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Pd(50 nm)/Ti(25 nm)/Pd(50 nm) multilayer stack has been deposited on Ti and Ti6Al4V substrates; we have
studied the intermixing of layers upon annealing at the hydrogenation temperature of 550 °C, under vacuum, H/
Ar gas mixture and pure hydrogen atmospheres. Scanning electron microscopy (SEM) micrographs indicated
surface roughening in samples annealed under vacuum and H/Ar gas mixture while those annealed under pure
H, remained relatively smoother. Rutherford backscattering spectrometry (RBS) revealed intermixing of layers
as evidenced by the diffusion of Pd toward the bulk, while XRD indicated the formation of PdTi, phase in the

samples annealed under vacuum and H/Ar gas mixture atmosphere. In-situ, real-time RBS showed that the
annealing under pure H, preserves the integrity of the Pd catalyst. No indication of the PdTi, formation in the
pure H, annealed samples was observed; instead only the TiH, phase appeared, indicating the absorption of H

into the system.

1. Introduction

Ti and Ti6Al4V alloy have attracted much interest from research
groups for hydrogen storage applications, due to their high H affinity
[1-6]. Titanium and its alloys have found applications in many areas
such as in aerospace, marine, etc. due to their corrosion resistance and
high strength to weight ratio properties [3]. When used for H storage,
Ti and Ti6Al4V alloy have been reported to absorb up to 60 at.% H at
550 °C [6-9]. Many groups have found that the H absorption in Ti and
Ti6Al4V systems reaches its optimum at around 550 °C [2,10-15].
Furthermore Fujimoto at al [15] studied the phases formed during
hydrogenation of Ti-Pd multilayer at 623 K under vacuum and they
reported atomic interlayer mixing and solid state amorphization;
however under pure hydrogen gas, they found that only TiH, phase was
formed. This was supported by Topic at al [12] who concluded also on
the TiH, formation upon annealing Ti-Pd layer stack deposited onto Ti
substrate, at 550 °C.

Hyo-Ryoung Lim et al [16] have also noted interlayer thermal-dif-
fusion during a thermal treatment of < Ti/Ti-Pd (co-sputtered film)/Si
(1 00) > system; they observed changes in the surface morphology as
well as in the compositional distribution of the Pd to Ti ratio of the co-
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sputtered film, at annealing temperature of 400 °C under vacuum.

Finally, Monika Radlik et al. [17] studied the generation of palla-
dium silicide in the PdAu-SiO, nanocomposites during heating in 10%
H,/Ar; from their XRD studies, it was found that high temperatures
(> 550 °C) were required to initiate phase transformations of PdAu-
SiO, while for other systems like PdCu-SiO5 and Pd-SiO,, lower tem-
peratures (< 450 °C) were enough. They noted that while the effect of
the temperature increase was evident in initiating the phase transfor-
mations, prolonged isothermal annealing did yield any new phase.

In this study, we have adopted to anneal a triple layer stack Pd
(50 nm)/Ti(25 nm)/Pd(50 nm) deposited on Ti and Ti alloy substrates
at the same hydrogenation temperature of 550 °C under three ambient
conditions: vacuum, mixed H/Ar and pure H; gases. The aim is to probe
into the integrity of the layers upon annealing.

2. Materials and experimental methods

Ti and Pd films were deposited onto Ti and Ti6Al4V substrates using
a 3kW high vacuum e-beam evaporation system at room temperature.
Substrates were ultrasonically cleaned using acetone and methanol
sequentially for duration of 10 min each step. Substrates were then
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Table 1
Experimental parameters during annealing at 550 °C.

Annealing conditions Flow rate (sccm) Time (hours) Pressure (mbar)

Vacuum - 2 10°°
H(15%)/Ar(85%) 100 2 1073
Pure H, 100 1 107!

mounted on a non-rotating substrate holder and transferred into the
deposition chamber. Pure (99.999%) Ti and Pd pellet targets were
placed in separate crucibles for the deposition of Ti and Pd thin films,
respectively. The sequential deposition of layers Pd(50 nm)/Ti(25 nm)/
Pd(50 nm) was done at a constant deposition rate of 0.6 A/s and the
chamber pressure was kept at 10~ ®mbar. During deposition, the
thickness was monitored using a thickness crystal monitor.

