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Abstract

Hybrid implants composed of magnesium and titanium are a promising direction in or-
thopaedics, as these implants combine the stability of titanium with the biological activity of
magnesium. These partly soluble implants require careful investigation, as the degradation
of magnesium releases hydrogen, which can enter the Ti matrix and thus alter the mechani-
cal properties. To investigate this scenario and quantify the hydrogen uptake along with
its structural impacts, we employed inert gas fusion, scanning electron microscopy, X-ray
diffraction, and a combination of synchrotron absorption and X-ray diffraction tomography.
These techniques enabled us to investigate the concentration and distribution of hydrogen
and the formation of hydrides in the samples. Titanium hydride formation was observed
in a region approximately 120 pm away from the titanium surface and correlates with
the amount of absorbed hydrogen. We speculate that the degradation of magnesium at
the magnesium/titanium implant interface leads to the penetration of hydrogen due to a
combination of electrochemical and gaseous charging.

Keywords: hybrid implants; titanium hydrides; X-ray diffraction tomography; magnesium

1. Introduction

Titanium (Ti) and magnesium (Mg) are well-known metallic implant materials [1] with
a wide application range. Titanium is almost the gold standard of permanent implants with
predictable behaviour. Due to their high strength, low density, high corrosion resistance,
and biocompatibility, titanium and titanium alloys are used in hip and wrist surgery and
as bone fixation materials [2]. Magnesium shows high potential as a temporary implant
material with bone growth stimulation and antibacterial abilities, which require tailoring
of the degradation rate of magnesium [3].

Besides the visible advantages of Ti and Mg as implant materials, there are some
limitations, such as the stress shielding effect [4] and high susceptibility to inflammation
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in the case of Ti and insufficient mechanical properties of Mg during degradation [5].
Manufacturing of Ti/Mg hybrid implants is a promising avenue to overcome the above-
mentioned difficulties of single materials, with the aim of achieving synergy from the
Ti/Mg interaction, i.e., the biocompatibility of the Ti part is further improved, and the
load-bearing capacity of the Mg implant increases.

One possible application found in the literature is a set of Mg and Ti screws as a
hybrid modification of a plate fixation system [6,7]. The studies show promising results;
for example, bone regeneration and blood vessel formation, together with an antibacterial
effect, were enhanced. An animal (rabbit) model shows that the failure load is increased by
30% by the application of Mg and Ti screws in comparison to only Ti ones. Investigations
into the degradation behaviour of such hybrid systems in in vitro and in vivo studies show
that the distance of 5 mm between Mg and Ti is the critical distance at which the accelerated
degradation of Mg screws is observed [8].

Other popular examples are Ti/Mg composites [9], which can be prepared using
infiltration casting, powder metallurgy, hot rotary swaging, and 3D printing methods [10].
Intensive studies of different groups have shown that it is possible to properly modify
the mechanical properties of the composite materials, such as the elastic modulus. How-
ever, many investigations are still necessary to thoroughly understand and control the
degradation behaviour and mechanics of such composite materials.

A new class of implants that can change shape and size during implantation is desirable
when different geometrical and mechanical properties are required for positioning of the
implant in the body and for further application. They could be achieved by producing hybrid
Ti/Mg implants containing separated parts of Mg and Ti, which are strongly connected.

To combine the advantages of Ti and Mg in a joint specimen, one must overcome the
problem of the connection between dissimilar metals [11]. One problem is the inability
to form a tight connection, as Ti and Mg have low solubility in each other [12]. Another
substantial complication is the large difference in the electrochemical potential between
Mg and Ti, leading to accelerated Mg degradation.

In our previous studies, we successfully applied powder metallurgy technologies
based on sintering, like metal injection moulding (MIM), to produce hybrid implants con-
sisting of parts of Ti or Ti6Al4V(T64) and Mg-0.6Ca [13]. The connection between the single
parts was enhanced by increasing the roughness of the Ti/Mg interface, which should also
stimulate future cell ingrowth after Mg degradation. Tensile tests showed that the strength
of the Ti/Mg connection was the same as that of the Mg part. Further investigations
were performed to investigate the degradation behaviour of such a hybrid system, with
attention to the properties of the titanium part after the degradation of magnesium [14].
The degradation of Mg leads to hydrogen release, which the Ti part can absorb. As a result,
microstructural changes in the Ti matrix could impact the mechanical properties, like affect-
ing a decrease in ductility. Furthermore, the high amount of adsorbed hydrogen showed its
non-uniform distribution on the macroscopical scale, thus also changing the mechanical
properties heterogeneously. A laboratory surface X-ray diffraction study pointed to the
formation of titanium hydrides [14].

