
HAL Id: hal-03471263
https://hal.science/hal-03471263

Submitted on 8 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Nanoindentation study of hydride diffusion layer in
commercial pure titanium

Qian Wang, Jean-Sébastien Lecomte, Christophe Schuman, Laurent Peltier

To cite this version:
Qian Wang, Jean-Sébastien Lecomte, Christophe Schuman, Laurent Peltier. Nanoindentation study
of hydride diffusion layer in commercial pure titanium. Materials Science and Engineering: A, 2022,
832, pp.142428. �10.1016/j.msea.2021.142428�. �hal-03471263�

https://hal.science/hal-03471263
https://hal.archives-ouvertes.fr


HAL Id: hal-03471263
https://hal.archives-ouvertes.fr/hal-03471263

Submitted on 8 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Nanoindentation study of hydride diffusion layer in
commercial pure titanium

Qian Wang, Jean-Sébastien Lecomte, Christophe Schuman, Laurent Peltier

To cite this version:
Qian Wang, Jean-Sébastien Lecomte, Christophe Schuman, Laurent Peltier. Nanoindentation study of
hydride diffusion layer in commercial pure titanium. Materials Science and Engineering: A, Elsevier,
2022, 832, pp.142428. �10.1016/j.msea.2021.142428�. �hal-03471263�

https://hal.archives-ouvertes.fr/hal-03471263
https://hal.archives-ouvertes.fr


Nanoindentation study of hydride diffusion layer in commercial 
pure titanium 

Qian Wang a,b,**, Jean-Sébastien Lecomte a,b,***, Christophe Schuman a,b,*, Laurent Peltier a,b

a Laboratoire D’Etude des Microstructures et de Mécanique des Matériaux (LEM3), Université de Lorraine, CNRS, Arts et Métiers ParisTech, Metz, 57073, France 
b Laboratory of Excellence on Design of Alloy Metals for Low-mAss Structures (DAMAS), Université de Lorraine, Metz, 57073, France   

A B S T R A C T

In this work, the mechanical properties of hydride diffusion layer were thoroughly researched by nano-
indentation technique. For the first time, the clear section microstructure of hydride diffusion layer was revealed 
under scanning electron microscope with complicated interactions of hydride plates near the interface between 
hydride layer and titanium matrix. The hydride layer section has higher hardness and lower modulus towards 
titanium matrix due to the hard nature and easier crack nucleation of hydride precipitation. Besides, the hardness 
of titanium matrix shows considerable anisotropy. The anisotropic hardness of sample surface was studied before 
and after hydrogen charging. The hardness of titanium matrix decreases with the increase of deviation angle 
between c-axis and surface normal. The hydride layer formed in the titanium grain with more favorable 
orientation for hydride transformation tends to possess higher indentation hardness.   

1. Introduction

Environment sensitive failure, particularly the hydrogen assisted
mechanical degradation or hydrogen embrittlement, is a longstanding 
problem in material science, which occurs more easily with the increase 
of hydride precipitation. Hydrogen embrittlement in titanium occurs by 
hydrogen absorption near the crack tip and the precipitation of brittle 
hydride, thus promoting crack formation in a stress corrosion cracking 
process [1,2]. Three types of hydride phases have been found depending 
on the hydrogen concentration: face-centered tetragonal (FCT) TiH, 
face-centered cubic (FCC) TiHx (with x ranging between 1.5 and 2) and 
FCT TiH2 [3–7]. In addition, four orientation relationships (ORs) are 
determined between hexagonal close packed (HCP) Ti matrix and 
FCT/FCC hydride [3–6] (see Table 1). 

The hard nature of hydride and the strain incompatibility between 
hydride and matrix material are the reasons for the hydride enhanced 
hardening process [8]. Therefore, it is important to understand the 
mechanical properties of the hydride for the prevention of mechanical 

degradation. Nanoindentation test is a good method to measure the 
nanomechanical properties of hydride. According to the previous studies 
[9,10], the hydride diffusion layer formed by electrolytic hydrogen 
charging has higher nanohardness and lower elastic modulus than ti-
tanium matrix. Conforto et al. [11,12] also studied the mechanical 
characteristics of epitaxial hydride layer, plastic deformation were 
demonstrated in indentation tests up to more than 1% strain. The 
micro-crack or void nucleation can be formed by the internal stress 
concentration resulting from the interaction between hydride and 
plastic deformation modes. 

