduces the thickness of the Helmholtz layer (amplifying the ψ1 effect), and modifies the 

partial molar volume of interfacial species, thereby accelerating electrochemical corrosion 

reactions [19, 20]. Consequently, it enhances galvanic corrosion between dissimilar alloys or 

microstructural phases [21, 22]. As a typical α+β titanium alloy, Ti-6Al-4V exhibits increased SCC 

tendency under high hydrostatic pressure due to accelerated dissolution of the β phase and the 

formation of an unstable passive film under coupled stress and pressure, as reported by Liu et al. 

[23-25]. Pan et al. found that high pressure promotes crack propagation, Cl- enrichment, hydrogen 

penetration, and passive film rupture, which drives the SCC process and results in high crack 

propagation rate by studying the stress corrosion behavior of Ti-6Al-3Nb-2Zr-1Mo welded joints 

under different environments[26, 27]. 

Despite progress in understanding the stress corrosion behavior of titanium alloys, the specific 

interplay between hydrostatic pressure and microstructural heterogeneity in welded joints remains 

largely unexplored. Most studies to date have focused on individual regions under atmospheric 

pressure, offering limited insight into the synergistic effects of hydrostatic pressure and weld 

microstructure under realistic deep-sea conditions. To address this gap, the present work combines 
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in-situ electrochemical measurements with EBSD analysis to systematically evaluate the SCC 

behavior of the HAZ, WM, and BM in Ti-6Al-4V welded joints subjected to varying hydrostatic 

pressures. The results identify the HAZ as the most susceptible region, with hydrostatic pressure 

markedly increasing its SCC susceptibility. These findings offer a foundation for assessing the 

reliability of deep-sea titanium welded structures and guide the optimization of welding processes 

for extreme environments. 

Results and discussion 

Mechanical properties of welded titanium alloy joints 

The engineering stress-strain curves of Ti-6Al-4V welded joints tested by slow strain rate 

(SSRT) in air, under 0.1 MPa and 15 MPa in NaCl solution, are shown in Fig. 1. There are 

significant differences in the tensile results among the three different zones, with the mechanical 

properties of the BM being significantly superior to those of the HAZ and WM. Hydrostatic 

pressure does not alter the deformation behavior during the elastic stage but significantly reduces 

the fracture elongation and strength. Fig. 2 shows the measured results of yield strength, fracture 

strength, fracture elongation, and ISSRT after SSRT, respectively. The BM exhibits the highest yield 

and tensile strengths in air, 0.1 MPa, and 15 MPa conditions; whereas the yield and tensile 

strengths of the HAZ and WM are also markedly lower. Both NaCl solution and hydrostatic 

pressure reduce the strength of titanium alloy welded joints. Specifically, for the BM, the yield and 

tensile strengths decreased from about 910 MPa and 965 MPa in air to about 860 MPa and 905 

MPa in the 15 MPa pressurized solution, respectively. For the HAZ, the yield and tensile strengths 
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decreased from about 825 MPa and 860 MPa in air to about 780 MPa and 825 MPa in the 15 MPa 

pressurized solution, respectively. Additionally, the BM shows the best average fracture elongation 

in air, 0.1 MPa, and 15 MPa saline solutions, at 15.6%, 14.9%, and 14.3%, respectively. Both the 

ductility of the HAZ and WM are significantly lower than that of the BM, with the average 

elongation of HAZ in three environments being only 11.3%, 10.0%, and 9.4%, respectively. 

Calculating the ISSRT of different welding zones of titanium alloys (Fig. 2(d)), it can be seen that 

with the increase of hydrostatic pressure, ISSRT increases to varying degrees. The BM has the lowest 

ISSRT under 0.1 MPa and 15 MPa hydrostatic pressures, at 0.10 and 0.16, respectively, while the 

HAZ exhibits the strongest sensitivity under 0.1 MPa and 15 MPa hydrostatic pressures, with ISSRT 

increasing to 0.13 and 0.20. This suggests that the higher β-transformed phase content and unique 

platelike α phase in the HAZ may be critical factors contributing to the reduced mechanical 

properties and increased stress corrosion susceptibility of the weld region. 

