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Abstract 
The aim of the present research was to produce titanium hydride precipitates in titanium, in such a 

way, that crystallographically sharp interfaces are present between the titanium and titanium 

hydride which can be investigated by transmission electron microscopy (TEM). In order to achieve 

this titanium disks were ground, polished, electrochemically etched to achieve electron transparency, 

and subsequently hydrogenated. Producing clearly detectable titanium hydride precipitates proved 

to be not trivial. A final successful procedure was to put the Ti-foil under 2 bar H2 pressure, at 250◦C 

for 3 hours and 25 minutes, after which the sample was left to anneal at 100◦C, still under 2 bar H2 

pressure for 4 days, in order to let the TiH2 precipitates grow. The sample had clear TiH2 precipitates, 

it was however too thick to send to Eindhoven for imaging the hydrogen atomic columns in between 

the Ti-atomic columns. 

MgTiPd nanoparticles were also made on a home-modified sputtering machine using H2 as a 

sputtering agent, which automatically partially hydrogenates the particles. The particles degraded 

(started ”bleeding”) when exposed to oxygen for long times (days to weeks). So further 

improvements need to be made to prevent this degradation and create stable nanoparticles. For 

example, creating more of a core-shell structure with Mg as the shell, which (partially) oxidizes into 

an MgO shell, which protects the interior of the nanoparticle. 

Introduction 
The energy transition is becoming more and more important, and since transport is responsible for a 

large part of total CO2 emission1, it is essential to make this sector more sustainable. Hydrogen-

fuelled cars have not yet caught on, at least partially because of lacking infrastructure and lower 

energy volume density compared to fossil fuels2. For increasing the energy density per unit volume of 

hydrogen three options are possible. Hydrogen can be put under high pressure, which increases the 

energy volume density. Another option is to liquefy the hydrogen, which increases the energy 

density per unit volume even further. However, this comes at the cost of technical complexity and 

one has to expend energy to cool the hydrogen to rather low temperatures (20◦K). The last option is 

to store hydrogen inside a metal lattice. In this way the hydrogen becomes even more energy dense 

per unit volume than liquid hydrogen.3 Another benefit is that one does not have to cool down the 

hydrogen. However, the weight of the hydrogen tank increases by a lot, since there is also metal 

inside. Therefore, ideally a light-weight metal is used as a storage tank, to minimize the weight. There 

are more problems with this type of storage, however. For instance, that the hydrogen has to bind to 

and release from the metal efficiently, when wanted. This is currently hard to achieve. In order to be 

able to manipulate this it is crucial to understand how it works.  

Direct imaging of hydrogen is difficult, since it is such a light element. Up until 2011 no one 

succeeded in the imaging of hydrogen atoms in a crystal structure. Ishikawa et al.4 were the first to 

do this using a special imaging technique (annular bright field imaging) in scanning transmission 

electron microscopy (STEM) (see Figure 1). The aim of the present research is to create hydrogenated 

samples that are good enough to image, for the first time, hydrogen columns near a metal – metal 

hydride interface in an FEI microscope. A potential suitable system for this is TiH2 precipitates in Ti. 

Figure 2 shows relatively old results (published in 1986) of nicely oriented TiH2 precipitates in a Ti 

matrix, showing atomically sharp edge-on interfaces between the Ti and TiH2. So, the aim of the 
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present work is to produce samples with interfaces as shown in Figure 2 and then perform imaging 

on the samples as shown in Figure 1b.  

 

Figure 1:  (a) the crystal structure of YH2 in the [010] zone axis. Annular-bright-field(b), bright-field(c) and annular-dark-

field (d) images of the crystal lattice. Both the Y and the H atoms can be seen in b. Source: Ishikawa et al., Nature 

Materials 10, 280 (2011).4 

 

In order to do this titanium samples have been hydrogenated under various conditions. In addition, 

MgTiPd nanoparticles have been hydrogenated. It is interesting to investigate the interface between 

Ti and TiH2
 and to see whether there is a gradient or an abrupt transition from metal to metal 

hydride. The MgTiPd nanoparticles do not have such interfaces, but can potentially still be interesting 

objects for the direct imaging of hydrogen atomic columns. 