The sensitivity of Ti to hydrogen uptake is a well-known phenomenon that usually
requires high pressure and temperature or some electrochemical treatment [15]. In our
aforementioned studies, we detected that significant hydrogen absorption was achieved un-
der atmospheric pressure and room temperature conditions without any external electrical
source. The mechanism of hydrogen uptake and penetration is not fully understood up to
now; it is assumed that the degradation of Mg leads to changes in the protecting titanium
oxide layer. The second question is the kind of hydrogen localisation, which can be as
solved atoms, in defects, or by titanium hydride formation. Answering these questions is
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crucial for predicting the mechanical and biocompatibility properties of titanium in such
hybrid materials.

As discussed above, hydrogen adsorption by Ti after degradation of Mg is observed,
leading to the formation of titanium hydrides. To obtain information on the hydride
distribution and its connection to the degradation process of magnesium, in this study,
the advanced methods of X-ray diffraction and absorption contrast tomography were
applied to determine the 3D distribution of titanium hydrides. It is speculated that by
the absorption of hydrogen released during the degradation of Mg, a prominent hydride
formation can be observed at the Mg-Ti interface. Diffraction contrast tomography is the
optimal tool here, as it allows us to reconstruct the spatial distribution of titanium hydrides
on a microscopic scale length and correlate it with the macroscopic hydrogen profile.

2. Materials and Methods
2.1. Sample Preparation

The sample preparation was performed similarly to our previous work [14], where
Ti64 powder was used for the sintering procedure. However, in the present study, pure
Ti was utilised. Dog-bone-shaped samples were manufactured via MIM and sintered (see
Supporting Information (SI)). The middle part of the obtained Ti dog-bone samples was
covered with Mg-0.6Ca (Figure 1), applying MIM and sintering (see SI).

The titanium heads of the dog bone-shaped tensile specimens were cut 5 mm from
the end of the Mg part, where the maximum hydrogen adsorption occurred, according
to our previous results [14]. This kept the cylindrical symmetrical shape required for
synchrotron experiments.

2.2. Characterisation

Corrosion experiments were performed in 0.9 wt.% NaCl solution at room temperature,
which is a harsher condition than in the human body. This condition was selected to increase
the interaction between Mg and Ti and to better observe the changes in Mg and Ti parts.
Corrosion products of Mg were removed from the Ti part by washing them in a 200 g-L~!
solution of chromic acid for 10 min. The high-performance micro-X-ray fluorescence
spectrometer (M4 TORNADO, Bruker Nano, Berlin, Germany) was used to verify the full
removal of Mg products from the Ti surface.

The chemical composition (contents of O, N, and H) in the titanium part before and
after degradation of Mg was determined via an inert gas fusion technique using a LECO
apparatus (ONHS836, LECO, St. Joseph, MI, USA). For this, the middle parts of the Ti
dog-bone-shaped samples were first cut into pieces of approximately 50 mg each, using a
diamond saw, and then cleaned.

Phase identification from the surface of the Ti part was performed by grazing inci-
dence X-ray diffraction (GIXRD) (see SI) using a Bruker D8 Advance X-ray diffractometer
(Karlsruhe, Germany).

Ti cross-section images were recorded using a scanning electron microscope (VEGA3
TESCAN-15kV, TESCAN, Kohoutovice, Czech Republic).

2.3. Absorption Microtomography

Experiments using absorption contrast tomography were performed at the EH4 of
HEMS P07 beamline at PETRA3 (DESY, Hamburg, Germany) [16,17]. The photon energy
was 80 keV with a field of view of 1.9 x 3 mm? (V x H). The measurements were conducted
using 8 layers from the edge to the middle and two steps in each layer. It took 8000 pro-
jections and approximately 6 h per sample. By this procedure, half of the sample length
was covered, which should be sulfficient, as the sample is expected to be symmetrical with
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respect to the middle plane. The obtained pixel size is 0.411 um with a spatial resolution
of 5.3 pm determined by the modulation transfer function (MTF). Before tomographic
reconstruction, the different height steps were stitched, followed by the reconstruction
based on a Matlab2024a script using Astra [18] applying a binning factor of six, thus,
resulting in a pixel size of 2.469 um. The analysis was performed using the software Fiji
(20221004-1117). In the first step, the data were binned 2 times. Segmentation was per-
formed using Moments-Open-Dilate operators to separate the pores, the background, and
the sample. Then, the 3D particle analyser from Fiji was applied to determine the pore size
and distribution. The analysis of the pore distribution, e.g., the number of pores and their
size as a function of the orientation in the sample, meaning either the distribution along the
length of the sample or as a function of the radius, was conducted using Matlab2024a tools.