The samples were annealed under three annealing atmospheres at
550 °C: under vacuum at a residual pressure of 10~ ®mbar; under H
(15%)/Ar(85%) gas mixture at 103 mbar and finally under pure H,
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gas also at 0.1 mbar. The detailed annealing parameters are given in
Table 1.

The depth profile and concentration of hydrogen of the as-deposited
and hydrogenated samples were measured by ERDA using 3 MeV He ™ *
ions emanating from 3 MV Tandetron accelerator based at iThemba
Laboratories for accelerator based sciences (iThemba LABS-South
Africa). The energy resolution of ERDA depends on the detector re-
solution but it is affected by the energy straggling in the He™ * stopping
foil, resulting to a value of about 25 keV with a concentration detection
limit of 0.1 at.% [18]. The samples were individually mounted on a
ladder and then loaded into the sample chamber evacuated to a vacuum
pressure better than 10~ ®mbar. For channel number/energy calibra-
tion, the 15 pm thick Kapton standard coated with 1 nm platinum layer
in order to avoid charging effects was used. Three spectra were col-
lected using He™ * beam energies of 2, 2.5 and 3 MeV. Thereafter, the
samples were measured using a beam energy of 3MeV; an average
current of ~60nA and a total collected charge of 40 uC were main-
tained for all the samples. The energy spectra of recoiled hydrogen

Ti6 A4V

TicAldY

Fig. 1. SEM images of (a-b) as-deposited samples; samples annealed at 550 °C under (c-d) vacuum, (e-f) H(15%)/Ar(85%) gas mixture, and (g-h) pure H, (100%) on

Ti and Ti6Al4V substrates.
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Fig. 2. XRD spectra of the as-deposited samples, samples annealed at 550 °C
under vacuum, H(15%)/Ar(85%) gas mixture, and pure H, (100%) on (a) Ti
and (b) Ti6Al4V substrates.

Table 2
Crystallographic information of different observed phases.

Phase Pattern no. Space group Lattice parameters
a-Ti 00-044-1294 P63/mmc (194) a=295nm; ¢ = 4.68 nm
hexagonal B-Ti 00-005- P63/mmc (194) a=2.95nm; c = 4.68 nm
10682
FCC Pd 00-046-1043 Fm3m (225) a = 3.89nm
BCC PdTi, 00-010-0057 I4mmm (139) a = 3.09nm; ¢ = 10.054 nm
FCC TiH, 00-025-0982 Fm3m (225) a = 4.45nm

atoms were recorded using a Si surface barrier detector with an energy
resolution of ~25keV positioned at a recoiled angle of 30°. The simu-
lation and analysis of ERDA spectra were done using SIMNRA software
version 6.06 [www.simnra.com]. The non-Rutherford cross section of
Baglin (HHeHHe30.R33) [19] in the energy range between 1 and 3 MeV
and for a recoiled angle of 30°, was chosen in the simulation process.
2MeV He™ * ions were used to collect RBS spectra in all the sam-
ples. The channel number calibration in terms of backscattered energy
of particles was achieved using a gold-cobalt on top of silicon dioxide
deposited on silicon substrate (AuCo/SiO,/Si) standard sample. An
average current of 60 nA and total charge of 20 uC were used for all
samples. The vacuum pressure during the measurements was better
than 10~ ° mbar. The energy of the scattered He* * ions were recorded
using a Si surface barrier detector with energy resolution of ~23 keV
positioned at a backscattering angle of 150° and the sample surface
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tilted by 5° towards the detector. Simulations of RBS spectra were
achieved using SIMNRA software version 6.06 [www.simnra.com] and
DataFurnace software [20]. In-situ real-time RBS was used to in-
vestigate diffusion kinetics and stoichiometric evolution, using 2 and
3MeV H" " ions on two selected samples. The samples were sequen-
tially mounted on flat copper surface heating stage with a thermocouple
mounted at the back. The thermal annealing was carried out with linear
temperature ramping from 160 °C to 600 °C at a rate per minute.