 

Figure 2: A hydride platelet inside HCP titanium observed in the [0001]  zone axis and the corresponding diffraction 

pattern. Source: Bourret et al., Scr. Metall. 20, 861 (1986).5 
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Experimental methods 

Titanium disks 

In order to view Ti-TiH2 interfaces under a transmission electron microscope (TEM), the sample has 

to be prepared in such a way that it fits inside the microscope and such that it is thin enough for 

electron-transparency. To do this first disks with a diameter of 3mm were punched out of 99.6% pure 

α-Ti with a thickness of 100 m. Later on, the disks were spark eroded, because the punching process 

caused issues with the thickness of the sample. This is explained in the results. After which, the disk is 

polished on both sides, to a thickness of 50 µm, with 4000 grid Struers silicon carbide sandpaper.  

The second step in preparing the sample is electrochemical polishing in a Tenupol (type 5 of Struers), 

until a tiny hole has been formed. This indicates that the thickness of the sample around the hole is 

below 100 nm, which is thin enough for electron-transparency. The electrochemical polishing was 

done by using Struers A3 as a solvent at 30V and later on 10V and -30◦C and a light sensitivity of 10. 

A3 is a mixture of 60ml perchloric acid, 600ml methanol and 350ml 2-butoxyethanol (also known as 

butyl cellosolve). The mixture was chosen because Struers had a recipe for electro-polishing of 

titanium. The voltage was determined more or less by trial and error and the temperature was 

determined by a suggestion from a PhD researcher in the group (Xukai Zhang) who has a lot of 

experience with the Tenupol.  

Afterwards, the samples are investigated in a TEM, to check whether the sample is thin enough for 

electron transparency. 

If the sample is not thin enough for electron transparency, ion milling at 6◦ inclination from bottom 

and top is required to reduce the thickness of the disk.  

The final step is hydrogenation of the sample to create Ti-TiH2 interfaces. This was by putting the 

samples in an oven with varying temperatures, H2 pressures and length scales. At first, a disk was 

used that was punched out of the titanium foil and ion milled through, after having partially etched 

the sample at 30V. The disk was put in an oven at 250◦C, under an H2 pressure of 5 bar for 4 hours 

and 20 minutes. This unfortunately only yielded small (in the order of 10nm thick) TiH2 precipitates as 

shown in Figure 6. In order to obtain larger TiH2 precipitates the sample was put back in the oven at 

250◦C under 5 bar H2 pressure for 2 hours, with Pd powder. The Pd powder was added to split the H2 

molecules into atomic hydrogen, this enables the hydrogen to penetrate the titanium, which should 

yield larger TiH2 precipitates. Unfortunately, no TiH2 diffraction patterns could be found (see Figure 

7). The sample was thought to be thoroughly hydrogenated, so it was annealed for 19 hours and 15 

minutes 100◦C under 1.1 bar H2 pressure to let the TiH2 precipitates grow.6 This again gave no results 

(see Figure 8). 

New disks were spark eroded and etched with 10V, these were put in the oven at 250◦C under 2 bar 

H2 pressure for 3 hours and 25 minutes. Afterwards the oven was turned down to 100◦C while the 

pressure was maintained at 2 bar. The samples were left to anneal for 4 days 19 hours and 40 

minutes. Upon return the H2 pressure was gone, because of non-perfect sealing of the hydrogenation 
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box. For safety reasons the H2 pressure was not constantly refilled. This sample yielded diffraction 

patterns in which the TiH2 reflections could also be seen (see Figure 8). 

Nanoparticles 

The nanoparticles are made in a home-modified Nanogen 50® nanocluster source manufactured by 

Mantis LTD©, which uses magnetron sputtering in an aggregation volume for producing the 

nanoparticles. Besides the dominant Ar-gas also H2-gas is used as a sputtering agent and Ti, Mg and 

Pd were used as target materials to be sputtered. Firstly, the sputtering machine is pumped to a 

vacuum of about 10-8 mbar. Subsequently, the argon plus a minor amount of hydrogen is allowed to 

sputter the particles on a holey carbon grid. This is done under different currents applied to 

sputtering machine, namely 0.200A, 0.250A, 0.300A and 0.350A.  

Apart from the pressure, also the “cleanliness” of the vacuum also plays a role. So, in order to “clean” 

the sputtering machine a bit of He2 gas can be released into the machine, this flushes the machine. 

He2 is light and can therefore be pumped out quickly.  