 

Fig. 1 Stress-strain curves of Ti-6Al-4V for different welding regions. 
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Fig. 2 Mechanical properties of Ti-6Al-4V as determined by SSRT. (a) Yield strength, (b) ultimate tensile 

strength, (c) fracture elongation, and (d) stress corrosion cracking susceptibility. 

Morphologies of welded titanium alloy joints 

The fracture surface morphologies following SSRT are shown in Figs. 3~5. Secondary cracks 

were observed on the macroscopic fracture surfaces of all three regions. The BM samples 

predominantly exhibited fibrous fracture features, characterized by numerous uniformly 

distributed dimples with fine pores at their base, indicative of ductile fracture. In NaCl solution, 

the dimples in the BM samples became elongated and were accompanied by tearing features (Figs. 

3(b-c)). Additionally, the BM samples fractured under 15 MPa hydrostatic pressure exhibited 

distinct river-like quasi-cleavage patterns (red-marked area in Fig. 3(c)), with slip traces visible on 

the cleavage planes (dashed-line marked area in Fig. 3(c)). Compared to the BM, the HAZ and 
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WM samples exhibited shallower dimple morphologies in air and ambient pressure NaCl solution 

(Figs. 4~5), indicating poorer ductility. Under 15 MPa hydrostatic pressure, large areas of quasi-

cleavage structure were observed (red-marked areas in Figs. 4~5), with smooth cleavage planes 

and shallow, less noticeable slip traces.  

To quantitatively assess the effect of environmental conditions on fracture behavior, the 

fractal dimensions of the fracture surfaces were determined using the fracture profile method, 

which captures the tortuosity of the crack propagation path. In Fig. 6, hydrostatic pressure reduced 

the fractal dimension of the dimple-fiber regions, with the most significant reduction occurring in 

the HAZ. This decrease in fractal dimension directly reflects a straightening of the crack path, 

consistent with the microstructural observations in Figs. 3~5, namely, shallower dimples, increased 

cleavage facets, and reduced slip trace definition. A straighter crack propagation path implies lower 

energy dissipation during fracture and diminished resistance to crack growth.  

This embrittlement tendency observed in the fracture surfaces can be traced back to the 

distinct deformation behaviors of the different zones under hydrostatic pressure. As shown in Fig. 

S2, under 0.1 MPa, the WM accommodated strain via single slip, characterized by parallel slip 

lines within grains. Under 15 MPa, however, the WM exhibited orthogonal slip lines indicative of 

multiple slip activation and severe localized deformation. This transition arises from strain 

partitioning: the HAZ, which showed significantly less deformation under 15 MPa, failed to 

accommodate the overall strain, forcing the WM to bear a larger portion of the plastic strain. The 

resulting intense multi-slip prematurely consumed ductility and introduced local damage in the 

WM, facilitating crack propagation and contributing to the flattened fracture surface. Meanwhile, 
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the minimal deformation in the HAZ under high pressure suggests that its microstructure (e.g., β-

transformed and plate-like secondary α phases) becomes inherently less deformable, making it 

more susceptible to brittle fracture once cracking initiates. The observed trends in ductility and 

strength loss correlate well with the changes in fractal dimension, further confirming that high-

pressure environments promote embrittlement in the titanium alloy. The HAZ demonstrates the 

highest susceptibility to this effect, identifying it as the most vulnerable region for deep-sea 

applications of this material. 

 

Fig. 3 Fracture morphology of BM samples post SSRT. (a) In air, (b) in 3.5% NaCl solution at 0.1 MPa, and (c) 

in 3.5% NaCl solution at 15 MPa. 
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Fig. 4 Fracture morphology of HAZ samples post SSRT. (a) In air, (b) in 3.5% NaCl solution at 0.1 MPa, and 

(c) in 3.5% NaCl solution at 15 MPa. 