3. Results and discussion
3.1. Microstructural analysis

Fig. 1 shows the surface morphology of the as-deposited samples (a-
b) and those of annealed under vacuum (c-d); H/Ar gas mixture and H,
atmospheres (e-f) and (g-h) respectively. The as-deposited samples,
Fig. 1(a) and (b), showed homogeneous smooth surface.

Samples annealed in vacuum (Fig. 1(c-d)) displayed a rough gran-
ular surface while those annealed in the presence of H(15%)/Ar(85%)
gas mixture (Fig. 1(e-f)) showed a rough surface but with larger coa-
lesced multi-faceted crystals, with thick boundaries as pointed by ar-
rows. The micrographs in Fig. 1(g-h) representing the surface topo-
graphic details of samples annealed under pure H, gas atmosphere
showed, in contrast to samples annealed in the gas mixture, a surface
texture similar to the one of as-deposited samples without defined
crystals; contrasting to the surface morphology in as-deposited samples
however, the surface displays shallow trenches-looking like features
that we attribute to the etching effect of hydrogen.

3.2. X-ray diffraction

Fig. 2(a) shows XRD spectra of as-received pure Ti and those of as-
deposited multilayer stack on pure Ti substrate as well as of samples on
the same substrate annealed in H/Ar gas mixture and in pure H, gas.
Fig. 2(b) displays analogue spectra in the same sequence where Ti6Al4v
alloy replaces Ti.

In both figures, the patterns of both substrates displayed peaks
corresponding to the hexagonal a-Ti phase but a new peak corre-
sponding to hexagonal (3-Ti phase appeared in the pattern of the Ti alloy
substrate. The as-deposited samples on both substrates showed addi-
tional diffraction peaks corresponding to Pd. Meanwhile, results from
vacuum annealed sample at 550 °C displayed a combination of peaks
corresponding to the face-centered cubic (FCC) Pd, hexagonal o-Ti
phase and the body-centered cubic (BCC) PdTi,, indicating intermixing
of films as a result of thermal annealing.

After annealing at 550 °C in the presence of H(15%)/Ar(85%) gas
mixture and pure Ho, XRD spectra of samples on both substrates showed
the presence of Ti hydride, the face-centered tetragonal (FCC) TiH,, in
addition to Pd, a- and B-phases observed on the as-deposited samples.
Furthermore, the presence of PdTi, phase in the samples annealed in H
(15%)/Ar(85%) gas mixture suggested elemental interfacial diffusion of
Pd and Ti. This is in agreement with the work of Topic et al [21] and
Fukai [22]. Meanwhile, the absence of this phase in the samples an-
nealed in pure H, gas is an indication that there was no intermixing of
layers. TiO, compound was also observed but only in the samples an-
nealed in H (15%)/Ar (85%) gas mixture atmosphere. However, there
was no presence of Pd-hydride; in agreement with the reports of Fuji-
moto et al. [15] and Adams et al. [23]. Table 2 summarizes the crys-
tallographic information on the phases observed in this XRD in-
vestigation.

3.3. Rutherford backscattering spectrometry
The probed depth in this investigation was calculated using

SRIM2013 software. For both Ti and Ti6Al4V, the simulation gave a
penetration range of ~4.7 um using 2MeV He™ * ions.
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Fig. 5. Experimental and simulated RBS spectra of pure H, (100%) annealed
samples for one hour.