Results and discussion 

Titanium disks 

In Figure 3 an optical microscope image of the surface of the titanium disk is shown after polishing it 

with 2400 grid Struers sandpaper and polishing it with the Lectropol, which essentially behaves the 

same as the Tenupol. The grains can clearly be seen, as well as scratches and little holes.The 

scratches are caused by the sandpaper. 

 

Figure 3: The surface of Ti disk after polishing it with the Lectropol. This is the same process as the Tenupol, therefore the 
surface looks the same as for the Tenupol. 

Initially, the Tenupol was broken so the titanium disk did not etch all the way through, but stopped 

short of creating a hole. Therefore, argon ion milling was done to take away the last remaining 

material in order to dig a hole, this was done with 4 keV and 2 keV for 15 minutes and 10 minutes, 

respectively, and under +6◦ and -6◦ inclination with respect to the flat plane of the disk. The voltage 

for the etching in the Tenupol was 30 V. 
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A close-up of this hole after ion milling can be seen in Figure 4, which shows a high-angle annular 

dark field scanning transmission electron microscopy image recorded in the SEM. The straight lines 

are grain boundaries and the curved lines are bending contours. The black part extending from the 

bottom left to the centre is the hole in the sample. While the black part on the right side of the image 

is too thick to provide proper STEM contrast, because it is too far away from the hole, where the 30 

kV electrons have insufficient energy to be transmitted through the sample. 

 

 

 

 

 

 

 

 

 

Orientation imaging microscopy (OIM) based on electron backscattering diffraction (EBSD) was 

performed on the Ti-disk; the result is shown in Figure 5a. This shows the orientation of the grains 

where red means the grains are close to the [0001]  orientation, blue means close to [1010]  and 

green means close to [2110] . As can be seen the image is dominated by red colours, meaning that 

most grains have an orientation close to [0001] . This is interesting, since this makes it more likely 

that a TiH2 precipitate can be imaged in favourable orientation with edge-on interfaces with the Ti-

matrix in [0001]direction. When comparing Figure 5a and b one thing that stands out is that the 

holes do not show up as black spots, but rather as a collection of tiny grains with a seemingly random 

orientation. This is an artefact of the OIM procedure. 

Figure 4:A HAADF-STEM image of a sample region around a hole after electrochemical polishing and ion milling. 
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Figure 5: (a) OIM of the Ti-foil in a region containing holes. The orientation of the hexagonal structure of each Ti-grain is 

represented by different colours, where red means close to [0001] , blue means close to [1010] , and green means close to

[2110] . (b) an overview HAADF-STEM image of the holes created by ion milling depicting largely the same area as shown 

in a.  

 Hydrided titanium disks 

When trying to hydrogenate the titanium disk for the first time it was put under an H2 pressure of 5 

bar and left in the oven for 4 hours and 20 minutes at 250◦C. Unfortunately, this did not result in 

large and clear TiH2 precipitates. Figure 6 shows some lines of what is suspected to be TiH2 

precipitates, because the lines in (a) are very straight and thin and also make an angle of 

approximately 60◦ with the larger precipitate in (b). In the lower side of (b) one can also see lines 

right of the large precipitate which also are at an angle of 60◦. However, when trying to record a 

diffraction pattern of what could be TiH2  precipitates nothing (i.e. additional diffraction spots) 

indicated the presence of hydride in the metal.  

 

Figure 6: (a), (b) TEM images of what are possibly very thin TiH2 precipitates. (a) is taken to the left side of the larger TiH2 
suspect in (b), the larger precipitate can also be seen on the right side of the image. 

 

After obtaining results like shown in Figure 6 the idea arose that there was too little hydrogen in the 
sample, because of limited dissociation of the H2 gas. Splitting of H2 into atomic hydrogen is needed 
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before the hydrogen can penetrate the titanium. In some cases this dissociation can be the limiting 
step. Therefore the disk was put in the oven again, under 5 bar H2 pressure at 250◦C for 2 hours. This 
time with Pd-powder, since palladium is a strong catalyst for H2 dissociation into atomic hydrogen.7 
This way more hydrogen would be in the sample and therefore more TiH2 would be formed, which 
would hopefully show up in the diffraction pattern. Figure 7 shows the sample after Pd-powder was 
added. An interesting observation is that in Figure 7a no TiH2 precipitates are found near the Pd-
particle, which is contrary to what one would expect. Furthermore, in Figure 7b there is no Pd-
particle to be found even though it looks like a clear TiH2 precipitate is present running bottom-left to 
top-right.  
 