Figure 1. Photos of the Ti-Mg0.6Ca sample after the formation of the Mg-0.6Ca part (a), after sintering
of Mg-0.6Ca (b), after degradation of Mg-0.6Ca (c), and the middle parts of Ti in rotation holders
(without degradation of Mg0.6Ca—Ileft, and after Mg0.6Ca degradation—right) for the synchrotron
experiments (d).
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2.4. X-Ray Diffraction Tomography

Diffraction tomography measurements were performed at the EH4 of the HEMS P07
beamline at PETRA3 (DESY, Hamburg, Germany) [19]. Samples were aligned, and the beam
size (photon energy 80 keV) on the sample was 30 x 40 um? (V x H). At distinct positions,
line scans from —2.5 to 2.5 mm (with respect to the centre of the sample) horizontally with
40 um step size were taken to measure the full width of the sample. At each position,
1000 projections in an angular range from 0° to 180° were taken; this corresponds to an
angular step size of 0.018°. The measurement time for one line was approximately 2 h [20].
Due to this, we were not able to measure the full sample but rather concentrated on specific
positions. For the sample, after the complete degradation of Mg, 7 lines were measured
starting from the edge of the rod with a distance of 2.5 mm between the different positions.
This means that half of the sample was examined.

The XRD data were first calibrated and integrated using the PyFAI Python library
(version 3.6) [21]. The calibration was based on Labg measured during the experiment. The
obtained diffractograms were then 3D-reconstructed using the MATLAB pipeline [18]. The
reconstructed XRD tomograms were analysed using a custom MATLAB script. In the first
step, the different diffraction peaks were analysed with respect to the phase composition.
In the next step, the respective TiH, peaks were fitted by a Gaussian distribution in order to
determine the full width of half maximum (FWHM), intensity, and position. Based on the
FWHM, the crystal size was determined using the Scherrer equation [22], and the relative
mass was based on the intensity.

3. Results
3.1. Macroscopic Sample Characterisation

Firstly, the titanium part was shaped in dog-bone form, debound, and sintered. The
next step was the formation of the Mg-0.6Ca part (Figure 1a). After sintering of the
magnesium part (Figure 1b), the samples were put into a saline solution (0.9% NaCl)
for degradation. After 48 h, they were completely degraded (Figure 1c). Finally, for the
synchrotron experiments, the heads of the dog bone were cut off, and only the middle part
was examined (Figure 1d). The length of the middle part is 33 mm, which covers the whole
region of the original Mg part (23 mm) and the neighbouring regions, where a maximum
of H adsorption is expected, according to our previous studies [14].

3.2. Hydrogen Distribution by Chemical Composition and SEM

The determination of the hydrogen content along the length of the titanium part
performed by the LECO device shows the same trend as for the Ti6Al4V in our previous
studies [14]. In Figure 2a, inhomogeneous adsorption of H is observed with an increase
in the hydrogen concentration in the region near the former Ti-Mg interface in a similar
manner to that observed previously [14]. The concentration of hydrogen in the Ti part
decreases from 1000 nug/g to 400 ug/g, which is 50% lower in comparison to the hydrogen
concentration in Ti6Al4V and points to a lower affinity of H to pure Ti in comparison to
a Ti6Al4V alloy. Ti6Al4V is an «-f3 alloy with a two-phase crystal structure consisting of
an o-phase (hcp, stabilised by Al) and a 3-phase (bcc, stabilised by V). The diffusion rate
and solubility of hydrogen differ significantly in the «- and 3-phases, leading to a variation
in the hydrogen concentrations in the two phases [23,24]. The solubility of hydrogen is
significantly higher in the 3-phase than in the «-phase [24,25], and hydrogen is particularly
concentrated at the «-f3 interfaces [26], which is why a fully lamellar Ti6Al4V with a high
amount of an «-f3 interface has a significantly higher affinity to hydrogen than a Ti6Al4V
with a globular or bimodal microstructure [27]. In contrast to Ti6Al4V, pure Ti consists
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almost only of an a-phase and contains only a very small amount of a 3-phase, which
explains the detected higher affinity of H to Ti6Al4V in comparison to pure Ti.
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Figure 2. (a) Concentration of H along the length of the Ti part determined by inert gas fusion (black
filled symbol) and deduced from the amount of titanium hydrides as determined by XRD tomography
(red empty symbols). The zero point is the edge of the sample. (b) SEM images (back-scattered
electron mode) with different magnification for just the sintered Ti part and also after degradation
of Mg0.6Ca at the maximum concentration of hydrogen, both for the central region of Ti and at the
surface of Ti. The red boxes are the positions of possible TiH; localisation.