In addition, the microstructure and some mechanical behaviors of 
hydride precipitation are related to the parent grain orientation. Wang 
et al. [13,14] proposed that the microstructure of hydride precipitation 
and hydride-induced plastic deformation are strongly dependent on the 
orientation of titanium matrix. Hydride-induced hardening in pure Zr is 
also dependent on the crystal orientation and relationship between slip 
plane and hydride habit plane, which is more significant when the slip 
plane close to the hydride habit plane [15]. Furthermore, the HCP 
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titanium shows strong anisotropy due to fewer slip systems. The aniso-
tropic hardness of titanium was studied by Fizanne-Michel et al. [16] 
and Fitzner et al. [17]. The indentation hardness values decrease as the 
stress axis deviates from the [0001] direction. Therefore, it can be 
reasonably speculated that the indentation hardness of hydride layer are 
also influenced by the parent titanium orientation. To study this, tita-
nium grains with random orientations were followed before and after 
hydrogen charging to investigate the relationship between the hardness 
of hydride layer and parent titanium orientation. 

In the present paper, the mechanical properties of titanium hydride 
formed by electrolytic hydrogen charging were studied by means of 
nanoindentation technique. At first, the hardness and modulus of hy-
dride layer section is measured and analyzed. Next, the anisotropic 
hardness of the titanium matrix and hydride precipitation is determined. 
The reason for the orientation dependent hardness of hydride and tita-
nium matrix is analyzed. 

2. Experimental methods

In the current work, the material used was rolled commercially pure
titanium T40 (ASTM grade 2) sheet with the thickness of 1.5 mm and 
annealed at 800 ◦C for 3 h under high vacuum condition. The obtained 
material was fully recrystallized with an average grain size of ~50 μm. 
Due to limited sample thickness (1.5 mm), transverse direction (TD) and 
rolling direction (RD) surfaces were not sufficient to do analysis and not 
available for the nanoindentation test. Thus, for the investigation on the 
section of hydride layer (Sample A), TD surface was taken as diffusion 
surface and normal direction (ND) surface as observation surface of 
hydride layer section. The ND surface of Sample B was hydrogen 
diffusion surface. 44 grains with different orientations were measured 
by nanoindentation test before and after hydrogen charging to study the 
mechanical property change. According to our previous work [13], the 
texture of diffusion surface plays an important role on the hydride 
transformation. ND and RD surfaces are favorable for OR2 and OR1 
hydride transformation, respectively. In this work, TD surface in Sample 
A had better orientation distribution covering both OR1 and OR2 
favorable grains. As for Sample B, the selected grains had random ori-
entations. Therefore, the texture of sample surfaces cannot significantly 
affect the results. 

The details of the sample preparation are present here. The TD sur-
face of initial Sample A was ground with 500–2000 grit SiC and then 
rough polished with 9–3 μm diamond, followed by 20 s electrolytic 
polishing to obtain free-stress surface. Electrolytic polishing was per-
formed with a solution of 5% perchloric acid, 35% butan-l-ol and 60% of 
methanol at 40 V at temperatures lower than 5 ◦C [18]. After hydrogen 
charging, the sample were mounted with Struers Polyfast resin to pro-
tect the diffusion surface during the metallographic preparation process. 
The mounted sample was ground until 3 μm diamond and attack pol-
ished 20 min with the solution of 50 mL MASTERMET 2 colloidal silica, 
10 mL H2O2 (30%) and 5 mL Kroll’s reagent [19]. The attack polishing 
can reveal the interface microstructure between hydride layer and ti-
tanium matrix and is more moderate than argon ion polishing in 
Ref. [14]. For Sample B, the initial microstructure for Electron Back-
scatter Diffraction (EBSD) characterization was obtained by the same 
method with Sample A. To follow the same area including selected 44 
grains before and after hydrogen charging, the zone of interest at the 

center of sample was marked by four micro-indentations. To prevent the 
influence of the corrosion of hydrogen charging solution on the hardness 
of diffusion surface, the hydrogenated surface was slightly electrolytic 
polished for 5 s before nanoindentation test. 

