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Abstract. We report the influence of hydrogenation on residual stresses in an oxygen-implanted 
Ti-6Al-4V alloy. Prior to hydrogenation, oxygen ions were implanted in Ti-6Al-4V samples at 
fluence 3x1017 ions/cm2 with energies of 50 keV at room temperature and 550°C and 100 keV 
and 150 keV at 550°C. Hydrogenation was carried out on all samples at 550°C for two hours. 
Residual stresses were analysed by X-ray diffraction using the sin2ψ method and components of 
in-plane principal stresses were determined.  Our results show compressive stress relaxation in 
all samples implanted with 50, 100 and 150 keV at 550°C as compared to unimplanted sample. 
Subsequent to hydrogenation, a stress shift to tensile side is observed in all implanted samples at 
550°C. 

Introduction 
Owing to its high strength to weight ratio and good corrosion behaviour, Ti-6Al-4V is by far the 
most common Ti alloy used in a broad range of aerospace, marine, industrial, medical and 
commercial applications [1-3]. 

In recent years, Ti-6Al-4V has also attracted increasing research interest as a potential 
candidate for hydrogen storage due to its high affinity to absorb and release hydrogen [4, 5]. 
Moreover recent studies [6, 7] have suggested that a titanium oxide layer could enhance 
hydrogen absorption and promote Ti-6Al-4V alloy as an efficient hydrogen storage material. It 
has been established that the rate of hydrogen diffusion is higher by several orders of magnitude 
in the β phase than in the α phase and that fully lamellar microstructure (β phase) would absorb 
more hydrogen than duplex microstructure [8]. Furthermore the higher solubility, as well as the 
rapid diffusion of hydrogen in the beta titanium results from the relatively open body centered 
cubic structure, which consists of 12 tetrahedral and   octahedral interstices in comparison to 4 
tetrahedral and 2 octahedral interstitial sites in the hexagonal closed packed lattice of alpha 
titanium [6]. The presence of hydrogen in both α and β phases results in lattice expansion and the 
associated strain/stress fields could give rise to altered physical properties [9]. The aim of this 
study is to investigate the effect of hydrogenation on residual stresses of oxygen-implanted Ti-
6Al-4V alloy to obtain a better understanding on the relationship between the hydrogen 
absorption and the subsequent induced stress. It is worth mentioning that the amount of hydrogen 
absorbed in the samples under investigation has been reported in our recent publication [10].  
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Experimental 
The material used in this study was Ti-6Al-4V alloy (grade-5) with typical composition of 6 
wt.% Al, 4 wt.% V, 0.25 wt.% Femax, 0.2 wt.% Omax and Ti as reminder (corresponding 
approximately to the atomic composition Ti0,86Al0,10V0,04). The alloy was supplied in a form 
of annealed rod by Goodfellow©. The samples used were cut into disks (10 mm diameter and 2 
mm thick), mounted in resin and polished using the following procedure. They were first grinded 
using 800 grit and 1200 grit SiC papers; after each grinding step, the samples were rinsed with 
water and cleaned ultrasonically in ethanol. Further polishing was performed using diamond 
paste with 9 µm grain size. After cleaning, a mixture of OP-S (colloidal silica suspension) and 
H2O2 in 5:1 ratio was used for final polishing of the samples. 

Oxygen O+ ions at a fluence of 3.0x1017 ions/cm2 were implanted with 50, 100 and 150 keV 
energy and at a beam current of 10 µA using in-line implanter Eaton NV 3206. The implantation 
was performed at room temperature and 550°C. 

All the samples were afterwards subjected to hydrogenation at 550°C for 2 hrs in 15 % 
hydrogen and 85 % argon mixture at 1 atm pressure. The gas flow was kept constant at 14 cm3/s. 
The samples were heated up to hydrogenation temperature and cooled down to room temperature 
at a rate of 5°/min under vacuum of 5.5 x 10-2 mbar. Based on our previous experimental work, 
the optimum temperature for hydrogen absorption in the Ti-6Al-V alloy was determined as 550 
°C [10, 11]. 

X-ray stress investigation was done using a Bruker D8 Discover diffractometer equipped with 
a ¼ Eulerian cradle. The primary side optics included a graphite monochromator and a 0.8 mm 
collimator. No secondary optics on the detector side. Measurements were performed using a 
copper tube operating in spot focus mode, employing the ψ-tilt method. For a full stress tensor 
determination, measurements were done at six azimuth orientations, ϕ = 0°, 45°and 90°, and ϕ 
+180 = 180°, 225° and 270° with each azimuth measured at eight tilt angles ψ = 0°, 10°, 20°, 
30°, 40°, 50°,60° and 70°. The rotation of φ by 180° allowed measurement at negative tilt angles. 
Diffracted data was collected using a 2-D Våntec 500 detector. The diffraction peak 
corresponding to (211) at d = 0.93217 Å was used to measure residual strain. It was observed 
that some degree of texture was present in the samples and it was more pronounced in the 
hydrogenated samples (Fig. 1a) than in implanted samples (Fig. 1b). To minimise the texture 
effects on the analysis, samples were oscillated in the X-Y plane during measurements. The 
stress analysis of the data was done using the manufacturer proprietary software, Leptos v6.2.  
The maximum penetration depth of X-rays was found to be about 6 µm. 
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Fig. 1: 2D diffraction image of the reflection (211) used for strain measurement. (a) highly 
textured hydrogenated Ti-6Al-4V, (b) The texture is less pronounced in implanted Ti-6Al-4V 

alloy. 
 

