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Abstract

The effect of hydrogen charging by cathodic polarization on T40 (grade 2) and TA6V ELI (grade 23) in artificial seawater appeared to be dependent on the metallurgical
structure of the alloys. Mechanical tensile tests were performed on smooth samples and with different notches without and with hydrogen charging. Evolution of the
fracture mode has been studied and the impact of hydrides was questioned. FEM calculation offers the opportunity to associate the local hydrostatic stress σm and
equivalent plastic strain εpeq leading to the fracture and to illustrate the evolution of these conditions with hydrogen absorption and hydrides formation. Hydrogen
charged by cathodic polarization appeared to have a small impact on grade 2 reducing its A%, whereas it leads to a strong embrittlement of grade 23 when the solubility
limit of β-phase is exceeded and hydrides formed.

 

 

1. Introduction

In the naval industry, some components are constituted by the assembly of several materials including titanium alloys. These latter have been chosen for their ability to
protect themselves against corrosion in seawater [1]. However, to protect the other components, cathodic protection (CP) is applied. If this process is very effective and
prevents corrosion, it remains a probable source of hydrogen, which can be absorbed by titanium and induced the embrittlement of the structure. This latter characterized
by a loss of mechanical properties and the change of the damage mechanism from ductile to brittle. The main evoked hydrogen-assisted damage mechanism in titanium
alloys is the formation of hydrides, however, this mechanism is mainly mentioned when the limit of hydrogen solubility is exceeded which leads to the formation of
hydrides [2]. This does not exclude that other mechanisms may also play a role in the embrittlement, and more particularly when the structure is mechanically stressed,
and the titanium alloy has a particular metallurgy (phases, textures …) [3, 4]. So it is necessary to study the influence of the metallurgical states and the hydrogen
concentrations on the mechanical behaviour of titanium alloys, this then requires a better understanding of the contribution of several conditions of CP (hydrogen
concentrations below the solubility and until hydrides formation) on the mechanisms of fracture.

2. Materials and experiments

Two materials were studied, the commercially pure grade 2 and the grade 23 titanium alloy. Grade 2 was received in the form of 3 mm-thick rolled sheet from TIMET
and grade 23 in the form of 6 mm-thick rolled sheet from AUBERT & DUVAL. Grade 2, presents a single α-phase equiaxed structure with grains measuring 46 ± 10 μm
and some intergranular iron inclusions (<0,3% weight). The texture analysis shows a preferential crystallographic orientation of the basal (0002) pole (Figure 1). The
axes are perpendicular to the rolling direction (RD) with the basal pole rotated about 35° toward the transverse direction (TD). Grains show strong misorientations
(>15°). Additionally, it has been observed by TEM only a few dislocations in α-grains. Grade 23 presents a α/β bimodal structure with a volume fraction of β-phase
about 6%.  Primary α grains measure 22 ± 5 μm, secondary α grains measure 9 ± 5 μm and β grains measure approximately 1 μm. Macro-zones of 100 to 150 μm-thick
are stacked all along the normal direction (ND) (Figure 1). The dislocation density in the α-phase is on the order of 9.4 1013m-2 and TEM observations highlight
dislocation sub-boundaries.

Five types of axisymmetric mechanical samples were used for tensile tests (speed = 10-5.s-1). A smooth one, two U-notches (U5 with a 5 mm notch radius and a Kt of
1.3; U3 with a 3 mm notch radius and a Kt of 1.45) and two V-notches (V0.25 with a 0.25 mm notch radius and a Kt of 3.51; V0.14 with a 0.14 mm notch radius and a
Kt of 4.41). Grade 2 samples were collected perpendicular to the rolling direction and grade 23 ones were collected parallel to the rolling direction. Stress axes are TD
and RD respectively for grade 2 and grade 23. Hydrogen charging conditions of mechanical samples by cathodic polarization were performed on their gorge length in an
artificial seawater pH 8, ASTM-D1141 solution at 30°C with a -1,8V/SCE potential, (Figure 2). Tensile tests were performed within 30 minutes after the end of the
hydrogen charging to minimize the hydrogen desorption. Hydrogen concentration was measured by thermo-desorption spectroscopy (TDS Horiba EMGA Serie) by
collecting a 1 mm-thick slice in the un-necked zone of mechanical samples after tensile tests. Fractures were analyzed by SEM (JEOL JSM 5410 LV). Then, transversal
surfaces were polished until OPS Master-Met vibro-polishing and observed by SEM (FEI Quanta 200 ESEM/FEG with EBSD TSL/EDAX). As the last step, local
mechanical properties (hydrostatic stress and equivalent plastic strain) were identified by calculations using the Finite Element Method (FEM) with an elasto-plastic
isotropic law.

 

 

 

 

 

MATEC Web of Conferences 321, 09004 (2020) https://doi.org/10.1051/matecconf/202032109004
The 14th World Conference on Titanium

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



(a) (b) (c)

Figure 1 : EBSD analyses of our two alloys. (a) Crystallographic pole figure of grade 2, (b) the (RD, ND) face associated with (a) and (c) the (ND,TD) face of TA6V ELI with
macro-zones.