 

Figure 7: (a),(b) TEM images of the sample after Pd-powder was added in the oven. (a) shows a grain boundary with a Pd-
grain on the surface. However, there is no TiH2 like expected. (b) Clear contrast gives the impression that a TiH2  
precipitate is present, but the diffraction pattern yielded no results. Additionally, a Pd-particle could not be found in the 
region.   

The fact that nothing showed up in the diffraction patterns, while the sample was hydrogenated 

twice under high pressures and once in the presence of Pd. Combined with the fact that there were 

no TiH2 precipitates to be found near Pd-grains suggested that hydrogen was present in the sample, 

but that something else prevented the TiH2 precipitates from growing well. For instance, that above a 

certain temperature hydrogen dissolves in the Ti-lattice instead of forming precipitates8. Therefore, 

the sample was annealed for 19 hours and 15 minutes at 100◦C under 1.1 bar H2 pressure. 

Unfortunately, once again, nothing showed up in the diffraction patterns. Figure 8a shows an image 

of what most likely is a TiH2 precipitate inside a Ti-grain. This was not observed directly in the 

diffraction pattern, however there is ample indirect evidence to suggest that this is a TiH2 precipitate. 

The precipitate is a straight line when looked at head on, this is a property of TiH2 precipitates. 

Additionally, the grains on both sides of the precipitate are in the same zone axis as can be seen in 

Figure 8b,c ([1213] ). Finally, there are dislocation lines around the precipitate, which are caused by 

the volume expansion due to the precipitation of TiH2 inside the Ti. 

Pd-particle 
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Figure 8: (a) A TEM image of the hydrogenated titanium sample. The dark band running from top to bottom more on the 
left side of the image is most likely a TiH2 precipitate inside a Ti-grain. The precipitate is increasing in thickness, this is 
because the precipitate is inclined within the Ti-foil. So, when the foil becomes thicker the band becomes wider. The 
dislocation lines around the precipitate and the fact that the precipitate looks intragranular further indicate that this 
precipitate is TiH2. A close-up of the edge (Figure 16) can be found in appendix A. (b),(c) TEM diffraction patterns 

recorded on the left and right sides of the TiH2 precipitate, respectively. The Ti is recorded in the [1213] zone axis with 

the Ti reflections indexed in the image on the right. 

 

In the meantime, the Tenupol was repaired, which made apparent that a next problem was present, 

i.e. the disk gets deformed during the punching process. A schematical overview of this process is 

shown in Figure 9. The causes a ring to be pressed into the disk, when etching, a hole is etched more 

quickly in the ring than the rest of the disk. This causes the etching to stop prematurely, which leaves 

one with a thicker sample than compared with a spark eroded disk. This decreases the electron-

transparent region dramatically. This problem was solved by spark eroding the disks instead of 

punching them. The spark erosion introduces no physical stress, leaving an even surface, which 

etches more evenly.  

 

Figure 9: A schematical cross-sectional overview of punching and subsequent etching, compared to spark erosion and 
subsequent etching. During the punching of the titanium foil the punch presses a ring into the disk. This causes the 
etching to stop prematurely, relative to the spark eroded disk. Leaving  a thicker sample, which is less electron-
transparent.  
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Successful diffraction pattern 

After receiving the spark eroded disks from the workshop etching went smoothly. The newly-etched 

disks were put in the oven at 250◦C under 2 bar H2 pressure for 3 hours and 25 minutes, after which 

the oven was turned down to 100◦C while the pressure was maintained at 2 bar. The samples were 

left to anneal for 4 days 19 hours and 40 minutes. Upon return, however, the H2 pressure was gone, 

because of non-perfect sealing of the hydrogenation box. For safety reasons the very small volume 

containing the sample and the pressure regulator can be filled with H2 gas. The pressure regulator is 

a small chamber which reduces the pressure from 200 bar to 2 bar. This volume cannot be 

continuously refilled when not perfectly sealed, because then the possibility exists that an explosive 

gas mixture is created in the room. 