 

Fig. 5 Fracture morphology of WM samples post SSRT. (a) In air, (b) in 3.5% NaCl solution at 0.1 MPa, and (c) 

in 3.5% NaCl solution at 15 MPa. 
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Fig. 6 Analysis of fractal dimension on dimple areas of tensile fracture surfaces of Ti-6Al-4V weld specimens 

under different environmental conditions. 

Inverse pole figure (IPF) maps (Figs. 7~8) reveal that the initial state of the BM contains 

abundant equiaxed α phases within macro-zones. Upon SSRT tests to yield under 15 MPa 

hydrostatic pressure, these macro-zones elongated, forming pronounced {0001} basal textures. In 

contrast, the platelike α and α′ phases in the HAZ and WM did not develop significant textures or 

experience weakened texture intensity under high hydrostatic pressure (Figs. 8(b-c)). This 

difference is attributed to the larger grain size and specific slip systems such as {10-10}<11-20> 

and {10-11}<11-23> in the BM [28], which facilitates c-axis alignment during deformation. 

Kernel Average Misorientation (KAM) images indicate local orientation variations (Figs. 9(a-b)). 

Before tensile testing, the BM exhibited the highest average local misorientation, allowing uniform 

strain distribution outside macro-zones. The HAZ showed the lowest average local misorientation 

but contained elongated bands with high local misorientations spanning multiple platelike 

secondary α phases, representing early shear bands dominated by dislocation slip. Furthermore, 

some strain concentration was also observed in the β-transformed phase.  
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Fig. 7 Orientation maps of different welding zones in Ti-6Al-4V. (a1, a2) Orientation maps in the x-direction 

and z-direction of the original BM samples, (b1, b2) orientation maps in the x-direction and z-direction of BM 

samples after SSRT  to yield under 15 MPa, (c1, c2) orientation maps in the x-direction and z-direction of the 

original HAZ samples, (d1, d2) orientation maps in the x-direction and z-direction of HAZ samples after SSRT 

to yield under 15 MPa, (e1, e2) orientation maps in the x-direction and z-direction of the original WM  samples, 

and (f1, f2) orientation maps in the x-direction and z-direction of WM samples after SSRT to yield under 15 

MPa. 

 

Fig. 8 IPF maps of different welding regions in Ti-6Al-4V. (a1) IPF map of the original BM samples, (a2) IPF 

map of BM samples after SSRT to yield under 15 MPa, (b1) IPF map of the original HAZ samples, (b2) IPF 
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map of HAZ samples after SSRT to yield under 15 MPa, (c1) IPF map of the original WM samples, and (c2) 

IPF map of WM samples after SSRT to yield under 15 MPa. 

 

Fig. 9 KAM and basal slip Schmid factor maps of different welding zones in Ti-6Al-4V. (a1) KAM map of the 

original BM samples, (a2, a3) KAM map and basal slip Schmidt factor map of BM samples after SSRT to yield 

under 15 MPa, (b1) KAM map of the original HAZ samples, (b2, b3) KAM map and basal slip Schmid factor 

map of HAZ samples after SSRT to yield under 15 MPa, (c1) KAM map of the original WM samples, (c2, c3) 

KAM map and basal slip Schmid factor map of WM samples after SSRT to yield under 15 MPa, (d1) Distribution 
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of original local misorientation across different welding zones, and (d2, d3) distribution of local misorientation 

and basal slip Schmid factor across different welding zones after SSRT to yield under 15 MPa. 

After SSRT under 15 MPa hydrostatic pressure, the average local misorientation increased 

for all three regions. Specifically, the BM samples showed significant strain concentration within 

soft-oriented grains in non-macro-zones (see Schmid factor maps, Fig. 9(c)). In the Schmid factor 

maps, the (0001) slip plane is parallel to the tensile direction, while the [11-20] slip direction is 

perpendicular to the tensile direction. During yielding, soft grains around hard-oriented grains in 

the BM preferentially yielded and bore most of the strain, while macro-zones formed {0001} basal 

textures, acting as hard grains maintaining overall alloy strength through stress concentration and 

dislocation hindrance, thus preserving better yield strength under high hydrostatic pressure. 