Hydrogen was introduced into sample surface by an electrolytic 
method in an electrolyte consisting of 1/3 vol phosphoric acid and 2/3 
vol glycerin under an applied current density of 2 kA/m2 for 168 h. The 
schematic of the hydrogen charging system was presented in Fig. 1a. 
Enough hydride diffusion layer can be formed after 168 h charging. The 
hydrogen concentration of the sample with hydride layer is around 123 
wt ppm, which was measured by thermal desorption analysis, the same 
as that in Ref. [13], at the Welding and Joining Institute (ISF) of the 
RWTH Aachen University. The characterization was performed using 
Zeiss Supra-40 and JSM 6490 scanning electron microscope (SEM) 
equipped with an EBSD camera. According to the X-ray diffraction result 
in Ref. [20], FCC hydride is dominant hydride phase after 168 h 
hydrogen charging. Moreover, it is difficult to accurately distinguish 
FCC and FCT hydride phases by EBSD, only FCC hydride was chosen as 
indexed phase in this work. 

Nanoindentation tests were conducted using the nanoindenter NHT2 
from Anton Paar equipped with a continuous stiffness measurements 
modulus and Berkovich tip indenter (142.3◦). The indentation hardness 
(HIT) and plane strain modulus (E*) were extracted from the unloading 
part of load-depth curves by using Oliver and Pharr model [21]. For 
Sample A, the indentation arrangement to measure the hydrogenated 
sample section follows the method of [9], as shown in Fig. 1b. 35 indents 
were arranged along the tilted red line started from resin to titanium 
regions with respective 5 μm and 1 μm separation along x and y axes. An 
adjusting the depth offset (ADO) procedure was performed after each 
three indentations to prevent the unpredictable surface topography 
variation. The average HIT and E* values related to the distance from the 
diffusion surface around 1–30 μm are calculated from five indentation 
lines. To measure the anisotropic mechanical properties of Sample B, 6 
indentations plus 1 ADO were pressed in the equivalent 44 grains before 
and after hydrogenation charging. The indentations after hydrogen 
charging were performed far from the indents before charging to prevent 
the influence of each other. The influence of the grain boundaries was 
minimized by choosing indents in the grain interior more than 2 μm 
from grain boundaries [22]. The average hardness of each grain was 
calculated and analyzed together with crystal orientation. The inverse 
pole figure (IPF) related to the nanohardness was drawn with the 
hardness IPF file of a free Python library developed by Jean-Sébastien 
Lecomte (https://github.com/pyOriLib). 

3. Results and discussion

3.1. Section of hydride diffusion layer 

3.1.1. Section microstructure 
The section microstructure of hydrogenated sample is shown in the 

SEM image (see Fig. 2a). The hydride layer can be found between the 
resin and titanium matrix, which reveals the non-uniform hydride for-
mation during the hydrogen charging at room temperature. Indeed, 
during hydrogen diffusion in titanium, lath-shaped hydride forms 
randomly at the early stage, then forms colonies and eventually a layer 
[24]. The microstructure of the area inside the green box is character-
ized under EBSD measurement, as shown in Fig. 2b and c. Phase map is 
presented in Fig. 2b, in which the hydride and titanium phases are 
colored by respective green and red. The green layer corresponds to the 
dark gray hydride layer in the SEM image. In addition, inside the tita-
nium matrix, there also appear some hydride particles. Thus, it can be 
derived that hydride particles can be formed first before the hydride 
plate and hydride layer during hydrogen diffusion. The grain boundaries 
(black lines) inside diffusion layer show the complicated hydride in-
teractions, which can be observed more clearly in Fig. 2c. The IPF map is 
projected by TD parallel to hydrogen diffusion direction. 

Table 1 

Four orientation relationships of hydride transition.   

Orientation relationship Interface plane 

OR1 {0001} //{001}, < 1210 > // < 110 > {1010}//{110}
OR2 {0001}//{111} (angle of 4◦), < 1210 > // < 110 > {1013}//{110}
OR3 {1010}//{111}, < 1210 > // < 110 > {0001}//{112}
OR4 {1011}//{001}, < 1210 > // < 110 > {1011}//{111}

https://github.com/pyOriLib


The orientation dependent hydride layer has been investigated in 
Ref. [14]. The hydride layers in the titanium grains with the orientations 
of < 1010 > and < 1210 > aligned to the diffusion direction mainly 
encourage OR1 hydrides. The grains with {1013} and basal plane par-
allel to the diffusion surface are favorable for the OR2 hydride layer. 
However, due to that the interface between hydride layer and titanium 
matrix was broken by the ion beam polishing, the hydride variants 

cannot be determined according to the section characterization. In the 
present work, the SEM image in Fig. 2a reveals the interface traces of 
some hydride plates at the interface between hydride layer and titanium 
matrix, which can help identify partial hydride variants. 