 

Figure 2 : Hydrogen charging system

 

3. Results

Tensile tests

Figure 3 presents the conventional tensile tests without notch of grade 2 and grade 23 for different hydrogen concentrations after charging by the electrochemical way. A
completely different behaviour is noticed between the two alloys. With add of hydrogen, A% of grade 2 lowers but the general shape of the curve remains the same. The
sample with 492 wppm is different. It has not been tested within de 30 minutes after the hydrogen charging but 10 hours after. We can see that its A% is higher than it
should be, compared to other test, which suggest that the mobile hydrogen promote damage more than hydrides. Looking at Figure 4, we noticed that the fracture mode
of smooth samples stays the same even with 825 wppm of hydrogen. The fracture is ductile in “fluting” type. However, the size of the “flutes” seems to decrease with
the increase of hydrogen concentration. The orientation of “flutes” and the elliptic surface of fracture are relative to the crystallographic texture. A hydride layer, Figure
5, is formed with hydrogen absorption on the sub-surface of the samples. The layer is broken perpendicularly to the axis of the tensile test and does not initiate any crack
in the α-phase itself. Tests of U and V samples are with the same decrease of A% tendencies. It can be noticed that some hydrides clusters have been seen in all the bulk
of the samples independently to the depth considered. U samples show the same fracture mode as smooth samples. The fracture of V samples (V0, 14 show in Figure 6)
is somewhat different. The fracture initiates in a ductile way on the surface and spreads brittle in the core of grade 2. We can also see that the size of the ductile band
initiation lower with the increase of hydrogen concentration.
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(a) (b)

Figure 3 : Tensile tests with smooth samples without and with hydrogen chargings of (a) grade 2 and (b) grade 23.

 

  

(a)

(b)

Figure 4 : Pole figure and fracture of smooth grade 2 samples (a) without hydrogen charging and (b) with 825 wppm of hydrogen.

 

(a) (b) (c)

Figure 5 : Hydride layer on a charged mechanical sample of grade 2 (collected perpendicular to the rolling direction) by SEM (a) on the fracture surface (with the fracture
initiation) and (b) by a longitudinal cut.
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Figure 6 : Fracture of V0, 14 grade 2 samples (a)without hydrogen and (b) with 500 wppm of hydrogen. (c) Ductile "fluting" fracture initiation on the surface and (d) brittle
intern propagation

 

Grade 23 has a different behaviour (Figure 3). When approximately 300 wppm of hydrogen is exceeded, smooth samples break before the beginning of the necking.
Figure 7 shows the fracture surfaces of smooth, U5 and V0.14 samples of grade 23. An impact of macro-zones is noticed with the elliptic shape and on the “fibres” on
samples without charging. The fracture mode is ductile. However, these particularities erase when hydrogen exceeds 300 wppm and the samples become brittle as seen
on fractures modes. We can also see that the initiation of the fracture without hydrogen charging comes from the core of the smooth and U5 samples and from the
surface of the sample V0.14. For charged brittle samples, all fractures initiate on the surface. Figure 8 and Figure 9 are SEM analysis on a longitudinal cut of the smooth
sample with 636 wppm of hydrogen. It brings out the presence of inter-granular hydrides in the sample. Their presence has been seen on all interfaces in sub-surface,
decreasing their number until a small number to the core of this sample; Figure 9 shows the brittle properties of these hydrides. Even in the bulk, some of these hydrides
fractured.
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(a) (b) (c)

(d) (e) (f)

Figure 7 : Fracture of (a) (d) smooth, (b) (e) U5 and (c) (f) V0, 14 grade 23 samples. (a), (b) and (c) without hydrogen charging. (d) with 365 wppm, (e) 385 wppm and (f) 592
wppm of hydrogen measured on the un-necked zone.

 

Figure 8 : Hydrides on sub-surface in a charged mechanical sample of grade 23 by SEM-BSE on a longitudinal cut.

 

Figure 9 : Fracture in intergranular hydrides observed at 1 mm depth and 150 μm below the fracture of a smooth sample with 636 wppm of hydrogen.

 

Numerical approach
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Figure 10 presents the mesh used for the modelling Smooth, U5 and V0.14 samples and maps representing the localisation of hydrostatic stress σm and equivalent
plastic strain εpeq on a longitudinal section at the last modelling point (before fracture) without hydrogen charging. We can see that σm and εpeq are maximum in the core
of the smooth samples and on the surface of the V samples, which correspond to the fracture initiations seen on the precedent part. Figure 11 presents the numerical
stress/strain curves compared to the experimental ones on both alloys. We modelled until the beginning of the fracture and does not considered the fracture propagation.
Because this is an isotropic low, the reduction of sample section obtained is between the values we have observed experimentally for the two axes of the ellipse (Figure
4 and Figure 7). An anisotropic plastic criterion will be applied in future work.