Conversely, the HAZ and WM samples exhibited significantly lower yield strengths under 15 MPa. 

This is attributed to the generally higher Schmid factors in these regions, which result in larger 

resolved shear stresses on the slip systems under applied loading, thereby facilitating easier slip 

initiation and plastic deformation. Moreover, for the HAZ samples deformed under high pressure, 

the strain concentration bands in platelike secondary α phases were notably extended and increased, 

indicating that high hydrostatic pressure further disrupted strain uniformity in the HAZ, leading to 

a substantial reduction in mechanical properties under high-pressure environments. 

Electrochemical properties of welded titanium alloy joints 

Continuous EIS measurements were performed on the different zones of the titanium alloy 

welded joints in NaCl solution under 0.1 MPa and 15 MPa hydrostatic pressures to evaluate the 

growth of passive films. Nyquist plots primarily exhibited semicircular shapes (Fig. 10), while 
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Bode plots (Fig. S1) showed broad single peaks or overlapping double peaks. These results 

indicated two-time constants in the EIS spectra across different welding regions under both 

hydrostatic pressures. During continuous measurements, the diameter of the capacitive arc 

representing the passive film increased over time, indicating spontaneous and continuous passive 

film growth on the titanium surface. Compared to ambient conditions, the growth rate of the 

capacitive arc radius under 15 MPa hydrostatic pressure was much slower and smaller. Notably, 

the HAZ exhibited the smallest capacitive arcs among the three regions under both pressures. 

 

Fig. 10 EIS results of different welding regions of Ti-6Al-4V. (a) Nyquist plot of BM samples in solution at 0.1 

MPa, (b) Nyquist plot of HAZ samples in solution at 0.1 MPa, (c) Nyquist plot of WM samples in solution at 

0.1 MPa, (d) Nyquist plot of BM samples in solution at 15 MPa, (e) Nyquist plot of HAZ samples in solution at 

15 MPa, and (f) Nyquist plot of WM samples in solution at 15 MPa. 

Considering that the EIS data were obtained after removing the surface passive film formed 

in air, they reflect the formation process of the passive film on fresh titanium surfaces. An 

equivalent circuit (EC) with two-time constants was used to describe the passive film growth (Fig. 
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11(a)) [17, 29]. Rs represents the solution resistance, and constant phase element (CPE) replaces 

ideal capacitance due to surface dielectric heterogeneity. CPE1 and R1 describe charge transfer 

within the passive film, while CPEdl and Rct represent the double-layer capacitance at the passive 

film/solution interface and metal substrate/solution interface. The equivalent capacitance of CPE 

can be calculated using Ceff=Q
1/n

R(1-n)/n [30], where Q and n are CPE fitting parameters, and R is 

the parallel resistance. The fitting curve of Fig. 10 is in good agreement with the experimental data. 

The fitting results are shown in Table S1, and the chi-square coefficient (χ2) is from 10-4 to 10-3. 

Fig. 11(b) shows the variation of fitting parameter R1, which reflects the compactness of the passive 

film. During the immersion period from 5 min to 45 min in an atmospheric environment, the R1 

average values of the BM and WM regions at 0.1 MPa were similar, increasing from 5.1 × 105 

Ω·cm2 to 1.5 × 106 Ω·cm2; whereas the HAZ had the smallest R1 value, only increasing from 1.9 

× 105 Ω·cm2 to 6.8 × 105 Ω·cm2. Under a hydrostatic pressure of 15 MPa, the growth rate of R1 

for the HAZ noticeably slowed down, with R1 increasing slowly from 1.6 × 105 Ω·cm2 to 4.2 × 

105 Ω·cm2, being the slowest among the three welding microstructures. 