Fig. 3a shows the magnified SEM image at the interface between 
hydride layer and matrix. Four hydrides plates inserted into matrix are 
chosen, of which the interfaces are labeled by the dotted red lines. The 

Fig. 1. (a) Schematic presentation of the hydrogen charging system [23]. (b) Schematic of hydride diffusion layer and indentation arrangement.  

Fig. 2. (a) The SEM image of section microstructure of hydride layer. (b) Phase map of the area inside the green box and (c) corresponding IPF map. The color codes 
are shown under the maps. Black lines represent the grain boundaries. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 3. The magnification images at the interface between Ti matrix and hydride layer, (a) SEM image, (b) IPF map. The grain and phase boundaries are colored by 
black and white colors, respectively. The dotted red lines show the interface traces of four hydride plates. (c) {101 3}//{1 1 0} plane pole figures of the four hydride 
variants. The black dots represent the {1013} interface planes of Ti grains and the colors represent the {110} interface planes of hydrides. The orientations are Grain 
A (98.2◦, 13.1◦, 30.6◦), Grain B (35.9◦, 142.3◦, 18.2◦), Hydride 1 (227.1◦, 45.0◦, 46.2◦), Hydride 2 (348.4◦, 47.8◦, 27.4◦), Hydride 3 (77.4◦, 16.8◦, 15.5◦) and Hydride 
4 (71.7◦, 16.6◦, 19.2◦). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 



corresponding IPF map colored by TD//hydrogen diffusion direction is 
presented in Fig. 3b. The four hydride variants in Fig. 3a belong to two 
titanium grains (Grain A and Grain B). Based on the orientation rela-
tionship in Table 1, all the four hydrides follow OR2. OR2 hydride 
transformation is achieved by lattice dilatations and a shear of Shockley 
dislocation, but the shear of OR1 can be self-accommodated [14]. Thus, 
compared with OR1 hydride, OR2 hydride is more likely to be embedded 
into titanium matrix to relax the shear deformation during the formation 
of hydride layer. 

The hydride variants of OR2 can be distinguished by their different 
interface planes {101 3}//{1 1 0} in titanium matrix, as shown in 
Table 2. Six interface planes corresponds to six hydride variants. The 
pole figures of {101 3}//{1 1 0} interface plane of the four hydrides are 
presented in Fig. 3c. The overlapping poles of {101 3} and {11 0} planes 
inside blue circles mean the possible hydride variants. The unique 
variant for each hydride can be further determined by the combination 
of interface trace. Thus, with our method of sample preparation, the 
variants of part hydrides at the interface between hydride layer and ti-
tanium matrix can be identified based on the interface trace in SEM 
image. 

3.1.2. Mechanical properties 
The hardness and modulus related to the distance from diffusion 

surface are presented in Fig. 4a and b, respectively. In Fig. 4a, the 
indentation hardness slightly increases from 3.3 to 3.5 GPa and suddenly 
decreases at the distance of 13 μm. Thus, the thickness of hydride layer is 
around 13 μm with the average hardness 3.4 ± 0.2 GPa. The hardness 
distribution can be divided into two parts: hydride layer and Ti matrix. 
The average hardness of titanium matrix is around 3.1 ± 0.4 GPa, lower 
than hydride layer, which shows the hard nature of titanium hydride. 
Besides, the hardness of titanium matrix fluctuates more with significant 
error. Indeed, the hardness of HCP pure titanium is strongly dependent 
on the crystal orientation [16]. In the five indentation lines across sec-
tion, the five indents at the same distance from surface can locate in 
different titanium grains, which leads to the hardness fluctuation. In 
contrast, the slightly changed hardness inside hydride layer shows less 
anisotropy of hydride layer. 