Figure 12 shows the local conditions of fracture of grades 2 and 23 in term of σm and εpeq. We see the differences between grade 2 which can support a higher local
equivalent plastic strain and grade 23 which can support nearly two times higher hydrostatic stress than grade 2. The same approach with each type of sample was used
for samples with hydrogen charging and presented in Figure 12. Grade 2 with 500 wppm presents a low decrease of local mechanical properties even if hydrides have
been detected as a layer on surface and sub-surface as presented in Figure 5 and also in all the bulk of the sample. Hydrides are presents inside grade 23 when the local
solubility limit of β-phase is exceeded (higher than 300 wppm approximately). Some hydrides have been observed even in the middle of a smooth sample which
measured 6.35 mm of diameter, so hydrogen have penetrate mare than 3 mm deep in the alloy. It is clearly seen that hydrides lower the mechanical strength of this alloy
by fracturing prematurely with a limit of the plastic deformation of approximately 5%.

 

(a)

(b)

(c)

 Mesh Hydrostatic stress Equivalent plastic strain

Figure 10 : Mesh of modelled (a) smooth, (b) U5 and (c) V0, 14 samples and localisation of hydrostatic stress and equivalent plastic strain as a function of the radius at the last
point of modelling.

 

(a) (b)

Figure 11 : Experimental and numerical conventional stress/strain curves of (a) grade 2 and (b) grade 23.
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Figure 12 : Local conditions of fracture of grades 2 and 23 in term of hydrostatic stress and equivalent plastic strain

 

4. Discussion

Grade 2 is a polycrystalline metal where grain-boundaries promote hydrogen diffusion. Hydrogen charged by the electrochemical way decreases the ductility of grade 2
but doesn’t change its fracture mode (fluting mode). This small reduction of ductility has been illustrated in Figure 12. This single-phase alloy formed a hydride layer on
its surface during hydrogen charging and we observed that this layer break during tensile tests without initiating any fracture in the α-phase itself and without modifying
the fracture mode of samples. Some hydrides clusters have also been identified in all the bulk of the alloy. Hydrides are generally known to cause embrittlement but it
has been shown that they can be ductile dependently to their crystallographic arrangement with the matrix during their formation [5]. It has also been shown that
hydrides clusters can promote void nucleation on grade 2 and have a moderate impact on the fracture [2]. Embrittlement of grade 2 was shown in precedent works [6]
but with gaseous charging at 475°C and higher hydrogen concentration (600 to 3000 wppm), so hydrogen diffused in a great content in all the alloy and formed a lot of
hydrides in all the bulk with a large density of interfaces. In our study, most of the hydrides consist of the surface and sub-surface layer even if there is some in the bulk.
Because of these observations, we will continue our study with stronger concentrations of hydrogen and with homogenisation by thermal treatments. Past studies show a
similar fracture of titanium (flutes) with and without hydrogen [7], [3]. Sections of deformed samples show that these shapes form at the intersection of slip bands or
deformation twins [8]. This morphology is induced by the low symmetry of the α-phase hexagonal structure where prismatic glides are predominant. Sample testing
after a long aging time (492 wppm) Figure 3 highlight a lower loss of ductility than the other hydrogen charging samples which question the respective impact of
hydrides and solute hydrogen on damage.

Grade 23 is a two-phase alloy and react very differently to the addition of hydrogen. Hydrides forms after a hydrogen concentrations of approximately 300 wppm.
Considering that hydrogen is absorbed in β-phase during the charging and hydrides formed after the saturation of this phase which is 6% of the structure, the limit of 300
wppm in the alloy is the hydrogen solubility limit of 5000 wppm in the β-phase [9]. Immediately after the first hydrides precipitations, mechanical properties of this
alloy falls (Figure 12). The fracture becomes brittle and initiate on the sub-surface regardless of the sample type. The propagation follows hydrides, which are
principally located on the grain boundaries (α/β interfaces and α boundaries).

Figure 12 is the diagrams representing the type of fracture as a function of the stress concentration and the hydrogen concentration measured on the un-necked zone
(average hydrogen content) of the samples after the tensile test. All samples tested have been represented. As we explained, there is not changes of fractures type in
grade 2 but a reduction of “flutes” size and decrease of A%.  Grade 23 present a limit after when it becomes brittle. This limit between ductile and brittle fracture is here
relatives to samples shape and size. The variation observed in the picture is mostly caused by the way we measured the hydrogen concentration. The different shapes of
samples can modify locally the charging conditions and the local concentration of hydrogen. For future work, to access this last concentration, we will perform FEM
calculations with diffusion model associated to the mechanical model.
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(a) (b)

Figure 13 : Fracture type as a function of Kt and hydrogen concentration (measured on the un-necked zone of samples) of (a) grade 2 and (b) grade 23. Squares represents the
mechanical samples tested. FF is fluting fracture, DF is dimple fracture and BF is brittle fracture

 

Conclusion

Hydrogen charged by cathodic polarization appeared to have a moderate impact on grade 2 reducing the ductility for hydrogen content lower than 500 wppm. Sub-
surface hydride layer breaks during tensile tests without initiate the fracture of the sample and diffusible hydrogen could be at the origin of the reduction of mechanical
properties. In opposite, hydrogen leads to strong embrittlement of grade 23 for hydrogen content higher than 300 wppm when hydrides forms at the interfaces of α-phase
and β-phase and at the α grain boundaries.
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