Meanwhile, Fig. 11(c) plots the change curve of the average value of 1/Ceff,1 (which is 

proportional to the thickness of the passive film) over time. For the BM and WM regions, 1/Ceff,1 

increases linearly with ln(t), indicating that the growth of the passive film in these regions aligns 

with the point defect model [31-33], governed by the inward transport of oxygen vacancies within 

the film. Under 15 MPa, the slope of the 1/Ceff,1-lnt curve for BM and WM is lower, reflecting that 

hydrostatic pressure inhibits the growth process of the passive film on titanium alloy surfaces. In 

contrast, the 1/Ceff,1 of the HAZ decreases gradually over time, showing a poor linear relationship 
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with ln(t), suggesting signs of destabilization in the passive film of the HAZ, influenced by anion 

injection at the interface, leading to a dissolution trend.  

 

Fig. 11 Fitting results of electrochemical impedance of different welding regions. (a) Equivalent circuit, (b) 

variation pattern of fitting parameter R1, and (c) variation pattern of fitting parameter 1/Ceff,1. 

For passive metals, the rupture of the passive film is the first step in stress corrosion 

cracking[34], followed by dissolution and hydrolysis reactions that lead to acidification of the 

solution environment at the site of the passive film rupture and at the crack tip[35]. Qiao et al.[36, 

37] found in their studies that corrosion processes at the metal/passive film interface cause 

deformation, generating additional stresses, which further exacerbate the rupture of the passive 

film due to corrosion-induced external stresses. Regardless of whether the passive film rupture is 

caused by the corrosion process or external stresses, it becomes the site for the initiation of micro-

cracks. When a large number of slip steps appear on the metal surface, the unprotected metal matrix 

will be exposed to the corrosive medium. At this point, due to the action of aggressive ions, the 
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bare metal does not undergo sufficient repassivation immediately, i.e., a complete passive film 

structure is not formed instantly, which also explains why the ISSRT in the HAZ region is the highest 

in the solution environment, reaching up to 20% under high hydrostatic pressure conditions. 

The stress corrosion mechanism of different welded regions in Ti-6Al-4V alloy under a 

hydrostatic pressure of 15 MPa is illustrated in Fig. 12. It can be seen that the increased stress 

corrosion susceptibility of titanium alloy welded joints mainly results from the combined effect of 

the material's intrinsic microstructure and the high hydrostatic pressure environment. In the HAZ, 

the presence of large amounts of β-transformed phases, plate-like secondary α phases, and fine 

martensitic α′ phases leads to microstructural inhomogeneity, significantly extending and 

increasing the number of strain localization bands, thereby disrupting strain uniformity. Under high 

hydrostatic pressure, the passive film in the HAZ becomes unstable and exhibits the poorest 

repassivation capability. Once the passive film ruptures, the exposed bare HAZ is subjected to the 

corrosive medium. The HAZ is unable to rapidly form a complete passive film, causing the fracture 

behavior of the titanium alloy to shift from ductile to brittle, which has the most pronounced effect 

on the HAZ and further exacerbates its susceptibility to stress corrosion. 
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Fig. 12 The schematic diagram of stress corrosion mechanism of Ti-6Al-4V alloy in different welding areas 

under 15 MPa hydrostatic pressure 

In summary, this study provides fundamental insights into the stress corrosion behavior of 

titanium alloy welded joints under hydrostatic pressure. Specifically, the heat-affected zone (HAZ) 

exhibits markedly reduced deformability in high-pressure environments, which forces the weld 

metal (WM) to accommodate excessive local strain through multi-slip activation. This pressure-

induced transition from single to multiple slip systems prematurely exhausts the ductility of the 

WM and facilitates crack initiation, ultimately manifesting as a flattened fracture morphology. The 

inherent vulnerability of the HAZ stems from its microstructural constituents (β-transformed and 

plate-like secondary α phases), which limit its deformability under pressure and render it prone to 

brittle fracture upon crack onset. Alongside this mechanical perspective, electrochemical analysis 

reveals that hydrostatic pressure suppresses repassivation in the HAZ, compromising passive film 

stability. The synergy between strain concentration in the WM and film instability in the HAZ 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

underpins the enhanced stress corrosion susceptibility of the HAZ relative to the other weld zones. 