The distribution of plane strain modulus along hydride layer section 
is shown in Fig. 4b. The modulus increases rapidly with the increase of 
distance from surface until 13 μm and then remains almost unchanged in 
titanium matrix. In contrast with hardness, the stable elastic modulus is 
less sensitive to orientation in this work. Indeed, the Berkovich tip does 
not allow to probe the elastic properties of the materials properly, 
because its salient tip plasticizes rapidly the indented area [25]. The 
spherical nanoindentation can better measure the anisotropic modulus 
of titanium [26]. The average modulus of hydride 125.9 ± 8.4 GPa is 
lower than titanium 138.6 ± 7.4 GPa. Chen et al. [8] proposed that the 
cracks originate more frequently inside hydride than matrix. The initi-
ated micro-cracks can then result in the reduction of macroscopic elastic 
modulus [27]. Thus, the hydride layer has lower modulus, that is, lower 
resistance to elastic (recoverable) deformation under indentation load. 
In addition, cracks more easily initiate at hydrides in the sample with 
higher hydrogen content [8]. Thus, the hydride layer closer to the 
diffusion surface undergoing longer hydrogen charging processing has 
higher hydrogen content and definitely lower modulus. 

3.2. Anisotropic mechanical properties of the diffusion surface 

3.2.1. Surface microstructures before and after hydrogen charging 
Before studying the anisotropic hardness evolution of Ti surface, the 

EBSD maps before and after 168 h hydrogenation are performed and 
shown in Fig. 5. The initial titanium grains are equiaxed and colored by 
ND//hydrogen diffusion direction in Fig. 5a. After hydrogen charging, a 
short electropolishing was performed on the diffusion surface to prevent 
the influence of the corrosion of hydrogen charging solution. The EBSD 
map is presented in Fig. 5b with hydride phase in ND-IPF color and 
remnant Ti in black color. In general, more than one hydride variant is 
formed inside each titanium grain. The different hydride microstruc-
tures are dependent on the corresponding grain orientations of titanium 
matrix [13]. The large distortion of hydride transformation and the 
variant interactions inside hydride clusters lead to the lower indexation 
of Fig. 5b. 

3.2.2. Anisotropic hardness of α-ti 
To calculate anisotropic hardness of α-Ti, 44 α-Ti grains with 

different orientations are chosen from initial sample to do the indenta-
tion test (6 indents for each grain). IPF with average indentation hard-
ness (HIT) scales are drawn in Fig. 6a, which allow the observation of the 
relationship between the crystallographic orientation of a chosen single 
grain and corresponding hardness. As shown in Fig. 6a, a clear color 
gradient appears in the fundamental triangle of IPF showing a signifi-
cant tendency between the hardness value and specific orientation of 
individual grain. The hardness value decrease as the c-axis of the HCP 
crystal deviated from ND. The HIT values of α-Ti are in the range from 
3.5 to 2.3 GPa with an average of 2.9 ± 0.4 GPa. The anisotropic 
hardness of CP-Ti was also measured using indentation (Berkovich tip, 
maximum load 50 mN) in Ref. [16]. The observed orientation depen-
dence of hardness is consistent with our results. 

According to the IPF of hardness in Fig. 6a, there appears the vari-
ation of HIT along radial direction but not obvious circumferential 
variation. Thus, the HIT of CP-Ti is a function of the declination angle 
(Φ). The declination angle is between c-axis of the HCP crystal and the 
normal of sample surface (ND), which is equal to the second angle Φ of 
Euler angle (φ1, Φ, φ2). The only radial variation of hardness shows 
negligible influence of (φ1, φ2). Indeed, the result of crystal elastic finite 
element simulation on hardness of CP-Ti proposed negligible influence 
of (φ1, φ2) [26]. Fig. 6b shows the relationship between indentation 
hardness and declination angle (Φ). In general, the HIT values monoto-
nously decrease from 3.5 to 2.3 GPa as the indentation direction (stress 
axis) deviates from c-axis. It marginally decreases 3.4% at 0◦ < Φ < 30◦

and 7.2% at 70◦ < Φ < 90◦, decreases steeply by approximately 22.6% 
within 30◦ < Φ < 70◦. These trends demonstrate strong dependence 
between indentation hardness of individual grain and the orientation of 
indentation direction. The c-axis parallel to stress axis (Φ = 0◦) is the 
hardest orientation, while the < 1010 > or < 1210 > along stress axis 
(Φ = 90◦) is softest orientation for indentation test. 