Theory of 2D XRD stress determination 
Stress measurement with two-dimensional X-ray diffraction (XRD2) is based on the fundamental 
relationship between the stress tensor and the diffraction cone distortion. The diffraction peak 
2θ0 shifts are measured along the diffraction rings. Since a diffraction ring in a 2D pattern 
contains far more data points than a conventional diffraction peak, an XRD2 system can measure 
stress with higher accuracy and requires less data collection time, especially in dealing with 
highly textured materials, large grain size, small sample areas, weak diffraction, stress mapping, 
and stress tensor measurement [12]. 

The strain tensor εij, determined in the sample coordinate system, and the distortion of the 
diffraction ring in a particular direction (η,2θ) are related by the two-dimensional fundamental 
equation for strain measurement  

 
where fij are the strain coefficients, ln �𝑠𝑠𝑠𝜃0

𝑠𝑠𝑠 𝜃
� is the diffraction cone distortion for a  

particular (η,2θ) position, θ0 and θ are the peak position for the stress-free material and stressed 
material, respectively.  
 

In general, the stress tensor can be calculated from the measured strain tensor by Hooke’s law. 
The stress tensor can be expressed in linear form as 

 
where  pij are stress coefficients.  
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For this investigation the true stress-free theta value θ0 was estimated from measurement of 
the side opposite to the implantation side. Any error in stress-free theta (stress-free lattice 
spacing) contributes only to pseudo-hydrostatic term [12] as sin2ψ-method relies on the slope of 
plot and not the intercept. 

Results and discussion 
Figure 2 shows in-plane principal stresses σ1 and σ2 for unimplanted and implanted samples as a 
function of implantation energies of 50 keV (at room temperature and 550°C), 100 keV and 150 
keV at 550°C. In Fig. 2a the principal stress component σ1 of the unimplanted sample is 
compressive with a value of about 350 MPa. Upon implantation at 550°C with 50 keV, the stress 
value decreases to about 190 MPa. With further increased implantation energy, the stress value 
decreases to 298 MPa and 228 MPa for 100 keV and 150 keV respectively. The decrease in the 
stress value for samples at 550°C points to stress relaxation brought about by ion implantation. It 
can be observed however, that, at room temperature implantation with 50 keV oxygen ions, the 
stress component σ1 does not undergo stress relaxation; instead, the stress becomes more 
compressive, shifting from 340 to 410 MPa.  In the case of the principal stress σ2 (Fig. 2b), the 
stress relaxation is observed in samples implanted at room temperature as well as in samples 
implanted at 550°C. The unimplanted sample has a stress value of 322 MPa. With implantation 
energy of 50 keV at room temperature, the stress relaxes to 290 MPa whereas it relaxes to 165 
MPa, 120 MPa, and 98 MPa for samples implanted at 550°C for 50 keV, 100 keV and 150 keV 
respectively. 
            

 

 

 
Fig. 2: Principal stress as a function of implantation energy for 1s  component (a) and 2s  

component (b) for unimplanted sample, implanted samples  with 50 keV at RT (open circle) and 
50 keV, 100 keV and 150 keV at 550°C (filled circles). 

Figure 3 shows in-plane principal stresses for hydrogenated unimplanted sample and 
hydrogenated implanted samples as a function of implantation energies: 50 keV at room 
temperature and 50 keV and 150 keV at 550°C. The hydrogenation of the sample implanted with 
100 keV is not shown in Fig. 3. The results obtained from this sample were deemed unreliable. 
Subsequent to hydrogenation at 550°C for two hours, it can be observed from Figs. 3a and b that 
the components σ1 and σ2 that were compressive upon implantation have become tensile. Only 
the stress component σ2 of the unimplanted sample remains compressive following 
hydrogenation.  
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Fig. 3: Principal stress as a function of implantation energy after hydrogenation for   component 

(a) and   component (b) for unimplanted sample, implanted samples with 50 keV and 150 keV. 
 
The effect of hydrogenation on both stress components σ1 and σ2 with respect to unimplanted 

and implanted samples is shown in Fig. 4. In the case of σ1 (Fig. 4a), the stress value changes by 
about 500 MPa for the unimplanted sample, 750 MPa and 725 MPa for implanted samples with 
50 keV and 150 keV respectively. In the case of σ2 (Fig. 4b), the stress value changes by 218 
MPa for the unimplanted sample, 650 MPa and 520 MPa for implanted samples with 50 keV and 
150 keV respectively. 

 

 

 
Fig. 4: Principal stress as a function of implantation energy showing the change of stress 

following hydrogenation. (a)  σ1 stress component.  (b)  σ2 stress component. The full circles 
correspond to the stress values of unimplanted and implanted samples and the open circles 

correspond to the stress values of the same samples but after hydrogenation. 
Conclusion 
Residual stresses induced by ion implantation and hydrogenation in Ti-6Al-4V alloy have been 
investigated. Samples analysed were implanted with oxygen ions at 3x1017 ions/cm2 with 
energies of 50 keV at room temperature and 5500C, 100 keV and 150 keV at 5500C. 
Hydrogenation was carried out at 5500C for two hours. It was observed that oxygen implantation 
in Ti-6Al-4V alloy brings about stress relaxation of the pre-existing compressive stresses. 
Subsequent to hydrogenation, a stress shift from compressive to tensile was observed in all 
implanted samples at 5500C.  
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