These findings establish that environmental embrittlement under deep-sea conditions arises from 

a coupled mechanism involving both strain redistribution across microstructural zones and 

localized degradation of passive film stability, providing a mechanistic basis for improving the 

reliability of welded titanium components in deep-sea applications. 

 

Methods 

Materials and welding procedure 

Ti-6Al-4V alloy thick plates were used as the base material, and matching filler wire of the 

same alloy was employed. Prior to welding, the plates were degreased using deionized water and 

ethanol. A TIG process was then performed. The final welded plate dimensions were 300 mm × 

150 mm × 15 mm, with a weld pool width of 15 mm (Fig. 13(a)) and a weld shape factor of 1.0. 

Welding parameters are listed in Table 1. The PAW process induced significant microstructural 

evolution, resulting in a joint composed of three distinct regions: the HAZ, WM, and unaffected 

BM, as shown in optical micrographs (Figs. 13(d-h)). Due to varying thermal cycles experienced 

from the weld center to the base material, each region developed a unique microstructure, the 

difference in microstructure can be explained by the CCT phase diagram in Fig. 13(c). It can be 

clearly seen from the CCT diagram that the critical cooling rate for the formation of complete 

martensitic α′ phase is 410 °C/s, which corresponds to the WM at the center of the molten pool. 

When the cooling rate is lower than 20 °C/s, only Widmanstatten α and primary α and β phases 
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are formed, which is the BM region of the forged sheet that is not affected by the thermal cycle. 

The HAZ is between the cooling rates of 410 ~ 20 °C/s, and the β phase is partially transformed 

into the α′ phase, accompanied by a large block of α phase. The BM (Fig. 13(d)) consists primarily 

of equiaxed α phase with intergranular β phase; the WM center (Fig. 13(f)), subjected to 

temperatures well above the melting point and rapid cooling, formed acicular α′ martensite; the 

narrow transitional HAZ exhibits a microstructural gradient—from equiaxed a and transformed β 

near the BM (Fig. 13(g)), through primary a with lamellar transformed β containing secondary α 

(Fig. 13(e)), to fine acicular α/α′ and retained primary β adjacent to the WM (Fig. 13(h)). 

Table 1 TIG welding parameters for Ti-6Al-4V alloys. 

Welding Parameters Values 

Welding current (A) 200 

Welding voltage (V) 17 

Welding speed (cm/min) 15 

Plasma gas flow rate (lpm) 5 

Torch position Vertical 

Slow strain rate testing (SSRT) 

To investigate SCC under hydrostatic pressure, tensile specimens were cut from the welded 

plate via electrical discharge machining (EDM) according to ASTM G129 [38], with the gauge 

section positioned within the BM, HAZ, or WM (Fig. 13(a)). Specimen geometry is shown in Fig. 

13(b). SSRT tests were conducted using a deep-sea environment simulation system (Bairoe, 

Shanghai) at a strain rate of 10−5 s−1 in three environments: air, 0.1 MPa hydrostatic pressure + 3.5 

wt.% NaCl solution, and 15 MPa hydrostatic pressure + 3.5 wt.% NaCl solution. Engineering 
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stress–strain curves were recorded via a data acquisition system. The SCC susceptibility was 

quantified using the SSRT index (ISSRT), calculated as [39]: 

ISSRT=1-
[σsol×(1+δsol)]

[σair×(1+δair)]
                       (1) 

where δair and δsol are the elongations to fracture in air and solution, respectively, and σair and σsol 

are the corresponding ultimate tensile strengths. ISSRT ranges from 0 (no susceptibility) to 1 

(extreme susceptibility). All tests were repeated at least three times, and average values were 

reported. 