Indentation hardness measures the resistance of CP-Ti to local plastic 
deformation produced by compression load from an indenter, thus the 
orientation dependent HIT is attributed to the anisotropic activation of 
slip and twinning systems. The stress to activate a given slip or twinning 
system is proportional to CRSS/SF (CRSS: critical resolved shear stress, 
SF: Schmid factor). Viswanathan et al. [28] characterized plastic zone of 
α-Ti beneath nanoindents with focused-ion-beam (FIB) and transmission 
electron microscopy (TEM) techniques. <c+a> slip is most favorable 
system in the hardest grain, all three types of <a> slips (prismatic, basal 

Table 2 
The interface planes of hydride variants.  

Variant Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6 

Interface (1013)//(110) (0113)//(110) (1103)//(110) (1013)//(110) (0113)//(110) (1103)//(110)



and pyramidal) are activated in the medium grain and screw prismatic 
<a> slip is predominant in softest grain. For CP-Ti, the CRSS for acti-
vation of <c+a> and prismatic <a> dislocations at room temperature 
are around 141 and 350 MPa, respectively [29]. It means that, if the SFs 
of <c+a> and prismatic <a> dislocation are the same, the stress needed 
for <c+a> dislocation is 2.5 times larger than that of prismatic <a>. 
Thus, the difference on activation stresses of multiple slip systems is the 
main reason for the anisotropic hardness. Twinning was not observed 
whether outside or beneath the residual indent [26,28]. Because of 
significant size dependence, large indenter size is needed to activate 
deformation twinning [30]. 

SF is calculated to evaluate the probability of slip activation in the 
grain with different orientation under indentation compression. The 
grains with Euler angles of [0◦, 0◦, 0◦] and [0◦, 0◦, 15◦] are taken as two 
initial orientations, which are the hardest orientations with c-axes 

parallel to stress direction, and then misoriented through alter the angle 
Φ from 0◦ to 90◦. For each orientation, the maximum SFs among the 
variants in each slip system are calculated and shown in Fig. 7. The lines 
with different colors represent five slip systems in CP-Ti. The solid and 
dotted lines show the SFs of the grain oriented from respective [0◦, 0◦, 
0◦] and [0◦, 0◦, 15◦]. At Φ = 0◦, all the SFs of <a> slips are almost zero,
the activation of them is severely limited, thus <c+a> slips with large SF 
(>0.4) are favorable in this orientation leading to the larger hardness. As 
the angle Φ increases, the orientation gradually favors <a> slips and the 
hardness decreases. In the medium grain (Φ = 45◦), the SF of basal slip is 
highest, while the other <a> slips with slightly lower SF can also be 
activated due to the lower CRSS. The softest orientation of Φ = 90◦ has 
the highest SFs for prismatic slip, which is the most common slip system 
in CP-Ti. Therefore, in this orientation, plastic deformation can be easily 
stimulated with low applied stress of indentation test. 

Fig. 4. The distributions of (a) indentation hardness and (b) modulus versus distance from surface on the hydrogen diffusion section. Error bars are ± one standard 
deviation which incorporates five measurements in the same distance. 

Fig. 5. (a) ND-IPF map of α-Ti before charging. (b) EBSD map of hydride layer after charging. Hydride phase is IPF-colored and Ti phase in black color. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. (a) Indentation hardness IPF of α-Ti before charging. (b) Indentation hardness versus declination angle (Ф). Error bars are ± one standard deviation which 
incorporates multiple measurements in the same grain. 



3.2.3. Anisotropic hardness of δ-hydride 
After hydrogen charging, indentation tests were performed on the 

same 44 grains in order to compare the hardness change. The hardness 
IPF of the hydride corresponding to titanium grain orientations is drawn 
in Fig. 8a. The HIT values of hydride are in the range from 4.2 to 2.5 GPa 
with an average of 3.3 ± 0.4 GPa, which is around +13.8% larger than 
α-Ti matrix (2.9 ± 0.4 GPa). The hardness of hydride layer shows less 
sensitive orientation dependence. The slightly higher hardness (inside 
red circle) always occurs in the titanium grain with {1013} nearly 
parallel to ND surface, which is the most favorable orientation for OR2 
hydride. The summary of HIT versus declination angle Ф is shown in 
Fig. 8b. There appears a peak at around Ф = 30◦ corresponding to the 
orientation with higher hardness in Fig. 8a. The distribution of hydride 
hardness shows more scattered with greater error, which will be further 
studied in Section 3.2.4. 