Finally, the desired results were obtained as can be seen in Figure 10 andFigure 11. Figure 10 shows 

clear TiH2 precipitates andFigure 11 shows the diffraction pattern of Figure 10b. Furthermore, Figure 

10b shows a TiH2 precipitate that does not lie inclined in the sample, because (i) the edges do not 

diverge when the Ti-foil become thicker further away from the hole and (ii) between Figure 11 a and 

b the sample was rotated around the black vector in 10b, using the right hand rule and the diffraction 

pattern did not change in the central line, which runs through (0000) and (0110) . This indicates that 

the precipitate does not lie inclined in the sample. Something to note is that there are also many 

areas where the sample is not fully electron-transparent, so the TEM sample preparation is still far 

from ideal and probably the voltage still has to be finetuned on the Tenupol.  

 

Figure 10: (a), (b) TEM images of a TiH2 precipitate. In (a) one can see two TiH2 precipitates one large one on the left and 
a smaller one on the right. The large precipitate has large dislocation lines around it, which is typical for a TiH2 

precipitate. In (b) the right precipitate is looked at more closely. One can see that the precipitate is almost perfectly edge 
on, since it has straight edges. The black vector lies in the plane of the image. 
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Another interesting thing that can be seen from the diffraction pattern is that there is a misfit in 

lattice parameters of Ti and TiH2 in only one direction. There are two sets of dots in the [0110] //

[110] 5 direction, but not in the other directions ([0001] //[001]  and [2110] //[110]  directions, 

which are mutually orthogonal and parallel to the interface plane.), because there is only one set of 

dots. The misfit induces stress on the precipitate, limiting its growth in the direction of the lattice 

misfit ([0110] //[110] ). While the orthogonal directions have no lattice misfit and can grow freely. 

This can be seen in Figure 10b, the double dots are perpendicular to the direction the platelet 

lengthwise, limiting its growth in that direction, but not in the others. This explains why the TiH2 

precipitates tend to be very long and thin plates. The misfit along the [0110] //[110] direction is 

about 15%, which is perpendicular to the Ti-hydride platelet. 

  

Figure 11: (a),(b) The diffraction patterns of the precipitate of Figure 10b. The diffraction patterns show spots of Ti and 
TiH2, the Ti-spots are labelled , the TiH2 spots (represented in blue) are more faint than the Ti spots (represented in pink). 

(a) shows  Ti- and TiH2-diffraction patterns which are oriented in the [4223] and [111] zone axes, respectively. (b) shows  

Ti- and TiH2-diffraction patterns which are in the [2110]  and [110]  zone axes.    

The TiH2 has an FCT lattice structure compared to the HCP lattice structure of Ti. The lattice constants 

of the FCT lattice were determined from Figure 11 to be  a=0.409±0.004nm and c=0.468±0.001nm, 

with c/a=1.15. Whereas, the HCP lattice has a=0.290±0.002nm and c=0.468±0.001nm, with c/a=1.61. 

Relative to Figure 11 a, the diffraction pattern in b was tilted -40◦, however as can be seen in b the 

diffraction pattern is not perfectly straight, but slightly circular. This is because the diffraction pattern 

became obscured, if the tilt became larger, because the sample became too thick for the TEM. 

Therefore if relative tilt was slightly larger, then the diffraction pattern in b would be perfectly 

straight.  

This tilting angle agrees mostly with the angle between the [4223] and [2110] zone axes and the 

[111] and[110] zone axes. Note that the directions with four indices hold for the hexagonal (close 

packed) Ti and the ones with three indices for the Ti-hydride.  

The angle between the ground plane of the HCP-lattice and the normal vector of [2110]  is 0◦. The 

angle between the ground plane and the normal vector of [4223]  is 
3
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between the two planes is 39◦.  Naturally, the angle between the [110] and [111] zone axes is also 

39◦. Because the FCT-lattice ground plane and the normal vector of [110] is 0◦ and the angle between 

the ground plane and the normal vector of [111]  is arctan( ) 39
2

c

a
 .  

Figure 12 shows a the precipitate from Figure 10b recorded at higher spatial resolution. However it is 

difficult to distinguish individual atomic planes, since the sample is too thick and there is an oxide 

layer around it. In order to reduce the thickness of the oxide layer the sample should be kept under 

H2 pressure during the hydrogenation process, even during annealing.Additionally, the sample could  

be stored in a vacuum chamber. The oxide layer could also be reduced by ion milling at low voltages, 

but this comes with the risk of damaging the sample. It is not difficult, however, to make out the 

atomic columns this can be seen in Figure 12a, but even better in b. 