 

Fig. 13 Schematic representation and microstructural analysis of titanium alloy welding. (a) Sampling diagram 

of a Ti-6Al-4V welded plate, (b) dimensions of tensile specimens, (c) CCT phase diagram of Ti-6Al-4V alloy[40, 

41], (d) metallographic microscope image of BM, (e) metallographic microscope image of HAZ, (f) 
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metallographic microscope image of WM, (g) metallographic microscope image of HAZ adjacent to BM, and 

(h) metallographic microscope image of HAZ near WM. 

Microstructural characterization 

All specimens were ground progressively with SiC papers from 240# to 2000#, then cleaned 

sequentially with deionized water, acetone, and ethanol, and dried with cold air. For optical 

microscopy (Axio Observer Z1, Zeiss), specimens were mechanically polished and etched in a 

solution of 2 vol.% HF + 8 vol.% HNO3 to reveal microstructures. Fracture surfaces from SSRT 

tests in air, 0.1 MPa NaCl solution, and 15 MPa NaCl solution were examined using a field-

emission SEM (INSPECT F50, FEI) in secondary electron mode. Fractal dimension analysis was 

employed to quantify fracture surface roughness. After grayscale conversion and filtering, the 

Marr–Hildreth algorithm was used to detect dimple edges, and the box-counting method was 

applied to calculate the fractal dimension. EBSD was performed on as-welded samples and on 

samples tensile-tested to yield under 15 MPa hydrostatic pressure. EBSD specimens were 

electropolished in a solution of 10 vol.% perchloric acid + 90 vol.% ethanol at −30 °C. 

Electrochemical Measurements 

All electrochemical tests were conducted using an Autolab integrated with a high-pressure 

autoclave simulating deep-sea conditions. A standard three-electrode cell was used: the specimen 

as the working electrode, an Ag/AgCl (1 mol/L KCl) reference electrode rated for high pressure, 

and a platinum mesh counter electrode. According to ASTM G30 [42], 0.5 mm-thick Ti-6Al-4V 

welded sheets were bent into U-shaped specimens with a 5 mm radius. The specimens were 

connected to copper wires and sealed with epoxy resin, exposing only ~1 cm² of the top surface 
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(corresponding to BM, HAZ, or WM). Tests were performed at room temperature in 3.5 wt.% 

NaCl solution under hydrostatic pressures of 0.1 MPa and 15 MPa. Prior to testing, all specimens 

were potentiostatically polarized at −1.5 V (vs. Ag/AgCl) for 2 min to remove native or pre-formed 

surface oxides. After open-circuit potential (OCP) stabilization, five consecutive electrochemical 

impedance spectroscopy (EIS) measurements were performed to assess passive film growth. EIS 

used a 10 mV sinusoidal perturbation over a frequency range of 105 to 10−2 Hz. 

Data availability 

The data supporting the main findings are available in the manuscript and supplementary 

information file. Additional support can be obtained from the corresponding author upon 

reasonable request. 
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Figures 

Fig. 1 Stress-strain curves of Ti-6Al-4V for different welding regions. 

Fig. 2 Mechanical properties of Ti-6Al-4V as determined by SSRT. (a) Yield strength, (b) ultimate 

tensile strength, (c) fracture elongation, and (d) stress corrosion cracking susceptibility. 

Fig. 3 Fracture morphology of BM samples post SSRT. (a) In air, (b) in 3.5% NaCl solution at 0.1 

MPa, and (c) in 3.5% NaCl solution at 15 MPa. 

Fig. 4 Fracture morphology of HAZ samples post SSRT. (a) In air, (b) in 3.5% NaCl solution at 

0.1 MPa, and (c) in 3.5% NaCl solution at 15 MPa. 

Fig. 5 Fracture morphology of WM samples post SSRT. (a) In air, (b) in 3.5% NaCl solution at 

0.1 MPa, and (c) in 3.5% NaCl solution at 15 MPa. 

Fig. 6 Analysis of fractal dimension on dimple areas of tensile fracture surfaces of Ti-6Al-4V weld 

specimens under different environmental conditions. 