Fig. 3 shows RBS spectra of samples annealed in vacuum and H
(15%)/Ar(85%) gas mixture at 550 °C compared to as-deposited on Ti
(Fig. 3(a)) and analogue spectra on the

Ti6Al4V alloy (Fig. 3(b)). As seen on both figures, there was no
intermixing of layers in the as-deposited samples. This indicates that
there was no spontaneous reaction during deposition.

However, samples, on both Ti and Ti6Al4V, annealed in vacuum
displayed intermixing of layers as evidenced by the decrease of Pd
counts while counts increased in the rest of the spectra especially in the
region between 490 and 750 channels numbers where a visible hump is
seen.

Thus the layer intermixing is a result of elemental Pd diffusion. It
can also be seen that the drop in Pd counts was sensitive to the sub-
strate; the decrease was pronounced in samples processed on the Ti
alloy substrate. Finally we noted the presence of oxygen in the spectra;
this is in agreement with XRD results that confirmed the TiO, phase.

Fig. 4(a-f) show the depth profiles of Pd and Ti obtained by Data-
Furnace software from RBS simulated spectra in Fig. 3(a-b) respec-
tively. Due to similarity of the as-deposited data of samples on both
substrates, only one on Ti substrate is presented in Fig. 4(a-b). Irre-
spective of the substrate, the profiles indicated that Pd atoms diffused
inwardly and reacted with Ti; it is enhanced down to a depth of
~2000 x 10'® atoms/cm? in agreement with XRD analysis where PdTi,
phase was observed. The role of the H(15%)/Ar(85%) gas mixture
during annealing can be understood by correlating the SEM micro-
graphs in Fig. 1(e-f) and the Pd diffusion as observed in Fig. 4(c). We
noticed a surface roughening with large crystals with clear grain
boundaries. This can be explained by the impact of the energetic heated
Ar atoms on the surface, which activates the diffusion of Pd atoms onto
the Ti layer; the observed grain boundaries may then provide pathways
to the diffusing Pd atoms. As the RBS results show a clear depletion of
the surface Pd layer, the multi-faceted grains observed in the SEM
micrographs are from the Ti rich PdTi mixed layer.

Fig. 5 displays RBS spectra of sample annealed in pure H, on Ti
substrates (a typical simulated spectrum is also overlaid). Also due to
similarity of the data of samples on both substrates, only one spectrum
on Ti substrate is presented. A noticeable beneficial effect of annealing
in pure H, is the preservation of the integrity of the deposited catalyst
layers; as a consequence the only new phase formed was TiH, as it was
observed above by XRD in Fig. 2. Molecular hydrogen is split cataly-
tically by the Pd layer and the formed atomic hydrogen diffuses in the
interstitial sites of the sandwiched Ti layer and/or passivates the
available Ti bonds; as the Pd layer is preserved in its entirety upon
annealing, it appears that the formed TiH, phase acts as a diffusion
barrier of the catalyst Pd.
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Fig. 6 displays in situ real-time RBS spectra showing color coded
plots of (a) as-deposited and (b) for the sample annealed in the presence
of pure H, gas from 160 °C to 600 °C at a rate of 3 °C per minute and the
spectra were recorded every 30s. The plots have been divided into
regions for better discussion of the results.

Fig. 6(a) revealed the following:

—-

. Region (1): the reaction and diffusion of atoms of Pd and Ti had not
begun; no noticeable change is observed on the spectra of the de-
posited Pd and Ti layers.

ii. Region (2): Pd atoms started to react with Ti but the reaction was
very slow as seen by a slight change in the Pd counts. In agreement
with the phase diagram of Pd and Ti [24] and the report of Tisone
et al [25], the stable PdTi, and metastable Pd;Ti phases coexists in
the temperature range between 350 °C and 510 °C. According to the
same reports the metastable Pd;Ti phase start to disappear at
around 520 °C.

Region (3): the two layers are not distinguishable. Our XRD results

of samples annealed at 550 °C in Fig. 2 detected the presence of only

PdTi, phase and other related phases. We can conclude that the

Pd;Ti phase is absent above 550 °C.

iii.