 

Figure 12: (a), (b) Atomic resolution images of the TiH2 precipitate in Figure 10b. (a) is an overview of the precipitate, (b) 

is a closer look at the precipitate. The precipitate is in the [110] zone axis orientation and for the titanium this is in the 

[2110] zone axis. 

 

In the end, it is relatively easy to create TiH2 precipitates. That is only after knowing what steps need 

to be taken in order to properly hydrogenate the sample. There were few TiH2 precipitates to be 

found. This could be due to the fact that there were very few dislocations in the sample, where 

precipitate growth can be increased5. Therefore, in order to create a better sample one might 

consider doing some mechanical work on the Ti-foil beforehand. It was shown how Ti-TiH2 interfaces 

could be made, which could eventually, with some fine-tuning, be sent to Eindhoven to image the 

hydrogen atomic columns in between the Ti atomic columns. 

Nanoparticles 

Titanium-hydride plates were difficult to obtain, therefore MgTiPd nanoparticles were also made. H2 

was used as a sputtering agent, which caused the particles to partially hydrogenate automatically, 

[001] 

  

[0001] 
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rendering it unnecessary to bake them under H2 pressure in an oven separately. The particles in 

Figure 13a were made under a current of 0.350A, which proved to be the best setting to get 

relatively square core-shell particles.  

 

Figure 13: (a) A TEM image of the MgTiPd nanoparticles. The particles have a clear core-shell structure, and some have a 
square core and/or shell. (b) The diffraction pattern of the nanoparticles. The different colours correspond to different 
materials, red corresponds to MgH2, green to TiH2, blue to Ti and purple to MgO. 

To proof that the nanoparticles were partially hydrogenated, a diffraction pattern was taken (see 

Figure 13b). From the figure it suggests that MgH2, MgO and possibly Ti or TiH2 are present. 

Therefore the particles hydrogenated (partially) without baking under H2 pressure. MgO is present 

because the particles have been in contact with the air before imaging. The diffraction rings are wide, 

however, so they leave a lot of room for error. 

The particles need to be put under a vacuum, however, otherwise they start to deteriorate (”bleed”) 

and lose their shape, as can be seen in Figure 14. Another solution to this problem is that the 

particles should made with a more clear core-shell structure. Mg should be the shell, which partially 

oxidizes into MgO and protects the interior of the nanoparticle. 

There was also a second batch of MgTiPd nanoparticles made, which are supposed to be more 

square, and more stable, unfortunately no time was left to analyse these nanoparticles. 

 

Figure 14: (a), (b) TEM images of the MgTiPd nanoparticles after they have been exposed to the atmosphere for a couple 
of days. (a) is an overview image where it can clearly be seen that the particles “bleed”. (b) is a closer look at some of the 
nanoparticles, here it can be seen that the particles no longer look like those in Figure 13, an interesting thing to note is 
that some cores now have a starfish shape. 
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It was relatively easy to make MgTiPd nanoparticles also, since prior knowledge in the research group 

was available about how to make them and hydrogenation is automatic if H2 is used as a sputtering 

agent. 

Conclusions 
In conclusion, making TiH2 precipitates inside a Ti disk is not a trivial thing to do. However, once the 

right recipe is found and followed it seems to be an easy enough process. The voltage on the sample 

during etching could be lowered to create a larger electron-transparent region. The sample could use 

some additional fine-tuning, to create a sample that is filled with TiH2 precipitates, before it is sent to 

Eindhoven for imaging of the hydrogen columns in the TiH2 lattice. 

The nanoparticles are also relatively easy to make and hydrogenate, since knowledge on how to 

make them is already present in the group and they seem to hydrogenate automatically when using 

H2 as a sputtering agent. The particles are not stable in air. So, improvements can be made in that 

area. For example, making them to be more core-shell structured with an Mg shell, which oxidizes 

protecting the interior of the nanoparticle. 
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Appendix A 
 

 

Figure 15: an overview image of the Titanium disk in the SEM, the holes can clearly be seen. 

 



17 
 

 

Figure 16: a close-up of the edge of Figure 8. The dark line is a TiH2 precipitate inside a grain of Ti. 

 

 