Fig. 7 Orientation maps of different welding zones in Ti-6Al-4V. (a1, a2) Orientation maps in the 

x-direction and z-direction of the original BM samples, (b1, b2) orientation maps in the x-direction 

and z-direction of BM samples after SSRT  to yield under 15 MPa, (c1, c2) orientation maps in 

the x-direction and z-direction of the original HAZ samples, (d1, d2) orientation maps in the x-

direction and z-direction of HAZ samples after SSRT to yield under 15 MPa, (e1, e2) orientation 

maps in the x-direction and z-direction of the original WM  samples, and (f1, f2) orientation maps 

in the x-direction and z-direction of WM samples after SSRT to yield under 15 MPa. 
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Fig. 8 IPF maps of different welding regions in Ti-6Al-4V. (a1) IPF map of the original BM 

samples, (a2) IPF map of BM samples after SSRT to yield under 15 MPa, (b1) IPF map of the 

original HAZ samples, (b2) IPF map of HAZ samples after SSRT to yield under 15 MPa, (c1) IPF 

map of the original WM samples, and (c2) IPF map of WM samples after SSRT to yield under 15 

MPa. 

Fig. 9 KAM and basal slip Schmid factor maps of different welding zones in Ti-6Al-4V. (a1) 

KAM map of the original BM samples, (a2, a3) KAM map and basal slip Schmid factor map of 

BM samples after SSRT to yield under 15 MPa, (b1) KAM map of the original HAZ samples, (b2, 

b3) KAM map and basal slip Schmid factor map of HAZ samples after SSRT to yield under 15 

MPa, (c1) KAM map of the original WM samples, (c2, c3) KAM map and basal slip Schmid factor 

map of WM samples after SSRT to yield under 15 MPa, (d1) Distribution of original local 

misorientation across different welding zones, and (d2, d3) distribution of local misorientation and 

basal slip Schmid factor across different welding zones after SSRT to yield under 15 MPa. 

Fig. 10 EIS results of different welding regions of Ti-6Al-4V. (a) Nyquist plot of BM samples in 

solution at 0.1 MPa, (b) Nyquist plot of HAZ samples in solution at 0.1 MPa, (c) Nyquist plot of 

WM samples in solution at 0.1 MPa, (d) Nyquist plot of BM samples in solution at 15 MPa, (e) 

Nyquist plot of HAZ samples in solution at 15 MPa, and (f) Nyquist plot of WM samples in 

solution at 15 MPa. 

Fig. 11 Fitting results of electrochemical impedance of different welding regions. (a) Equivalent 

circuit, (b) variation pattern of fitting parameter R1, and (c) variation pattern of fitting parameter 

1/Ceff,1. 
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Fig. 12 The schematic diagram of stress corrosion mechanism of Ti-6Al-4V alloy in different 

welding areas under 15 MPa hydrostatic pressure 

Fig. 13 Schematic representation and microstructural analysis of titanium alloy welding. (a) 

Sampling diagram of a Ti-6Al-4V welded plate, (b) dimensions of tensile specimens, (c) CCT 

phase diagram of Ti-6Al-4V alloy, (d) metallographic microscope image of BM, (e) 

metallographic microscope image of HAZ, (f) metallographic microscope image of WM, (g) 

metallographic microscope image of HAZ adjacent to BM, and (h) metallographic microscope 

image of HAZ near WM.  
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Table 

Table 1 TIG welding parameters for Ti-6Al-4V alloys. 

Welding Parameters Values 

Welding current (A) 200 

Welding voltage (V) 17 

Welding speed (cm/min) 15 

Plasma gas flow rate (lpm) 5 

Torch position Vertical 

 