3.2.4. Hardness change before and after hydrogen charging 
To study the hardness change, the indentation hardness of 44 

selected grains before and after charging is present in the same graph 
(Fig. 9) versus the c-axis declination angle Ф. The hardness of titanium 
matrix decreases with the increase of angle Ф, while the hardness values 
of hydrides are always higher than titanium. Interestingly, the hardness 
distribution of hydrogenated surface is also related to the orientation of 
titanium matrix, which can be divided into four parts. In Part 1 and Part 
3, the hardness of hydride is close to titanium, but the hydride hardness 
is much higher than titanium in Part 2 and Part 4. The hardness fluc-
tuation of hydrogenated surface can be due to the variety of hydride 
microstructure. 

The hydride cluster microstructure (SEM image and corresponding 
EBSD maps) of four grains respectively in the four parts are shown in 
Fig. 10. In the EBSD maps, the hydride is in ND-IPF color and titanium 
phase is black. The hydride fractions in Grain 2 and Grain 4 are much 
higher than Grain 1 and Grain 3. The orientations of Grain 2 and Grain 4 
close to the most favorable ones for hydride transformation: {1013} or 

{1010} interface planes parallel to the diffusion surface [13]. Therefore, 
the grain with favorable orientation can form denser hydride layer. 

It can be derived that the hardness fluctuation of hydrogenated 
surface in Fig. 9 is mainly due to the different fractions of hydride phase 
in hydride layer. The six 2 × 3 indentations and one ADO can be found in 
SEM images and are non-indexed in EBSD maps. In Grain 1 and Grain 3, 
due to the lower hydride fraction, some indentations are pressed in ti-
tanium matrix or at hydride-matrix interface, which reduces the average 
hardness of the hydrogenated grains. As for Grain 2 and Grain 4, the 
denser hydride layer significantly increase the hardness of diffusion 
surface. Besides, the hardness error of hydrogenated surface is larger due 
to the complicated interaction between hydride cluster and titanium 
matrix. The indentations pressed into hydride-hydride interface, 
hydride-matrix interface or titanium matrix increase the standard 
deviation. 

4. Conclusion

The microstructure and mechanical properties of hydrogen diffusion
section and surface were investigated in the present work. The following 
conclusions can be drawn:  

(1) The clear section microstructure of hydride diffusion layer is 
observed for the first time and shows the non-uniform hydride 
formation during the hydrogen charging at room temperature. 
Partial hydride variants near the interface between hydride layer 
and titanium matrix can be determined based on the trace di-
rection of hydride plates. 

Fig. 7. Schmid factor value of the dislocation slip systems with angle between 
the c-axis and loading direction. 

Fig. 8. (a) Hardness IPF of hydride drawn with orientation of Ti matrix. (b) Indentation hardness of δ-hydride layer versus declination angle Ф. Error bars are ± one 
standard deviation which incorporates multiple measurements in the same grain. 

Fig. 9. The change of HIT on sample surface before and after hydrogenation. 
Error bars are ± one standard deviation which incorporates multiple mea-
surements in the same grain. 



(2) According to the indentation tests across the hydride layer, the 
hard nature of hydride leads to the higher hardness of hydride 
layer than titanium matrix. There appears more considerable 
anisotropy of hardness in titanium than hydride layer. The 

modulus increases rapidly with the increase of distance from 
diffusion surface and is almost unchanged in titanium matrix.  

(3) The anisotropic hardness of diffusion surface is studied before 
and after hydrogen charging. The hardness of titanium matrix 
decreases with the increase of deviation angle between c-axis and 

Fig. 10. SEM images and corresponding EBSD maps in the indentation areas of four grains. (a) and (b) are Grain 1 in Part 1, (c) and (d) are Grain 2 in Part 2, (e) and 
(f) are Grain 3 in Part 3, (g) and (h) are Grain 4 in Part 4. In the EBSD maps, hydride is IPF-colored and titanium in black color. The grain and phase boundaries are 
colored by black and white colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 



surface normal. In the titanium grain with more favorable 
orientation for hydride transformation, the formed hydride layer 
tends to be denser and possess higher indentation hardness. 
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