The formation of titanium hydrides on the surface of the Ti sample after degradation
of Mg-0.6Ca was confirmed by GIXRD with an X-ray beam of a few square mm. The
comparison of the GIXRD patterns of initial Ti and Ti after degradation of Mg0.6Ca shows
the presence of additional peaks (Figure S1), which can be identified as titanium hydride:
TiH, face-centred cubic phase a = 4.42 A (PDF 00-003-0859, Data 2015) [28] on the surface of
Ti. These peaks were used by synchrotron XRD tomography to obtain the 3D distribution
of titanium hydrides.
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SEM images (Figure 2b) show some remaining porosity of ~3% (dark points on
overview images). Comparison of the Ti part before and after degradation of Mg0.6Ca
(with and without adsorbed hydrogen) points to some visual differences, as the interface
region shows a variation in grey levels after degradation as compared to the initial state,
where the grey level in the image is homogenous. This indicates some impact on the
electron density of the interface and thus some compositional changes after degradation
of magnesium. The interface between the dark and light regions is rough; one can call it
needle-like. A similar effect was observed for wrought Ti after degradation of Mg0.6Ca [14].
Most probably this change in grey level could be connected to titanium hydrides, and it
seems that their formation takes place at the surface of Ti and along the grain interface.
According to the SEM images, the thickness of this region is around 50 um with penetration
along grain boundaries into material of up to 150 um.

3.3. Distribution of Pores Within the Ti Part Before and After Degradation of Mg0.6Ca by
Absorption Synchrotron Tomography

The absorption tomography measurements show a remaining porosity of the Ti part in
the order of 3.3 £ 0.2%, which is a common value for the sintering of Ti in such conditions
and consistent with Archimedes’ measurements (3.2 + 0.1%) [29].

The size distribution of the pores was approximated as a lognormal distribution, and
the values of mean pore volume (averaged for half of the sample) versus distance from the
centre of the Ti rod before and after degradation of Mg0.6Ca are shown in Figure 3. The
increase in the pore size moving away from the centre of the rod is observed in both cases,
which is linked to the shrinkage of powder particles by sintering. The pore volume varies
from 1300 to 1700 um?, corresponding to a pore diameter of spherical approximation of ca.
10-15 pm. It is also visible that the increase in the pore size near the surface of the sample
is smaller for the sample after degradation of Mg, i.e., after hydrogen absorption.

%«107°

=
U

——Dbefore degradation
——after degradation

=

pore size, mm?>

O
8!

0.5 1 1.5 2
radius, mm

Figure 3. Mean pore volume vs. distance from centre of Ti rod before and after degradation
of Mg0.6Ca.
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The dependence of the pore size vs. radius for different points along the length of the
specimen is shown in the SI (Figure S2) and demonstrates the same trend.

3.4. Three-Dimensional Distribution of TiH, via XRD Tomography

The (200) Bragg reflection of the TiH, crystals was used to obtain their spatial dis-
tribution, and detectable intensities were obtained at three positions (distances 2.5, 5.0,
and 7.5 mm from the top of the sample). For the other positions at 10, 12.5, and 15 mm,
no XRD signal of TiH; could be detected. Intensity maps of the XRD tomography for the
distances of 2.5, 5.0, and 7.5 mm are shown in Figure 4. The correlations between the total
concentration of H and the intensities of the TiHj; signal are clear (Figure 2a).

Intensity
0.001655
4 mm 0001354
0001053
2 mm 7.520% 1074
astox 10
1.500% 1074
0 2 mm 4 mm
(a) 2.5 mm
Intensity

bl 0:001415

4 mm

L 0001162
2.090x107%
2 mm 6.560X107%

4.030% 107

[ 1.s00x 107

0 2mm 4 mm

Intensity

b 460 107

4 mm | sasexio

4.476x 1074

3484x 1074

2 mm

2.492% 1074

[T 1-800% 104

2mm 4 mm

(c) 7.5 mm

Figure 4. Two-dimensional intensity distribution of TiH, around 40° (200).
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The maps of the intensity for the TiH, reflection show an almost continuous layer near
the edge of sample, which becomes fragmented for a distance of 7.5 mm away from the
edge (region of magnesium /titanium/NaCl solution interface) and disappears at a larger
distance from the edge: 10, 12.5, and 15 mm (See SI, Figure S3). Reflections of TiH; or
TiH,. are not observed in the inner part of samples.