Fig. 6(b) shows the in-situ real-time RBS plot of the sample annealed
under pure H,. It can be seen that there was no reaction in region 1 up
to 400 °C. In region 2, there was a decrease in Pd counts as observed in
the buried layer interfacing with the substrate. In region 3, the reaction
on the Pd buried layer is seen to accelerate; at the same time the surface
Pd layer also dropped in counts but at a lesser extent. We noticed also
that the signal in the sandwiched deposited Ti layer is spreading
without any noticeable drop in counts. We can summarize and interpret
these reactions in region 3 as following:

i. There is a gradual change in color code and spreading of the signal
of the Pd buried layer towards the substrate. At the same time, the
sub-interface region in the Ti substrate changes in the color code
towards lower counts.

ii. The counts in the sandwiched deposited Ti layer are unaffected.

These observations suggest that there is an intermixing between the
buried Pd layer and the Ti substrate across the interface. Our XRD results
had indicated the formation of TiH, phase that acted as a diffusion barrier
hindering Pd atoms from the Pd layer on the surface from diffusing in-
ward as reported by Fujimoto et al [15]. The little drop in counts that we
observed above 550 °C in the Pd surface layer coupled with a stable
counts in the Ti deposited layer suggest that the Ti layer behaved like a
permeable membrane to Pd atoms in this temperature range.

3.4. Elastic recoil detection analysis

In this experiment, the penetration range of 3MeV He™ * was si-
mulated by SRIM at 75° and was found to be ~1.92 um. Fig. 7 presents
the ERDA spectra of samples annealed under H/Ar gas mixture
(Fig. 7(a)) and under pure H, (Fig. 7(b)). For the samples annealed
under H/Ar gas mixture, ERDA detected a significant surface H com-
ponent due mainly to hydrocarbon and water vapor, and a low H
concentration in the bulk. The H surface component is consistent with
our SEM micrographs that showed a rough and grainy surface in these
samples. In contrast, for the samples annealed under pure H,, the H
surface component was absent and the H distribution is restricted to the
bulk. The absence of H surface component suggests a compact micro-
structure of the film.

4. Conclusion

Intermixing of the Pd catalyst and the Ti hydrogen absorbing layers
has been investigated. For this effect, a Pd/Ti/Pd triple layer stack has
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Fig. 6. Color coded in-situ, real-time RBS plot of the total spectra collected from RT to 600 °C. (a) as-deposited sample; (b) pre-annealed sample in the presence of

pure hydrogen.

been deposited on Ti and Ti alloy substrates. Both systems were an-
nealed under different atmospheres at the hydrogenation temperature
of 550 °C. Under vacuum annealing, XRD has identified the PdTi, phase
formation in the films; RBS confirmed that there was a complete in-
termixing of the deposited layers. Under H/Ar gas mixture annealing
atmosphere in addition to the PdTi,, TiH, phase was observed by XRD.
RBS study has shown that most of Pd atoms in the two deposited layers
diffused inward into the substrate. Under pure H, annealing, in com-
parison to the observations under the H/Ar gas mixture, PdTi, phase
was absent, instead the TiH, persist. RBS confirmed indeed that there
was no intermixing of the three layers. Based on in-situ real-time RBS
finding, we can conclude that the annealing under pure H, preserves
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the integrity of the Pd catalyst

SEM investigation has shown that there was little effect of the
substrate on the surface morphology; instead the annealing atmosphere
was found to influence it; while the surface of as-deposited samples was
found to be smooth, the one of the sample annealed in vacuum was
covered by small agglomerate grains. For samples annealed under H/Ar
gas mixture, the surface was rough and it showed multi-faceted large
crystals with clear grain boundaries. The surface of the annealed sam-
ples under pure hydrogen was characterized by a metallic smooth
surface similar to that in the as-deposited films; this is consistent to RBS
studies that confirmed that the deposited Pd catalyst was not affected
upon annealing under pure hydrogen ambient.
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