Negative control measurements on a sample without H absorption were also per-
formed. Here, no detectable signal (see SI, Figure S4) is observed. The estimated thickness
of the TiH; layer is 100-120 um. However, it must be considered that the X-ray beam
had a size of 40 um, thus inducing a smearing in the same order of magnitude for the
spatial resolution.

The FWHM of the TiH,; reflections was used to determine the size of the titanium
hydride crystals, and a bimodal distribution of the crystal size is observed (Figure 5) with
diameters of 130 nm and 210 nm. The small fraction of 130 nm is detected at a larger depth
in the sample. Furthermore, the peak position was checked to clarify whether the structure
of the Ti hydrides was the same along the sample. Figure 6 shows this distribution with no
sign of any structural change, indicating the same structure forming. Regarding the central
position around 40.35° £ 0.03°, we assume mostly the presence of the TiH, face-centred
cubic phase.

300 300
> >
2200 £ 200
Q Q
= =
5100 g 100
= =
0! L 0
40.2 40.3 40.4 40,5 406 100 150 200 250
peak position , 2 ¢ crystal size , nm
300 300
> o | 3
2200 £ 200
Q 48}
3 3
$ 100 g 100
= =
0! L 0
40.2 40.3 40.4 40,5  40.6 100 150 200 250
peak position , 2 ¢ crystal size , nm
300 ; ; 300
> Farsmm] | 3
S 200 & 200
Q a
= =
$ 100 g 100
= i S =
0 T L 0 L IT,_]_]_]
40.2 40.3 40.4 40,5  40.6 100 150 200 250

peak position, 2 ¢ crystal size , nm

Figure 5. (Right) Distribution of size TiH; crystals at different positions within the sample. (Left) Dis-
tribution of the peak position of the TiH, crystals at the different positions along the sample.

It was noticed that the peak centred around 40.35°. Due to the narrow width of the
peak, we can mainly rationalise that just one phase is present, as the width should be in
the range of 0.4°. We want to note that changes in the position can occur due to a slightly
improper sample placement, which is even more severe for high-energy experiments,
as performed here. In this experiment, a sample displacement of 0.3 mm could change
the recalculated angular scale in 8 keV by 0.2°. Thus, typically more than one XRD
peak is needed for an unambiguous phase determination. However, by considering the
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information from the lab experiment, these data would mostly show the formation of TiH,
in the face-centred cubic phase (SI).

2.5 mm

5mm 7.5 mm

Figure 6. Mapping of large crystals (210 nm, violet) and small crystals (130 nm, green), depending on
their position within the length of the samples.

4. Discussion

Due to the high affinity of hydrogen to interact with Ti, more than six different kinds
of hydrides can be formed [30]. The forming phase strongly depends on the way hydrogen
is introduced into titanium, and here, three possibilities are the most important: electro-
chemical charging, gaseous charging, and H* ion irradiation [31]. In the case of hybrid
Ti-Mg degradation, a combination of two of them can be considered to explain our obser-
vations: contact of Ti with more galvanically active metal (electrochemical charging) and
formation of H, due to degradation of Mg (gaseous charging). The significant difference
in electrochemical potential between Ti and Mg of about 1.5 V is sufficient for hydrogen
absorption [32], which typically is applied for electrochemical hydrogen charging of tita-
nium [30]. Additionally, a metallic reduction reaction takes place, where titanium oxide
is reduced to Ti by Mg, which oxidises to MgO or Mg(OH), and most probably enhances
hydrogen penetration [33], even at room temperature [34].

The formation of TiH; is an important factor for the biocompatibility of Ti implants, as
it improves bone healing and attachment to bone [35]. In the case of a hybrid Ti-Mg implant,
a gradient of hydrogen loading along the length of the specimen was achieved. The XRD
diffraction contrast tomography measurements allow us to follow the hydride formation
depending on the position within the specimen, either along the sample or perpendicular
to its longitudinal axis. The data in Figure 2a show the hydrogen concentration as well as
the hydride amount, based on the XRD-CT data, proving a strong correlation between the
concentration of absorbed hydrogen and the amplitude of the TiH, signal and allowing us to
correlate both. If the concentration of absorbed hydrogen decreases to 400 pg/g (1.8 at.-%),
the signal of titanium hydrides decreases below the detection limit. The 400 pg/g (1.8% at.-%)
of hydrogen is already above the solubility of hydrogen in titanium at room temperature
(0.12 at.-%) [36], and the mixture of titanium hydrides and the o solution should exist up
to 57 at.-% [31]. Obviously, the sensitivity of the XRD-CT method is responsible for this
disagreement with the results of the electrical resistivity method used in [36,37].

Based on the XRD-CT analysis, it can be suggested that the needle-like structure
observed on the SEM images at the position with the highest amount of hydrogen absorp-
tion (Figure 2b) should be interpreted as hydrides located at the surface of Ti. They are
similar to hydrides introduced by the electrochemical charging method [38], where this
needle structure exhibits a size of about 1 pm thickness and up to 10 um length. On the
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other hand, the complete change in colour to dark grey (full transformation into titanium
hydrides) is observed at the surface of the specimen at maximum hydrogen adsorption. It
is not observed by hydrogen loading via electrochemical methods [38,39], which could be
associated with the effect of Mg degradation and the distortion of the titanium oxide.

Absorption X-ray tomography detects the residual porosity of sintered Ti with some
gradient from centre to periphery (increase of pore volume), and it allows us to observe
changes in the porosity after absorption of hydrogen due to the degradation of Mg0.6Ca.
The data indicate detectable changes (porosity decrease) at the edge of the specimen, which
is an indirect sign of the location of titanium hydrides at the edge of the sample, while the
volume swelling is expected to be up to 24% by the formation of hydrides [30].

The SEM data show a thickness of the hydride layer from 50 um up to 150 um
via grain boundaries’ extension up to 150 um, which agrees with an average value of
XRD CT of about 100-120 pm. The presented results demonstrate similar values to those
obtained via electrochemical charging and determined by electron back-scattered diffraction
(EBSD) and microhardness methods [38,39]. Other authors also observed and mapped
the different types of hydrides such as e-TiH; and §-TiH;_,. With the current capability
of our laboratory XRD machine and XRD diffraction tomography, it was not possible to
obtain such separation, but two populations of crystals of different sizes (130 and 210 nm)
were observed. Most possibly, it is a hint to the formation of different kinds of titanium
hydrides (TiH,_) in addition to TiH,. The different crystal sizes were mapped by XRD
tomography (Figure 6).

The fraction of smaller crystals decreases much faster when moving along the samples
(Figure 7), similar to e-TiH; by electrochemical hydrogen loading [39]. The formation of larger
d-TiH,_ 4 hydrides requires a lower hydrogen concentration in comparison with e-TiH,.

0.3 T T T T T

0.25

T
7
1

o
N
T
7/
1

0.15 > 1

hydrite ratio small to large
o
i
7
4

0.05 =

T
/
1

position, mm
Figure 7. Ratio between small hydride and large hydride along sample length.

In the present study, the titanium hydrides formed due to the degradation of Mg in
comparison with the cathodic polarisation in buffers of tartaric and acetic acids at 37 °C [35].
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Further, the titanium hydrides formed a thicker layer, which could be an advantage for the
biocompatibility of the titanium part and further accelerate bone healing [35].

5. Conclusions

The degradation of Mg in a hybrid Mg-Ti implant material leads to the penetration of
hydrogen into titanium due to a combined effect of electrochemical and gaseous charging.
Titanium hydride formation, mapped with synchrotron X-ray diffraction contrast tomog-
raphy, takes place in a region of 100 um to 120 um away from the titanium surface and
correlates with the amount of absorbed hydrogen. The porosity value of sintered titanium
decreases at the sites of hydride formation due to the volume expansion of hydrides. Tita-
nium hydride crystals show a bimodal size distribution. The formation of a quite thick layer
of titanium hydrides is potentially beneficial for further enhancing the biocompatibility of
titanium in hybrid materials.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jcs9080396 /51, Figure S1: GIXRD pattern of initial Ti and after
degradation of Mg-0.6Ca. Dashed line peak positions of Ti and solid lines TiH,.; Figure S2: Dis-
tribution of mean pore volume vs. distance from centre of rod at different points along length of
rod (from edge to middle). Sample before and after degradation of Mg0.6Ca.; Figure S3: Maps of
intensity distribution of TiH, reflections depending on position within the length of the titanium
rod after degradation of Mg0.6Ca.; Figure S4: Maps of intensity distribution of TiH, reflection of the
titanium rod [29,40].
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